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BBEJAEHUE

[Ipy KOHCTpYMPOBAaHUM SICPHBIX HSHEPreTUUYECKUX YCTAaHOBOK (SIDY) mu  aTOMHBIX
anekTpudeckux cranuuii (ADC) B menoM o0coboe 3HaueHHe MNPHOOPETaeT KOMILUIEKC OMBITHO-
KOHCTPYKTOPCKHX M PpacyeTHBIX MCCIECOBAHNUMN, HANpaBJIECHHBIX Ha CO3JAHHUE HAAEKHBIX H
0e30MacHbIX YCTAaHOBOK, UCIIOJIB3YIOIINX SJIEPHYIO SHEPTHIO.

Jis Takux BechbMa JIOPOTOCTOSIIUX M SJIEPHOOMACHBIX 00BekTOB Kak ADC mpoBeneHHe
HKCIIEPUMEHTAIILHOTO HCCIIEIOBAHUS WX PabOTOCTIOCOOHOCTH W 0€30MacCHOCTH B OOJIBIIMHCTBE
CJIy4aeB He MPEJICTABIISAETCS BOZMOKHBIM.

[TosToMy oOcHOBHasi Harpy3ka B mpouecce mnpoektupoBanus ADC, B 4YaCTHOCTH, HpHU
KOHCTpyHUpoBaHuu S0V, 10XKUTCS HAa YMCIEHHBIN AKCIIEPUMEHT.

B nanHOM ciywyae moj YHCIIEHHBIM SKCIIEPUMEHTOM IIOJAPa3yMEBAaeTCs KOMIIBIOTEPHOE
MOJICJINPOBAHUE IPOLIECCOB, MPOTEKAIOIIEEe B JHEPrOyCTAHOBKE, KaK B YCIOBHSIX HOPMaJIbHOM
9KCIUTyaTalluy, TaK ¥ B aBapUHHBIX YCIOBUSX.

[Ipu 3TOM Ha Bcex CTaauAX MPOEKTUPOBAHMA - OT ICKU3HOTO JO0 TEXHUUYECKOI'O IPOEKTa -
BBITOJIHSIOTCS] pacYeThl OCHOBHBIX TEXHOJIOTUYECKUX MTPOLIECCOB B 000PYI0BAaHUH, & UMEHHO:

- HEUTPOHHO-(PU3HUECKUX MPOIIECCOB B aKTUBHOM 30HE PEAKTOPAa;

- TEIUIOMAacCcOOOMEHa B aKTHBHOI 30HE;

- TEIJIOTUAPABINYECKHUX IIPOLIECCOB B PEAKTOPHOM YCTaHOBKE;

- TEIJIONEpPEHOca OT NEPBOro KOHTypa DY Ko BTOpoMy KOHTYpPY (€CJIH OH €CTh);

- IPOLIECCOB B OCHOBHOM U BCIIOMOTraTeIbHOM 00OPY/I0BAHNU MTAPOCUIIOBON yCTaHOBKH;

- MaccooOMeHa 1 Boj1ooOMeHa B KoHTypax ADC;

- TEPMOMEXaHMUYECKUX HArpy30K Ha OCHOBHOE M BCIIOMOTaTeIbHOE 000PYA0BaHHE;

- B3aUMHOT0 BJIMSHUSA 000pYJOBaHNS B JUHAMUUYECKHUX PEKUMAX;

- pabOTHI aBTOMATHKH;

- KOMIUIEKCHOE MOJIEIMPOBAaHUE MPOLIECCOB B SHEPTOYCTAaHOBKE.

Jlnist mpoBeieHUsT MOJIEITMPOBAHUS MIpolieccoB B obopynoBanuu 10V u ADC B 1menoM y Hac
B CTpaHe M 3a pyOekoM pa3pabOTaHO 3HAYUTEIHHOE KOJIMYECTBO METOIUK M KOMIBIOTEPHBIX
POTPaMM.

Hactosimee mocoOue mMOCBAIMIEHO 0030py OCHOBHBIX KOMIIBIOTEPHBIX —IPOrpam,
pa3paboTaHHBIX B HalleW CTpaHe I aHajIu3a HEHTPOHHO-(QU3UYECKHX M TEIJIOTHIPABIUYECKUX
IIPOLIECCOB U MPUMEHsIEMbIX NpHU npoekTupoBanuu ADC ¢ peaktopamu tuna BBOP.

3a paMKaMM JJaHHOTO IOCOOMSI OCTaJIMCh IPOTpaMMBbl sl MOAEIUPOBAHMS IMPOLECCOB B
00OpYJIOBaHUU C PEAKTOPHBIMM YCTAaHOBKAMHU JpPYroro THIMA, a TaKXe HIporpaMMbl pacyera
MEXAHUYECKUX Harpy30K, TEPMOXMMHUYECKUX IpoleccoB U T.1. KpoMe Toro, He paccMaTpuBaroTCs
JI0OCTaTOYHO MPOCThIE MPOTrPaMMbl, OCHOBAHHBIE HA NMPOTrPAMMHMPOBAHUH PA3IMYHOr0 poa GopMy
(HampuMep, MPUHATBIX HOPM pacyeTa CTAlMOHAPHBIX MPOLIECCOB) M HE TPeOyoIue YMCICHHOTO
peueHus cucteM AuddepeHnnanbHbIX YpaBHEHUH.

JlanHoe moco6ue MOCBALICHO METOIMKaM U MporpaMMmam, B KOTOPBIX JIsi MOJEITUPOBAHHS
nporueccoB B 06opyaoBanuu ADC npUMEHSETCs PelIEeHUE YPaBHEHUH B YaCTHBIX MPOU3BOIHBIX.

370, B NIEPBYIO O4Yepeb, HEUTPOHHO-(U3NYECKHE MIPOLIECCH] B aKTUBHBIX 30HAX PEAKTOPA;
TEIUIONIEPEHOC B 3JIEMEHTaX KOHCTPYKIMH; Macco M TEIJIONEPEHOC B TEIUIOTHAPABIMYECKOM
000pyI0OBaHUU U PSIJl APYTHUX.

ABTOp TPHUHOCHUT OyaromapHOCcTh noueHTy Kadeaper Ne5 MUOU I'.B. TuxomupoBy 3a
LICHHbIE 3aMEYaHUs, C/IeIaHHbIE IIPU MOATOTOBKE JaHHOT'O IIOCOOUS.



1 KIIACCUPUKALUA ITPOI'PAMM, IPUMEHSAEMBIX ITPU
HPOEKTUPOBAHUU ADC

[IpoBecTu cTporyio kKiaccu(UKaLUIO MPOrpamMM IO MPU3HAKY OOJIACTH MX HCIIOJIB30BAHHS
HE BCEr/la MpeACTaBIIseTCS BO3MOXHBIM, TaK KaK OJHU M T€ K€ MPOrpaMMbl MOTYT HMPUMEHSATHCS
KaK Ha dJTale MpelBapUTENIbHBIX KOHCTPYKTOPCKUX MPOpabOTOK, TaK W Ha JTame MPOBEICHUs
MIOBEPOYHBIX PACUETOB.

BeICTpBIil pPOCT BBIYMCIUTENIBHBIX BO3MOXKHOCTEW coBpeMeHHbIXx OBM mno3Boimn B
HACTOALIEE BpEMs IPOrpaMMbl, pa3pabOTaHHbIE MJii MPOBEACHHUS I[OBEPOYHBIX PpPACUYETOB,
IPUMEHATh M HAa HAYAJIbHBIX JTalax IPOEKTUPOBAHUSA;, PECYPCOEMKHE NPOrpaMMBbl JIs
MPELUHU3HUOHHBIX PacyeToB - Ui KOHCTPYKTOPCKHMX TOBEPOUYHBIX pacyeToB (Hampumep, Mpu
IIPOBEJCHUH KOHCTPYKTOPCKHUX PacuyeToB IIPUMEHSTH IPOIPaMMbl, OCHOBAaHHbBIE HA UCIIOJIb30BAHUN
MeTos1a MoHTe-Kapiio uimm 1ByXCKOPOCTHBIX YPABHEHUN CKUMAEMOMN KHUJIKOCTH ).

Tem He MeHee, mocTapaeMcs BbIIEIUTh OCHOBHBIE ATAlbl IPOSKTUPOBAHUS U TPeOOBaHUS K
MIPOTrPaMMHBIM IPOIYKTaM Ha KaXKJ10M CTaJuH.

Ha sTame 3cKkM3HOTO MPOEKTHUPOBaHUS TPEOYIOTCS, KaK MPaBHIO, HE OYEHb TOUYHBIC, HO
BeChMa OBICTPOACHCTBYIONINE METOAMKY JIJIsl BELIOOpAa OCHOBHBIX TTapaMeTpoB Oymytieir ADC.

Ha »srame TeXHHYECKOro MpPOEKTUPOBAHUS MPOU3BOIATCA pacyeTbl IO IMpOorpaMMam
WH)XCHEPHOW TOYHOCTH, oOecreuynBarone OOOCHOBAaHHOE TPHUHATHE U  KOPPEKTUPOBKY
TEXHUYECKUX PEIICHUHA C y4eTOM, B YAaCTHOCTH, B3aUMHOIO BIUsSHHS oOopynoBaHus. Ha stom
JTane NPOBOJAUTCS IPOBEpKAa paboThl O0OpYAOBAaHMSA HE TOJBKO B YCJIOBUAX HOPMalbHOU
JKCIUTyaTallid, HO U B YCIIOBHUSAX IPOEKTHBIX M 3alPOEKTHBIX aBapuil. OnpenensroTcss Mpeaeiibl
0e30MacHOl SKcITyaTaliud 00OpYyAOBaHUS M MOCIEACTBHS, K KOTOPHIM MOTYT MPHUBECTH aBapHu,
CBSI3aHHBIE C PA3IUYHOTO poOJa MCXOJHBIMH COOBITHSIMM, BKIIIOYas BO3MOXKHBIE OTKa3bl
000pyIOBaHUs, B TOM YHCIIE M OTKa3bl CHCTEM 0€301TacCHOCTH.

K 3aBepiienuto mporecca NpoeKTUPOBAHUS, KaK MMPaBUIIO, IPOBOJUTCS MOJHOMAcCIITaOHOE
MOJIeJIMPOBaHUE MpoleccoB B sHeprodmoke ADC ¢ ydeToM B3aUMOJICHCTBUS BCETO OCHOBHOTO
TEXHOJIOTHYECKOro 000pyaoBaHus ¢ yderoM paborel cucteM aBromatuku (ACY TII) kak B
YCIIOBUSIX HOPMaJIbHOM 3KCILTyaTalluy, TaK U1 B OCHOBHBIX IOCTYJIUPYEMBIX aBapUMHBIX MTpoOLIEcCax.

C Touku 3peHuss TpeOOBaHUI K MporpaMMaM M METOAMKAM, Ha JaHHOM J3Tamne TpedyeTcs
WHXEHEpHasi TOYHOCTh C pPa3yMHOM CTENEHbIO KOHcepBaTuU3Ma. Kak mnpaBuio, MNpoOrpaMMsl,
NpUMEHseMble Ha pa3HbIX CTAIMSIX JAHHOTO dSTarna MPOEKTUPOBAHHS, WMEIOT MPUOIU3UTEIHHO
OJIMHAKOBYIO0 CTEMEHb WH)KEHEPHONH TOYHOCTH M OTJIMYAIOTCA TOJBKO CTENEHbIO ITOJHOTHI
MozenupyemMoro odopyaoBanus. Hanbonee gacto, mo Mepe paciiMpeHusi MPOEKTHBIX MPOPadOToOK,
yrayOnaeHne MOJHOTHl MOJEIUPYEeMOro 000pyAOBaHUS JOCTUTAETCA MyTeM OOBbEAMHEHHUS MOJIee
OTJENBHOTO OOOPYJOBAaHUS B MYJIBTHUIPOTPAMMHBIC BBIYMCIHMTEIbHbIE KOMIUIEKCHL. [lpum sToM
COBPEMEHHBIE IPOrpaMMHBIE KOMIUIEKCHI M3HAYAJIbHO pa3padaThiBalOTCA KaK KOMIUIEKCHI MOJeIen
OTJIEIILHOTO 00OpY0BaHUs, KOTOPBIC IO MEPE CO3AaHMS MPOCKTA OTACIbHOTO o0opyaoBanus ADC
MOJKIIIOYAIOTCS B €IUHYI0 MOJEIHMPYIONIYI0 cucTeMy. B JaHHOM MOCOOMH OCHOBHOE BHHMMAaHHE
OyZeT ylieleHO UMEHHO TaKHM ITPOrpaMMaM.

[TapannenbHo, Kak MpaBUIIO, MPOBOJUTCS BEPOSATHOCTHBIN aHAIU3 O€30MaCHOCTH C YYETOM
BEPOATHOCTH OTKa3a TEXHOJIOTMYECKOro obopynoBanus. Ilpm 3TOM mpoBepka BO3MOMKHBIX
MOCJIE/ICTBUM pa3BUTHUSl aBapUi BBINOJHAETCS 10 IPOrpaMMaM, KOTOPbIE MO3BOJISIIOT PEATMCTUYHO
MOJIEIUPOBATh IPOLECCHl B TEXHOJIOTMYECKOM 000pyAOBaHMM ©0€3 BHECEHHs H30BITOYHOTO
KOHCepBaTHU3Ma. Takue mporpamMmbl Ha3bIBalOT €lle “TIporpaMMaMH YJIy4IIEHHOW OIEHKHU’, XOTs
IIPUMEHEHNE JAHHOTO TEPMHHA Y MHOTMX CHELUAJIMCTOB BBI3BIBAET CEPhE3HBIC HAPEKaHUs. JTOT
TEPMUH MOSABWICS IyTEM IEPEBOJA HAa PYCCKHUM S3BbIK MPHUHATOTO B AHIVIOSA3BIYHOM JUTEpATYype



tepmuHa “Best estimated cods”, um cnemyer mog4epKHYThb, 4TO OoOJee MPaBUILHO OBLIO OBI
NepeBECTH ero, Kak “IIporpammel peaaTucTUYHONW OLEHKH .

Jpyroii cnoco6 kimaccuukanuu - MO THIAM IPOLIECCOB, KOTOPBIE TaHHbIE MPOTPAMMBI
MOJIETUPYIOT.

Hnst ADC xapakTepHbl ClieayoIue NpouecChl:

- HEUTPOHHO-(PU3HUYECKHE MTPOLIECCH] B AaKTUBHOM 30HE;

- TEIUIOTUAPOIMHAMUKA aKTUBHOW 30HBI;

- TEIUIOTUAPOIMHAMUKA PEAKTOPHOM yCTaHOBKH;

- TEIUIOTUAPOIMHAMHUKA OCHOBHOI'O 000PY/I0BaHUS TYpOUHHOIO OTACICHHUS;

- TeIUIOTUAPOIMHAMHUKA OCHOBHOI'O 00OPY/IOBaHUS PEaKTOPHOI'O OTIEICHHUS;

- KOMIUIEKCHAs IMHAMHKa PEaKTOPHOH YCTAaHOBKU C Y4€TOM aBTOMATHKHU;

- KOMIUIEKCHAs IMHAMHKA TYPOMHHOHN YCTaHOBKHM C Y4€TOM aBTOMATHKH;

- KOMIUIEKCHAs INHaAMKKa SHEpro0Jioka B LIEIOM.

OO6opynoBaHue CcOOCTBEHHO peakTopHOM ycTaHoBKM (PVY), obopyaoBaHue peakTOpHOIro
otneneHus (3a wuckiaoueHueM PVY), oOopynoBanue TypOuHBI W 00OpyJIOBaHHE TYPOWHHOIO
oTneneHust (3a HCKIIOYEHUEM TypOuHbI), cucteMbl aBromatuku (ACY TII), kak mpaBwuio,
NPOEKTUPYETCS MapajlieIbHO PpPa3HbIMU  opraHu3anusaMu. OKOHUaTenbHAas YBA3Ka IPOEKTOB
yKa3aHHOrO  OOOpyIOBaHMS  OCYLIECTBISIETCS  TIeHEpPaJbHBIM  IMPOCKTHPOBILMKOM  Ha
3aKJIIOYUTENBHBIX JTamax MpoeKkTupoBaHus. llpm sToM BhImonHsEeTcs Hambosiee moApoOHOE
MoJIeJIMpOoBaHuE Bcero 3Heprodynoka ADC B LIETIOM.

B naHHOM mocoOuM M37araroTcsi OCHOBHBIE IOAXO[bI, PEATM30BAaHHBIE B OTE€UYECTBEHHBIX
IPOTPaMMHBIX MPOIYKTAaX B COOTBETCTBUU C MPEJJIOKEHHON BBILIE MTOCIEA0BATEIbHOCTHIO.

1.1 HeiiTpoHHO-(pu3NYeCKHE MPOTPAMMbI

B Hacrosiiee Bpemsi co3AaHbl IPOrpaMMbl HEUTPOHHO-(PHU3UUYECKHX PACUETOB, KOTOPHIE
o0ecreynBarOT TOYHOCTH TMPOBEACHHUS PACUYETOB, COMOCTABUMYIO C TOYHOCTHIO (PU3UUYECKUX
OKCIEPUMEHTOB. OTHU MPOrpaMMbl OCHOBAaHbl Ha PELIEHUM T'a30KMHETUYECKOTO YpaBHEHUS
nepeHoca HeMTpoHoB MeTo10M MonTe-Kapio (cymecTByroT 1 60j1e€ TOUHbIE METOIUKH, OJTHAKO UX
PECYpPCOEMKOCTh TAaKOBa, YTO HA COBPEMEHHON BBIYMCIMTEIBHON TEXHUKE 3TH INPOrPaMMBbI
NPUMEHATh HEIeNeco00pa3Ho daxxe UIsi OTIENbHBIX MOBEPOYHBIX pacyeToB). K mporpammam,
OCHOBaHHBIM Ha TpuMeHeHuun Meroga Monte-Kapno, otHocarcs paspaborannas B PHIJ
“KypuatoBckuii Uucturyt” nporpamma MCU [1], u3 3apy6exunbix - nporpamma MCNP [2]. Otu
IPOrpaMMbl  HUCIIOJIB3YIOT MHOTOTPYNIOBYIO OHOJIMOTEKY OLIEHEHHBIX SAEPHBIX JaHHBIX IO
HEUTPOHHO-(U3MYECKUM CBOMCTBAM MAaTEpHalOB Ha OCHOBE JIE€TANbHBIX SJACPHBIX JaHHBIX,
Hanpumep ENDF/B-VI [3] (IIporpamma MCNP, kak mnpaBuio, HCHOJB3YyEeT CEUEHHUS C
HENPEPHIBHON 3aBUCUMOCTBIO OT 3HEPIMHU HEUTPOHOB, a HE MHOTOTPYMIIOBBIE SJEPHBIE JAHHBIE).
Crnenyer 3ameThb, YTO 4YacTO B MporpaMMmax Ha ocHOBe meroga Monte-Kapno He pemaercs
ra30KMHETUYECKOE yPaBHEHHUE, a MPOCTO MOJEIUPYIOTCS MCTOPUHU OTAENIBbHBIX HEUTPOHOB. Ilpm
3TOM, B MPOIIECCE MOACTUPOBAHUS MPOUCXOANT OIEHKA (DYHKIIMOHAJIOB MO BBIACICHHBIM 00beMaM
VI [TIOBEPXHOCTS.

Ecnu Obl ObIcTpOfieiicTBHE COBPEMEHHBIX BBIYMCIUTENBHBIX MAIlIMH OOILEro MoJIb30BaHUS
ObLIO OBl B HECKOJLKO MUJUTMOHOB pa3 BhIlIe, 4yeM ObicTpoaeiicTBue [I9BM Ha 6asze mpoueccopa
Pentium IV 3 I'T1, npumMeHeHre BceX MEPEUUCICHHBIX B JAHHOM MOCOOUU MPOTpaMM HEUTPOHHO-
(u3MYECKOro pacyeTa He UMENIO Obl CMbICIIA.

OnaHako MOIIHOCTh COBPEMEHHBIX BBIYUCIMTENBHBIX CPEACTB HE IO3BOJSET MPUMEHATH
HEUTPOHHO-(U3NYECKHUE TPOTPaMMBbl, OCHOBAaHHbIE Ha PEIICHHWU Ta30KWHETUYECKOTO YypaBHEHUS
MeTooM MonTte-Kapio, B kKauecTBe MH)KEHEPHBIX. B CBSI3UM C BBIIEU3I0KEHHBIM, CIOXHIACh
CJIeyIoIIasl MPaKTHKA MPOBEACHUS HEUTPOHHO-(U3NIECKUX PACUETOB aKTUBHBIX 30H PEaKTOPOB.

PaccmoTpuM ee Ha mpumepe pacueTa akTUBHOM 30HBI peakTopa Thuna BBOP.



Ha pucynke 1.1 npeacrasiena cxema pacioiokKeHHs TOIUIMBHLIX cO0pok B 90° cummeTpun
aKTUBHOHM 30HBI peakropa Tuna BBOP-1000. Ona okpy>keHa rpaHeHOM BBITOPOAKON (pUCYHOK 1.2),
SIBIIAIOIIEHCS KAaK OrPAHUYMUTENIEM IIPOTEYEK TEIUIOHOCUTENSS MHMMO AaKTUBHOM 30HBI, TaK H
paldaIbHBIM OTPAKATEIIEM HEUTPOHOB.
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AKTUBHas 30Ha COCTOMT M3 163 TOIUIMBHBIX COOPOK, CXeMa pAaCIOJIOKEHHUS KOTOPBIX
CXeMaTW4yHO TmpejacTaBieHa Ha pucyHke 1.3. Kaxmas TorimBHas cOopka MpencTaBisieT coOou
IIyYOK CTEPKHEBBIX TEILIOBBIAEISIOMINX 3JIEMEHTOB (CM. pUCYHOK 1.4)
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TennoBbIENSAIONIME  JIEMEHTHl B TEIUIOBBIICIAIONICH COOpKE PpacHojOkKeHbl IO
TPEYroJbHOM CeTKE KakK B 0OBIYHOMN KacceTe (pUcyHOK 1.5), Tak U B IpOo(UIMPOBAHHON TBAJIAMU C
0oJiee HM3KUM COJIep)KaHueM ToruinBa (pucyHok 1.6). B cocraB TemoBbiaensitomnieii coopku (TBC)
BXOIAT HapsAay C TEIJIOBBLACISIOIIMMHI 3J€MEHTaMH (TB3JIaMH) 3JIEMEHTHI, OOecreunBaroIye
XKecTKOCTh KOHCTpykiuu TBC (manpumep, neHTpanbHas TpyOKa), Hampapisiomue TpyOku uis
MOTJIOMIAIOMIMX ~ DJIEMEHTOB, B KOTOPBIX MOTYT HaXOIUTBhCS JMOO TEIJIOHOCUTENb, JIHOO
noryomarorui 35eMent (I19J1), mubo smemenT ¢ BeiropatomuM nornotutesnem (CBIT).
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B HacTosi1ee Bpems Ipu MpOBEAEHUN KOHCTPYKTOPCKUX HEUTPOHHO-(PU3HMUECKUX PacueToB
aKTUBHBIX 30H PEAKTOPOB CIIOKWICA CIEAYIOIIMNA MOAX0J, OOYCIOBJICHHBIH, B YACTHOCTH,
BO3MO>KHOCTSIMHU BBIUYMCIIUTEIBHON TEXHUKH.

Oran 1. OpHoMmepHBIM (MHOTZA JABYMEpHBIH) pacueT oTAenbHbiXx sueek TBC 1o
MHOTOTPYIIIIOBBIM IIpOrpaMMaM C YYETOM BIIMSHHUS COCEJHUX DJJEMEHTOB C IOCIEAYIOIIUM
CO3/IaHMEM MAJIOTPYIIOBBIX OMOINOTEK HEUTPOHHO-(QU3NYECKUX MaKpOCEYeHUH (HEHTpOHHO-
(U3UUECKUX KOHCTAHT) IS OTJACIBHBIX STUCeK.

Pacuer BBIIIONIHSETCS 1O MNPOrpaMMaM TAaK Ha3bIBAEMOIO CIEKTPAJIBHOIO pacyera,
Hanpumep, nporpammam Y HUPACOC [4], TBOI', WIMS-D4 [5], CAII®UP [6], MCU [1] u 1.1.

Oran 2. Pacuer otzmensHsix TBC no aByMepHBIM MajlOrpyNIIOBBIM Iporpammam ¢
co3/laHMeM OMOJIMOTEK MaJOTPYHIOBBIX KOHCTAHT JUIs TMOCIIEAYIOUIET0 KPYITHOCETOYHOTO pacyera.
K mporpammam nannoro kiacca otHocsitcst KACCETA [7], LIECTUTPAHHUK, TBC-M [8], HU-
7000 [9] u psan apyrux. (Kaxmomy snementy TBC cooTBeTCTByeT Kak MHUHUMYM OJWH B
nornepeyHoMm ceueHnu TBC pacueTHsli y3en).

B cBsa3u ¢ pasBUTHEM COBPEMEHHOM BBIYMCIMTEIBHONM TEXHUKM B HACTOAILEE BpEMs
pacueTbl 3Tana 1 He BBINOJHSIOTCSA, a pacyeT OWONIMOTEK MaJOrpyNIOBBIX KOHCTAHT JUIs
KPYITHOCETOYHBIX PACU€TOB BBIMOIHAETCS 110 ABYMEPHBIM CIIEKTPaIbHBIM IpOrpaMmam (HapuMmep,
WIMS-D4, CAII®UP) unu npu COBMECTHOM OJHOBPEMEHHOM HCIIOJIb30BAaHUM CHEKTPAIBHBIX U
manorpynnossix nporpamm (YHUPACOC unu TBOI' + KACCETA nnu TBC-M).

Ha sramax 1 m 2 B3aumMHOe BIMSHUE HEHTPOHHO-(OM3WYECKUX M TEIIOTHIPABIUYECKUX
IIPOLIECCOB YUUTBIBAETCS IyTEM 3aJaHUsl PA3JINYHbIX BAPHAHTOB N1aPaAMETPOB CPEBIL.

PesynbraToM paboTel mporpamm Ha 3Tane | W 2 ABISIOTCS 3aBUCHUMOCTH MaKpOCEUEHH
B3aUMOJICYCTBUS HEUTPOHOB C BEIIECTBOM OT CJIEIYIOLIUX [IapAMETPOB:

- CpelHEl TeMIlepaTypbl TOIUIMBHOTO CEPIACYHUKA;

- CpeaHer TeMnepaTypbl TEINIOHOCUTENS B STUCHKE;

- CpeAHEH MJIOTHOCTH TEIUIOHOCHUTENS;

- KOHLICHTPALMU MOIJIOTUTENS B TEIJIOHOCUTEIIE;

- ITyOUHBI BBITOPAHUs TOTLIUBA.

B HEKOTOpBIX Cily4asXx B KaueCTBE HE3aBHUCHUMBIX apryMEHTOB BBICTYIAKOT TaKkKe
MOIIHOCTb, KOHLEHTpaLUs Xe'®, IIPEIBICTOPHS BHITOPAHMSI TOIUIMBA U PSI APYTHX.

Oran 3. Pacuer TpexMmMepHON akTUBHOM 30Hbl. Ha pnaHHOM »JTane BBINOJHAETCS
KOHCTPYKTOPCKHH  HEHTpOHHO-(pm3mueckuii  pacder  peaktopa.  Ompenenstorcs — mouis
SHEPrOBBIJICIICHUS, BBIOMPAETCs KapTOrpaMMa 3arpy3Ku aKTUBHOM 30HBI, JJIUTEIbHOCTh TOIUIMBHON
KaMITaHUU U CX€Ma TOIUIMBHBIX MEPETPY30K.



Pacuets! 3Tana 3, kak mpaBUiIO, BBINOJIHSAIOTCS MO CTAMOHAPHBIM MPOTPAMMaM C YYETOM
00paTHBIX CBSI3€H MO TEMIOTUAPOANHAMHUKE.

Ha »rtane 3 ompenensieTrcss NpUMEHHMOCTb 3aJI0KEHHBIX Ha IEPBOHAYAIBHOW CTaIuu
IpOEKTa CXeM 3arpy3kd TOIUIMBA, JIOMYCTMMAash BEJMYMHA HEPAaBHOMEPHOCTH  MOJIA
SHEPTOBBIJEIECHUS, IIUTEIBHOCTh TOIJIMBHON KaMIIaHUH.

Ecnu mapameTpbl TOIIMBHOM 3arpy3Kd U1 HOMEHKJIATypa TOIUIMBA HE TIO3BOJISIET IOCTUTHYTh
MPOEKTHBIX XaPAKTEPUCTUK AKTUBHOW 30HBI, MPOU3BOIUTCS WUTEPANUOHHBIA MOAOOp TpeOyeMbIX
xapakrepuctuk TBC ¢ nepexonom Ha stan 2 unu aaxe 1.

[Ipu npoekTupoBanuu akTUBHBIX 30H BBOP Ha sTane 3 ucnonsizyercs nporpamma BUITP-
7(7A) [10]. (Moxetr wucmnonb3oBaThCs W HecTamoHapHas nporpamma JIECHA, Bxoasmas B
nporpaMMHbIi koMiieke PAZIYTA [11]). CymecTByroT 1 Ipyrue nporpamMmmsl JaHHOTO Kjiacca.

Ha TtpetheM 3Tane Takke BBINOJHIETCSA MOTBAJIbHBIN MOBEPOUYHBIN pPACUET AKTUBHOM 30HBI.
[Ipu sSTOM pe3ynbTaThl KPYMHOCETOYHOI'O pacyeTa, B YACTHOCTH, MO TEMIo(pHU3NIECKUX
apaMeTpoB HCIONB3YIOTCS JUIsl JBYMEPHOTro MOTBIIbHOro pacuera (mporpammbl KACCETA,
TBC-M wu gp.). B HacTosmee BpeMsl BBIUYUCIUTENBHBIE MOIIHOCTH IO3BOJISIOT IPOBOAWUTH
IOTBIbHBIA TPEXMEPHBIN CBSI3aHHBIA HEWTPOHHO-TEIUIOTUAPABIMYECKUN pacdyeT BCEH aKTHUBHOU
30HBI (IIpaBla, TUAPABINYECKUE XapaKTEPUCTUKU aKTUBHON 30HBI PACCUNTHIBAIOTCS YCPETHEHHBIMU
st nonepeyHoro ceuenust TBC).

B pesynpraTe HEHUTPOHHO-(DU3MUYECKUX PACUETOB MOMHMO IIOJICH JHEPTOBBLIICICHHS B
aKTHUBHOM 30HE ompeaerstoTcs “Beca’” ornenbHbIX opraHoB CY3, rpynn opranoB CY3 u Bcex
opranoB CY3 (aBapuifHON 3alIMTHI) peakTOpa, a TAaKXKe MapaMeTpbl TOUYCYHOW KMHETHKH, KOTOPHIC
HCIIOJIb3YIOTCS B HECTALIMOHAPHBIX TEIJIOTUPABINYECKUX pacueTax.

1.2 TemnoruapasianvecKkue NpOrpamMmbl

B HameM o0030pe Mbl He OyJeM paccMaTpuBaTh JOBOJIBHO MPOCTbIE KOHCTPYKTOPCKHE
IpOrpaMMbl, IPUMEHsIEMble Ha HAYaJIbHOW CTaJuM MPOEKTUPOBAHMS, U BCE OCHOBHOE BHUMAaHME
COCpPEAOTOUNM Ha HECTALMOHAPHBIX TEIUIOTUAPABINYECKUX TPOrPAMMAaX.

OTH IporpaMMbl MOKHO YCJIOBHO pa3fesiuTh Ha TP TPYIIIbL:

- OporpaMMbl MOJEIUPOBAHUS IUHAMUKU SOV B yCIOBUSIX aBapuil, HE CBS3aHHBIX C
KPYIIHBIMU T€YaMH M3 MEepBOro KOHTypa (Hampumep, nporpammel [IMHAMUKA [12], MOCT-7
[13], Temnorunpasnuueckuit Mmoayib /k PAIYT' A, PACHAP [14] u psin apyrux);

- IporpamMMsbl pacuera mpoueccoB B DY B ycinoBusix Teueil u3 nepBoro KoHrypa A0V
(manpumep, nporpamMmel TEUB-M [15], KOPCAP [16], RELAP-5 [17], TRACK [18], ATHLET
[19], CATHARE [20]);

- MporpamMmbl MOJEIMPOBAHUS IPOLECCOB B YCIOBUAX NPOTEKAHUS TSDKEIBIX aBapuil C
nerpafanuei (pacriaBieHUeM WM pa3pyLIEHUEM) aKTUBHON 30HBI.

[TocnenHroro rpymmy mporpaMm, K KOTOPbIM, Hanmpumep, oTHocuTcs nporpamvmsl MARCH
win CBEYA [21], MbI paccMaTpuBaTh HE OyAeM.

Kpome TOro, HecranmuoHapHble TEIUIOIMIPAaBIMUYECKHUE IMPOTPaMMbl B HACTOSIIEE BpeMs
O0BEAMHSIOTCSI C TPEXMEPHBIMU HECTAIlMOHAPHBIMU HEHTPOHHO-(QU3MUECKUMU Mporpammamu. B
UTOre MOITYy4aroTCs MOIEIUPYIOIINE KOMIUIEKCHI MOJHOMACIITAOHOTO MOJEIUPOBAHUS JUHAMUKU
PEAKTOPHBIX YCTaHOBOK.

Jns  MoAenupoBaHHMS MPOIECCOB B 000pyHOBaHMM TYpOMHHOTO KOHTYpa, CHUCTEMax
BO/I000MEHa NEPBOr0 KOHTypa NMPUMEHSIOTCS, KaK MPaBUJIO, TEIUIOTHIPABINYECKUE MPOTPaMMBL,
UMEIOIME BO3MOXKHOCTh 3aJaHUsl TMOKOW PAacyeTHOM CXEMBbI M CIIELUAIBHO pa3pabOTaHHbIE IS
MOJICIUPOBAHUS  CJIOXKHBIX Pa3BETBICHHBIX TEIUIOTHAPABIMYECKMX KOHTYypoB. Hampumep,
nporpamma TPP (Thermal Power Plant) [22] unu KPDB[59].
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1.3 IIporpammsl CBA3aHHOIO HETPOHHO-TENJIOTMAPABIMYECKOI0

pacuera

JIns. KOMIUIEKCHOTO HCCIEOBAaHUS JAUHAMHYECKHX TMpoueccoB B ADY wucnonb3yrorcs
IpOrpaMMbl  CBSI3aHHOTO HEWTPOHHO-(U3UYECKOTO U TEIUIOTHAPABIMYECKOrO pacuera. ITO
pOrpaMMHBIE KOMIUIEKCHI, KOTOPBIE CO3/IaBAINUCh MyTeM OOBEIMHEHHUS paHee pPa3pabdOTaHHBIX
nporpaMM THAPOAMHAMUKKA W ¢u3uku (mporpammubie komruiekce THUIP [23] (BUITPS-KN +
PACHAP), ATHLET/BUIIPSKH [24]), nubo mnporpaMMmbl, H3HA4YaJIbHO TMpEeAHA3HAYCHHBIC H
paspabaTbIBaroIMecs: Uil CBS3aHHOI'O HEWTPOHHO-TEIJIOIMIPABINYECKOr0 pacyeTa, HarpHuMep,
"PAAYI'A" [11].

[Ipn mMonenupoBaHMM PEaKTOPHOM YCTAaHOBKHM YUYUTBIBAETCS, KaK IMPaBUIJIO, BCE OCHOBHOE
o0opyoBaHue ImepBoro KoHTypa PV, mnaporeHepaTtopbl, MmapompoBOJbl OCTPOro Iapa H
IUTATEIbHOM BOJIBI, @ TAK)KE OCHOBHBIE CUCTEMBI O€30M1aCHOCTH.

Ha pucynke 1.7 npencraBieHa pacueTHas cXeMa peaKTOPHOM yCTaHOBKH, IPUMEHSIEMas B
n/k PAJIYTA.
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Puc. 1.7

1.4 TMoaHomMacmTa0HbIE MOAEJTUPYIOIIHE KOMILIEKCHI

g nmomHOMacIITabHOrO MOJENUPOBAHMS JUHAMHUKU 3HeproosokoB ADC mpuMeHSIoTCs
CHEeLMaNbHO CO3JaHHblE KOMIUIEKCHl mporpamMMm. Ha Oosee paHHMX CTagusX pas3BUTHA
BBIYUCIUTENPHON TEXHMKH IOJHOMAcIITabHOe MojenupoBaHue sHeproonoka ADC  OblIo
MaJIOOCYIIIECTBUMBIM. TOJNBKO BBEIEHHE BEChbMa CYIECTBEHHBIX YIPOIIEHUH MO3BOJSIIO JOOUTHCS
PUEMIIEMOTO OBICTPOICHCTBHS.

VYuuTeiBasg, 4TO Ha TaKUX KOMIUIEKCAX WCCIEAYIOTCS JOBOJBHO IPOJOJIKHUTEIbHbIE
HepexoAHbIe MPOLECCHI, JIAIIMECS HHOT/AA JIECATKH 4acoB (PU3NYECKOT0 (MOAEIBHOI0) BPEMEHH, K
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IPOrpaMMHOMY OOECHEUEHUIO MPEIbSBIAIOTCS TPEOOBAaHUS BECbMa BBICOKOI'O OBICTPOIEHCTBHA,
XKenaTelbHa paboTa KOMIUIEKCAa B pealbHOM MacliTade BPEeMEHU B MHTEPAKTUBHOM PEXHME, T.K.
NEHCTBUS  OMEpaTOpPOB MOJEIHUPOBATh JOBOJBHO CIOXKHO. [IpuemiieMoro ObICTpOACHCTBUS
yAaBaJIOCh JOCTUTHYTh IIyTEM BBEJIEHHUS BECbMa CYIIECTBEHHBIX JOMYIIEHUH B MOJEIAX
000py10BaHMS HA BEChbMa JOPOTOCTOSIIHMX MOJTHOMACIITA0OHBIX TpeHaxkepax ADC.

B Hacrosimee Bpems NpHMEHEHHE IOCTaTOYHO JACLIEBBIX MHOrompoueccopHelx 9BM (a
UHOr1a U HanboJee ObICTPBIX ogHOMpoleccopHbie OBM ¢ TakToBBIMU YacToTaMu nopsiaka 3 I'T')
WM Oo0belMHEHUE HecKolbkux OBM B BBIUMCIMTENBHYIO CETh IO3BOJISIET CO3/1aBaTh
HOJTHOMACIITaOHbIE MOJIEIUPYIOLIME KOMIUIEKCHI 0€3 BBEJCHMS CEPbE3HbIX JOMYLICHUNA B MOJENHN
000pyAOBaHUS.

Co3naHue MoJHOMACIITAOHBIX MOJAETHPYIOIUX KOMILJICKCOB BEIETCS B HACTOAIIEE BpeMs
JBYMSI Iy TAMHU:

- YCIIO’)KHEHHME MOJieNIel TPeHaXEePHBIX KOMIUIEKCOB (HalpUMep, TPEHAXKEPHOI0 KOMILIEKCa
BHUM ADC [25], tpenaxepHoro xommuiekca PHI[ “KypuatoBckuit Muctutyr” AHUC-95 [26],
TpeHaxkepHoro komiuiekca HUTU um. Anekcangposa TEPMUT [27] u pspa npyrux);

- 00beIMHEHNE B MOJHOMACIUTAOHBIN MOAETUPYIOUINI KOMIUIEKC IPOrpaMM HH>KEHEPHOMN
TOYHOCTH (Hampumep, nporpamMmMubiii komrieke PAJIYTA-DOV [28] nonydeH myTeM 0ObeIMHEHHS
B MoJiefupytomuii komrieke nporpamm PAZIVI'A-7 [11], TPP [22] u MBTVY [29]).

Ha pucynke 1.8 mpezacraBieHa cxemMa OOBEIUHEHHUS NPOTpaMM B IOJHOMACIITAOHOM
Mozenupytouiem kommiekce PAJIYTA-DVY

CXEMA B3AHMOCBA3SH ITPOIrPAMM B IIPOTPAMMHO-
TEXHHYECKOM KOMILIEKCE “PAJI¥TA-9¥Y"

Bepxuuit yposens ACY TII { nyisT onepatopa )

Mopens ACY TIIT Mopens myasTa
("MBTY™") HHCTPYKTOpa
[IporpaMMe [TporpaMmMH
oTOOpaKeHHa || [lporpaMMa mepeajipecaliu || oTofpaKeHud
PerHCTPHPYeMBIX H cHHxpoHHzanuuH "INTEGR" PETHCTPHPY EMEIX
apaMeTpPOB napaMeTPOB
Mopens Mopens | |Monems | | Mogers
Py TYPOHHEHL | | BCIOM. | | gpeppo-
PAIIYTA "TFPP" CH]?;;M CHCTEM

l l b

['pathHyeckie NporpaMME 0ToOpaKeHHA

Puc. 1.8
B mHacrosimee Bpemsi TpUMEHEHHE KOMIIBIOTEPHBIX MOJEIHPYIONIMX KOMILJIEKCOB B
nporiecce npoektupoBanust ADC crano o0s3aTenbHBIM. B CBSI3M € 9TUM, CIEIUANNCTHI, 3aHSATHIC B
MPOCKTUPOBAHUHM ATOMHBIX CTAHIIMM, JODKHBI OBITh 3HAKOMBI HE TOJIBKO C HOMEHKJIATYpOu
MPUMEHSIEMBIX TIpU  TpoekTupoBaHuM ADC TOporpaMMHBIX MPOAYKTOB, HO H C HX
(GYHKIIMOHATBHBIMA BO3MOXKHOCTSIMU, OOJIACTHIO TMPUMEHEHHS U TOYHOCTBIO MOJIEIHPYEMBIX
(U3UUECKUX MPOIECCOB.
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JlanHOe TOCcOOME OpPUEHTHPOBAHO Ha OYyIYLIMX KOHCTPYKTOPOB M IPOEKTHPOBIIMKOB
obopynoBanuss ADC, a He Ha pa3padOTYMKOB MPOrPaMMHBIX MPOAYKTOB JUIsI MOJAEIMPOBAHUS
IPOIIECCOB HAa AaTOMHBIX CTaHLMAX. TeM He MeHee, KOHCTPYKTOPY PEakTOPHOro 00OpyIOBaHHUS
IPEJICTOUT CaMOCTOSITEJIbHO BbIOMpaTh HEOOXOAMMBIE MPOrpaMMHbIE NPOAYKTHI (MJIM OLIEHHWBATH
Ka4eCTBO BBIMOJIHEHHONW JPYIrMMM CIHELUAIUCTAaMH DPAOOThl C NPUMEHEHHEM KOMIIbIOTEPHBIX
pOTrpaMM), OLIEHUTh JOIMYCTUMOCTb M TOYHOCTb MPUMEHSAEMBIX IPOTpaMM MPH KOHCTPYUPOBAHHH.
OTO HEBO3MOXXHO 0€3 IIyOOKOTro 3HAaHUS (U3UYECKUX IOMYIICHHH, MAaTeMaTHYeCKHX MPUEMOB
nepexosia oT 1uddepeHualbHbIX YpaBHEHUM K KOHEUHO-PAa3HOCTHBIM YPAaBHEHUSM M, B UTOTE, K
KOMIIBIOTEPHBIM IIPOIPaMMaM.

OcHOBHas LieNb ITaHHOTO MOCOOMSI - MO3HAKOMHUTh CTYAECHTOB C HEKOTOPHIMH OCHOBHBIMU
NOJIXO0JaMH, NPHUMEHSEMbIMH @IPU KOMIIBIOTEPHOM MoJenupoBaHuM mponeccoB Ha ADC,
IIOCKOJIbKY OXBAaTUTh BCE€ CYIIECTBYIOLEE pa3HOOOpa3He YHCIEHHBIX METOJOB M IPOrPaMM,
MPUMEHSIEMBIX 711 MOZEIUpoBaHus TmponeccoB B ADY, HeBo3moxkHO. Kpome Toro, mis
OCMBICTICHHSI ~ MHOTMX  COBPEMEHHBIX  YHCJIEHHBIX  METOJOB  TpedyeTcss  crHeuuanbHas
MaTeMaTHueckas IOJArOTOBKA, IIO3TOMY MJi 3HAKOMCTBA C COBPEMEHHBIMU KOMIIBIOTEPHBIMU
nporpaMMaMd B KauecTBE OCHOBBI  ObUT  BbIOpaH  pa3paOOTaHHBIH B WHCTHUTYTE
“AToMaHEpronpoekT’’ nmporpaMMubii komruiekc PAJIVI'A [11].

OCHOBHOI 0COOEHHOCTBIO JAHHOTO KOMIUIEKCA SIBISIETCS, C OAHON CTOPOHBI, Oa3upoBaHUE
Ha omnbite OKB “I'maponpecc” mpu pa3paboTke MporpamMm TEIIOTHAPOAMHAMUKHY [12], ¢ apyroi
CTOPOHBI - IPUMEHEHHE JTOCTATOYHO MPOCTOTrO U 3((HEKTUBHOTO METOIa KOHEYHBIX Pa3HOCTEH IpH
pelieHur ypaBHEHUH HEUTPOHHON (DM3UKHU U TEIJIOMPOBOJTHOCTH B TBIJIaX.

JlocTaTOuyHO BBICOKAs TOYHOCTH METOJIMK PEIICHUS YpPaBHEHUMH, C OIHOW CTOPOHBI, U
OTHOCHUTEJIbHAS TPOCTOTA YHUCIEHHBIX METOJ0B, mpuMmeHseMbix B 1m/k PAJIYT'A - ¢ apyroii,
MO3BOJIAIOT HArJIIJHO IMO3HAKOMHUTBCS C COBPEMEHHBIMH KOMIIBIOTEPHBIMHU IpOrpaMMaMiy st
KOMIUIEKCHOT'O MOJICTIMPOBAHUS PEAKTOPHON YCTaHOBKH.



13

2 METO/bI PEIIEHUA JU®®Y3UOHHbLIX YPABHEHUM,
HPUMEHSAEMBIE B ITPOI'PAMMHBIX KOMIIVIEKCAX

OI[HI/IM N3 NCHTPAJBbHBIX BOIIPOCOB KOHCYHO-PA3ZHOCTHOI'O MCTOAA SABJISACTCS MOCTPOCHHUC
pacueTHOM CEeTKM W BBIOOpa MeTOoJa 3aMeHBbl u(QepeHIHaIbHBIX ONEePaTOpPOB HMX KOHEYHO-
Pa3HOCTHBIMHU aHAJIOTaMH, TaK KaK MPaBUIBLHOE PELIEHUE 3TUX BOIMPOCOB OMPEENSIET B OCHOBHOM
pPE3yJbTaTUBHOCTh MOJNYYEHHBIX MPOrpaMM M TOYHOCTh PEIICHUS MCXOIHOTO ypaBHEeHHs. Bbidoop
CCTKH M MCTOAA alIIPpOKCUMAllMU OIPCACIIICTCId MHOTMMH OGCTOHTGHBCTB&MI/I, B TOM 4YHCJIC U
OIBITOM pa3paboTUuKa.

B nmanHo#il T1yIaBEe paccMOTPUM METOABI TMOJYYEHUS KOHEYHO-PA3HOCTHBIX YpaBHEHMIA,
MPUMEHSEMbIX B TAaHHOW KHHUTE.

2.1 Mertoa 3JieMeHTapPHBIX 0AJIAHCOB

OTOT MeTOA NO3BOJIsIET HauboJIee MPOCTO MONYYUTh KOHEYHO-PA3HOCTHOE BBIPAKEHHE MIPU
pPEIIEHUN YPAaBHEHMM COXpaHEHHUs. 3a MPOCTOTYy MOAXO0JA, OJHAKO, IPUXOAWUTCSA IUIATUTh
OTHOCHUTEJIEHO BBICOKOM MOTPEUTHOCTHIO METO/Ia 3JIEMEHTapHBIX 0AaHCOB.

HaunbGonee yacTto 3TOT METOJN NPUMEHSAIOT NPH PELIEHUMH YPaBHEHHUH NEPBOrO MOPSAIKA,
TaKUX KaK ypaBHEHMsI COXPaHEHHs MacChl, JHEPTUu U UM nojobHsle. Ilpu 3TOM obecneunBaercs
BBICOKAsl TOYHOCTb pe3yibTaroB. [Ipu pelmeHuM ypaBHEHHMH BTOPOrO MOpsAKAa, TAKUX Kak
ypaBHEHHsI TEIUIONPOBOJHOCTH, AU(PPY3HMOHHBIE YPaBHEHUS HEHUTPOHHOW (DM3MKH, TOTPEIIHOCTD
oIpeseNieHus UICKOMOTro (yHKIIMOHaa (TeMIEepaTypbl, IUIOTHOCTH MOTOKAa HEUTPOHOB) JOBOJIBHO
BBICOKA. TeM He MeHee, BBICOKast IPOCTOTA METO/1A MTO3BOJISIET €r0 IPUMEHATH B TEX CIydasx, KOraa
Tpebyercss ObICTPO MONYYHUTh PEIICEHUE CHUCTEMbl YpaBHEHUH, He mpuleras kK 0Oojee CII0KHBIM
METOJIUKAM.

2.1.1 IlpuMeHeHHe MeTOAAa 3JEMEHTAPHBIX 0AJTaHCOB NPH pelIeHUM YpPaBHEHUs

HePa3pbHIBHOCTH

[TpuMmeHeHre MeToa ANEMEHTAPHBIX OallaHCOB ISl PEIlICHUs] YpaBHEHHUI MEepBOro MOpsaKa
paccMOTpHUM Ha MPUMEPE yPaBHEHUS HEPA3PHIBHOCTH
op
ot
rre P — IUIOTHOCTH TETTOHOCUTEIIS;
w — JIMHEWHAasi CKOPOCTb;
T — BpeMs.
EYILCM HUCKaTb PCHICHUC OJid 3aBUCUMOCTH IINIOTHOCTHU TCIIDIOHOCUTECIA OT BPCMCHU B
obbeme (pucyHok 2.1)

+ div(pw) = 0, 2.1)

AV = Ax Ay’ Az.
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Az

/
Puc. 2.1. PacueTHasi cxema KOHTPOJIBLHOTO 00beMa AV

[Ipounrterpupyem ypaBHenue 2.1 mno o6vemMy AV u Bocmonb3dyemcs TeopemMoin
OcTtporpaackoro:

[div(pwyav = [ pwds,
A% S
rze S - IOBEPXHOCTh, OTpaHNuKBaoIas o0bemM AV.

Ap  (PW)xr ax2 = (PW)x- ax2
At + Ay Az AV +

Ax Az (PW)x+ Ax/ZA -V(DW)x- M2 Ay Az (PW)x+ Ax/ZA -V(pW)x- av2_ o
IIpunumas Bo BHUMaHuE, 4TO Ay AZ(PW)y - 3T0 pacxol 1o ocu X - Gy, MOKHO 3aIIUCaTh:
0Gy 4 8GV+ 0G,
Ap N ox 0y Oz P
At AV '
KoHneuHo-pa3HoCTHOE ypaBHEHHE TPUMET BUL:
0Gy 4 6GV+ 0G,
ox 0y o0z
P = Pe-at- AV "At,
rae uHaekc t-At o3HadaeT 3Hau€HHE IJIOTHOCTH HA MPEIbIIYIIEM BPEMEHHOM CIJIOE, & 3HAYCHMUS
6G, 0G, 4G,

NPOU3BOHBIX ~o oy’ oz HaXOJATCS U3 PEIICHUs] YpaBHEHUH JBH)KEHUS, 4TO Oojiee nmoapoOHO

OyZeT paccMOTPEHO B IJ1aBe 4.
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2.1.2 IlpuMeHeHHe MeTOAa 3JEeMEHTAPHBIX O0AJaHCOB NPH pelleHHMH YPaBHEHUSs

TCIJIONMPOBOIHOCTH

HecMoTpsi HA OTHOCUTENIEHO HEBBICOKYIO TOYHOCTh, METOJ DJIEMEHTAPHBIX OAlaHCOB OYEHBb
IIMPOKO MPUMEHSETCS MPU PEIICHUN YPABHEHUN TEIJIONPOBOJHOCTU. DTO, B YACTHOCTH, CBSA3AHO C
TEM, YTO MpPHU HCIOJB30BAaHUU METOJa 3JIEMEHTAapHBIX 0alTaHCOB BO3MOKHO JOCTATOYHO IMPOCTOE
MOJICTTMPOBAHUE TEMIIEPATYPHI B KOHCTPYKIUSAX C BECbMa CII0KHOM reoMeTrpueil. EcTe u emie ogHo
JIOCTOMHCTBO METO/Ia SJIEMEHTAPHBIX OAJIAHCOB - BBIIIOJIHEHUE 3aKOHA COXPAHEHHS DHEPTHH BILIOTh
JI0 TIOTPEIIHOCTUA BBIUYMCICHUHN C IUIABAIONICH TOUYKOW IEHTPalbHBIM Mpoieccopom DBM, T.e. ¢
TOYKH 3PEHHUS HHXKEHEPHBIX pPAacueTOB - a0COJIIOTHO TOYHO. OTO CJIEAyeT YUYHUTHIBATh IMPH
HaNMCaHUHM TPOrpaMM, B KOTOPBIX COOJIOJICHUE 3aKOHA COXPAHEHHUS DJHEPIHMHM BaKHEE, UYeM
onpeJieJICHue TEMIIEPaTyphbl C MAKCUMAJIbHO BO3MOXKHOM TOYHOCTBIO.

B npunmmme, MeTon sneMeHTapHBIX 0aJaHCOB IMO3BOJSET Pa3OUTh MPOU3BOIBHON (hOpMEI
TEJI0 Ha CUCTEMY KOHTPOJBHBIX (JIEMEHTApPHBIX) OOBEMOB COBEPIICHHO IMPOW3BOIHHOW (OPMBI.
OpHako Ha TpakTHUKE A3TO OyJeT O3HayaTh MNPOTPAMMHUpPOBAHUE KaxJAOH KOHKPETHOH 3ajauu
WHAUBUIYAIBHO, YTO SIBISIETCS MPOIIECCOM BEChMa TPYA0eMKUM. [103TOMYy 0OBIYHO UCTIONB3YIOTCS
YHUBEpCAJIbHBIE MPOTPAMMBbI, B KOTOPBIX MPUMEHSIOTCS T€OMETPUUECKUE MOIYJIU, TO3BOJISIFOIINE
pa3buth 00BEM Tena, B KOTOPOM MPOU3BOJUTCS pacueT TEMIEpaTypbl, HA CUCTEMY KOHTPOJbHBIX
00BEMOB ¢ peryisipHoii pemieTkoil. K cyacTbio, B TEXHUKE KpaiiHe peKo BCTPEYaroTCs Tea, pacyeT
KOTOPBIX TpeOyeT NPUMEHEHHSI CUIIBHO HEPETYISIPHON CHCTEMBI KOHTPOJIBHBIX 00BHEMOB.

[Ipumepom mnporpamMm pacuera Moy TeMIeEpaTypbl B TelaxX MPOU3BOJIBHON (POpMBI
sBisitoTcst pazpadorannbie B OKbB “T'mapomnpecc” nmporpammel “TEMII-5” (nexkapToBa reoMeTpusi) u
“TEMII-6” (umnuHapuueckas reoMeTpusi). B OCHOBY H310XEHHOW HM)KE METOJMKH IMOJIOKEHA
Bepcusi mporpammbl “TEMII-5" [30], mepepaboTaHHass B MHCTHTYTE ‘‘ATOMIHEPrONpoOeKT” W
HazBanHas “TEMII-N”.

OcHoBHoe otinune nporpammbl “TEMII-N” oT ee mnpealiecTBEHHUKA - MPOrpPaMMBbI
“TEMII-5” - 3akmiouaercs B NIPUMEHEHUU HESBHOM CXE€Mbl HMHTETPUPOBAHUS YpPaBHEHUM
TEIJIONPOBOAHOCTH MO BPEMEHHM U HAJTMYUKU MOAYJI aBTOMAaTU3HPOBAHHON MOJTOTOBKU MCXOIHBIX
JTAHHBIX MPU TOJATOTOBKE PACUETHON CXEMBI.

Jlns  BbIBOJa KOHEYHO-PA3HOCTHOTO  ypaBHEHHUS paccMOTpuM AuddepeHunaibHoe
ypaBHEHHE TEIUIONPOBOJIHOCTH B BH/IE:

pc% =-div(q) + Q,, (2.2)
rIe
P - INIOTHOCTH;
C - TEINIOEMKOCTb;
T - Bpemsi;
T - TEMIIEPATYPa;
q - TETIJIOBOH IOTOK;
QV

- 00bEMHOE 3HEProBbIIEICHHUE.
Ha pucynke 2.2 npencraBiieHa pacueTHas cxeMa pa3OMBKHU Tella Ha JIEMEHTapHbIE 00BEMBI.
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Ax,/2 ﬂ Xo/3 ﬁngzé

.ﬁXifz ' B ' _‘_‘—t—u..—,..-ln—""'-'f

i . .
Ax, Ax, Ax.

X, X, X3 X, X
Pucynoxk 2.2. PacuetHas cxema

Jl71st IpOCTOTHI PUCYHKA PACCMOTPEH JBYMEPHBIA Cpe3 pacyeTHOW 00IacTH.
B nanbHeiimeM ycmoBUMCS, 4TO HaIllpaBJIeHUE BIOIb OCH X OyneM 0003HayaTh MHIIEKCOM i,

BJ10JIb Ocu Y - j, BOJIb ocu Z - K, BIOJIb OCH BpeMeHH T - t.

BrIBon ypaBHEHHS OCYIIECTBHM [UIS 3JEMEHTapHOTO O0beMa B BHJE NPSMOYTOJBHOTO
napajuleJienune1a, UMEIOIero UHIEKCH i,j,K (Ha pucyHKe BbIIEIEH CEpbIM LIBETOM) C pa3MepaMu
Axyz, Ays, Az,.

st Toro, 4ToObI MPOUMHTETPUPOBATH YpaBHEHHE TEIIONPOBOIHOCTH MO 00BEMY ClEAyeT
caenats Heckoibko OYEHD BAJKHBIX nonymienuii, KOTOpble B TEXHUUYECKOH JINTEPATYyPE YaCTO
CUUTAIOTCS caMO cO0O0H Pa3yMEIOIIMMUCS U HE YITOMUHAIOTCS:

- IPEATIONAraeTcs, 4To TEMIIepaTypa B KaXJI0M pacueTHON TOUKE B MpeeIaX KOHTPOJIbHOTO
(ameMeHTapHOr0) 00BEMa HM3MEHSETCS BO BPEMEHH MPOMOPLHUOHATIBHO CpEeaHEH, T.e. MOXKHO
BBIHECTHU ornepaTop AudpepeHnpoBaHus [0 BpEMEHH 3a 3HaK UHTEerpajia

oT B ,
o dV——aTIT dv :
A% A%

- TeMIIeparypa B KOHTPOJIbHOM 00BeMe mocie HHTCIPUPOBAHUS B JIEBOM YaCTH I10J] 3HAKOM

MPOU3BOAHON OyneT cpeaHsisi 1mo o0beMy ITdV =AVT , oxmako pacuer Ttemmeparypsl B
\%

KOHTPOJIbBHOM O00BEME CIIEYET BBIIOJIHATH OTHOCUTEIBHO HE CPEIHEH, a B LIEHTPE KOHTPOJIBHOIO

o0beMa, T.K. OallaHCHBIE YpAaBHEHHUS IIEPETOKOB TeMjJa MEXAy KOHTPOJIBHBIMH O0BEMaMHU

3aMUCBIBAIOTCS OTHOCUTEIBHO TEMIIEPAaTypbl B IIEHTPAaX KOHTPOJBHBIX OOBEMOB, 4YTO OyJer

nokazaHo Hwxke. OOBIYHO BO BCEX MpOrpaMMax MoJaraioT (M 4acTo 00 3TOM He YIOMHHAIOT), YTO
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TEeMIeparypa B IEHTpPE KOHTPOJIHHOTO OO0bEMa COBMAJaeT CO CpemHell TeMrepaTypoi
KOHTPOJIBHOTO 00beMa. B HEKOTOPBIX CiTydasx 3TO COBCEM HE TaK, T.€. 3TO BEChMa CYIIECCTBEHHOE
A0MYHICHUC MCTOAUKU, IMPUBOIAAIICTC J'II/I60 K 3aBBIIICHUIO, HI/I60 K 3aHMKCHHUIO KOJIMYECTBA TCILJIA,
3aIaceHHOTO B KOHTPOJIIEHOM 00bheMe (B 3aBUCHMOCTH OT 3HaKa OTKJIOHEHUS CPEIHEH TeMIIepaTyphl
B KOHTPOJIBHOM 00bEME OT €€ 3HaUCHHUS B IICHTPE);

- 00bEMHOE PHEPTOBBIICTICHUE AJII KOHTPOJIBLHOTO 00BeMa I Q, dV = AVQy ucnonssyercs
\%
cpenHee;

- Terio(u3NdecKre CBOMCTBA MaTepHalia B Mpe/esiax KOHTPOJILHOT0 00beMa TIOCTOSIHHBI B
npejesiax BpEMEHHOTO IlIara ¥ COOTBETCTBYIOT TEMIIEpaType B IEHTPE KOHTPOJIbHOTO o0bema. [Tpu
UCTIOJIb30BaHUM HEUTCPAIIMOHHBIX METOJOB HMHTETPUPOBAHUS YPABHCHUH TEIUIOQU3NYCCKHE
CBOMCTBA COOTBETCTBYIOT TEMIIEpaType Ha MPEIbIIyIIeM BPEMEHHOM CJIO€, TIPH HCIIOJIb30BaHUU
UTEPAIMOHHBIX METOJIOB - KaK MPABHIIO, YTOYHSIOTCS B TIPOIECCE HTEPAIMIA HA KaXKIOM BPEMECHHOM
cIoe.

JI7ist CHYDKEHUSI TIOTPEIIHOCTH pacyera, CBI3aHHOW C YIMOMSHYTHIMHU BBIIIC IOMYIICHUSMH,
CIIeTyeT CHUXKATh pa3Mep KOHTPOIBHBIX 00BEMOB, HAa KOTOPBIE pa30uBaeTcs pacueTHas 00JIacThb.

B nmanpHelimem npu BBIBOJEC YPAaBHEHHUH MBI YKa3aHHbBIC JOMYIIECHUS OyJeM HCIIOJIb30BaTh,
Kak caMO CcOOOW pa3yMerommecsi, W MOJYePKUBATh, YTO HCIOIB3YIOTCS CpEIHHE 3HAYCHUS
NICPEMEHHBIX, HE OYIeM.

Kpome Toro, uToOBI HE 3arpOMOXKAATh BBIPAXKCHHUS, MPHU 3aMKUCH PA3HOCTHBIX CXeM OyneM
CTaBUTb TOIBKO MHICKCHI, OTIMYHBIC OT i, j, K, t , Hanpumep, BMecto 3amucu F; iy, ¢ Oyzem

3anuceiBath Fy .

[Ipounterpupyem ypaBHeHue 2.2 mo oobemy AV = AxyAy,Az,. Bocnons3oBaBmmch
Teopemoit OCTporpasCKoro sl KOHTPOJIBLHOTO 00beMa i, j, K 1 BpeMeHHOT0 CI10s1 t Oy qYrM:
oT
AVpCE = - (Qiir1t Qiirt Qjjrit Qjj1t Qi+ Qui1) AV Qy, (2.3)

rae Qiir1 O3HAYACT MEPETOK TeIula OT KOHTPOJIBHOTO 00BheMa i K KOHTpoJIbHOMY 00BbeMy i+l u T.1.

[lepeTok Tera MeXay COCETHUMU KOHTPOJIbHBIMU 00bEMaMHU OINPEAETSeTCS U3 YpaBHEHUS

JIJI1 MHOTOCJIIOMHOM IIOCKOM CTEHKU:
Qiir1 = -Kiir1F i1 (T i1-T ),

rae

Fiit1 = Ay2’Az;- TOBEpPXHOCTH TEIUIOOOMEHA;

2MiAin

Ai AXirr + A i AX;

JIJiss KOHTPOJBLHOTO 00BEeMa, HAXOSIIETOCs Ha TpaHUIE O0JacTH OOBIYHO 3aIHCHIBAIOT
TPaHUYHOE YCIIOBUE TPETHETO POja, B ATOM ciiydae Kod(pPHUIMEHT Teruionepeaadyn B HalpaBiICHUH
i,i+1 Oyner umets BUA:

21 O

2A; + A Ax;

Ecnu orpanmuuBaromas pacuyeTHYH O0JIACTh TMOBEPXHOCTh OTIUYAETCS OT IUJIOCKOH U
NEePHEHANKYISIPHONW K HAIMpaBJICHUIO TIEPETOKA TEIUIa CTCHKU ¢ Tuiomanpio AyiAz;, kodddumreHt
TEIUIOOTIa4YH JTOJIKEH ObITh COOTBETCTBYIOIIMM 00pa30M CKOPPEKTUPOBAH.

3aMEeHUM TPOU3BOAHYIO TEMIIEpaTyphl OT BPEMEHH HAa KOHEUHO-PA3HOCTHOE BBIPAKEHUE
AT _Ty-Tey
ot At
MPOU3BEICHNUE PA3HOCTH TEMIIEPATYPhl IO COOTBETCTBYIOIIUM HAIPABICHUSIM Ha KOX((UIIUEHTHI

Kijn = - K03 (HUIMEHT TeTUTonepe1ayun.

K = , Te 0L — KO3 (HUIIMEHT TETJI00TAaYH.

[Tocne moacTaHOBKM B ypaBHEHHE 2.3 BBIPOKEHUH TEIUIOBBIX IOTOKOB Yepe3
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TEIUIONEPEIaur, MOJyYUM KOHEYHO-PA3HOCTHOE BBIPAKCHHE I TEMIIEpaTyphl B KOHTPOJIHLHOM
obwewme i, j, k:

T
AVPCTEEE 5 (K F (T i) + K F (T =T ) + AV Q.
I=isjsk
a oF F F L ~_ MOXEM 3amnuca
YUTHBIBAA, YT = 1= = MOKEM ITNCAaTh.
y ) LI+1 Ll-1 bAXAV T Ax X
Tt- Tt At
pC— At )y A Ao (Kt (Tre-Ty) + K1 (T1a-T) + Qy, (2.4)

l_ls.lsk
BBIpA3UB TEMIIEPaTypy B JaHHOM KOHTPOJBHOM OOBEME Ha TEKYIIeM BpPEMEHHOM CJIO€ B
3aBUCUMOCTH OT T€MIIEpaTypbl B COCEHUX KOHTPOJIBHBIX 00BEMAxX U Ha MPEJbIIyIEM BPEMEHHOM
cpese t-At nosnyuum:

CT. 1
% + X A_xl(K 1 T+ Ky Trg) +Qy
I=isjsk
_ i (2.5)
C 1
EAT_ + 2 A_xl (K L+ T+ Kl,l-l)

I=isjsk

[Tonmyuennas gopmyia Mo3BoJISET UTEPALIMOHHO BBIYHCIATH TEMIIEPATYPy B KOHTPOJIBHOM
oobeme i, j, kK B 3aBUCHMMOCTH OT TeMmIepaTypbl B COCEIHHMX KOHTPOJBHBIX oObemax. [lis
MOTPAaHUYHBIX KOHTPOJIbHBIX 00BEMOB COCEAHEN TeMIepaTypol B JAHHOM HAalpaBJICHUM SBIISETCS
TEMIEPATYPA TEIUIOHOCHUTEJIS.

OObIYHO 3aaud JAaHHOTO THIA PEIIAIOTCS HMTEPALUOHHO, YTO IO3BOJSET CIKOHOMMTH
3HAYUTENbHBIN 00beM ornepaTUBHOM mamsaT OBM, a aiis 3a1a4 ¢ OONBIINM YHUCIOM KOHTPOJIBHBIX
00BEMOB UTEPAIIMOHHAS MTPOLIEAYPA CXOAUTCS 3HAYUTEIBHO ObICTpee MaTPUYHBIX METOJ0B. Tem He
MeHee, ypaBHeHHe 2.4 MOXeT ObITh MpeoOpa3oBaHO K MaTPUYHOMY BHJY, NPH ATOM IOIy4yaeTcs
cJ1a003aI0IHEHHAs 110JI0COBasi MaTpuULla Pa3MEPHOCTbHIO N?, rae N - gmcio KOHTPOJIbHBIX 00BEMOB,
cozeprKaliasi CEMb HEHYJIEBBIX JUArOHAJICH.

B 3aknmroueHue paccMOTpEeHHs METOJa JJIEMEHTApHBIX OaJaHCOB CIEIYET 3aMETUThb, YTO
yYpaBHEHMsI MOTYT OBbITh 3allUCaHbl HE TOJBKO B JAEKAPTOBOM, HO M B JIIOOOH Ipyroil cucreme
KOOpJUHAT.

2.2 MeToa KOHEYHBIX Pa3HOCTEH (METO CETOK)

Jns ypaBHEHHMsS B YacTHBIX IMPOM3BOJIHBIX HPHU 3aJaHHOM CETKE KOHEYHO-Pa3HOCTHBIN
aHAJIOT YpaBHEHUS MOXKET OBITh MOCTPOCH Pa3NIUYHBIMU MeToAaMU. OCHOBHBIM METO/IOM, KOTOPBIN
HCIIOJIB3YCTCA B JAaHHOM ClIydac, ABJISICTCA MCTOJA MHTCPHOJJIALNUN (I)yHKLII/II/I IMMOJINMHOMOM BTOPOI'O
nopsika. OCOOEHHOCTBIO MpeJIaraeMoro Noaxo/a ABJIsSeTCs MPEANOI0KEHUE O TOM, YTO UCKOMas
GbyHKIUS, yAOBIETBOPSAIONIAs MapabOIMuecKOMy YPaBHEHMIO, SIBJISIETCS HEMPEPHIBHOW M JIBAXJIbI
muddepeHIpyeMon Ha TpaHHIle 0OJIACTH OMPEICTICHHUS.

HepBBIG HUCCIICAOBAaHUA HM3JIaraCMoOro KOHCYHO-PA3HOCTHOI'O IMOAXOJa 6BIJII/I PCATIN30BaAHBI
MyTEM PpCHICHUA YPAaBHCHHA TCIUIOIIPOBOAHOCTU B HHHHHHPHHCCKOﬁ CUCTCMC KOOpAWHAT [JIA
pacyeTa TeMIIEpaTypHBIX TOJIEH B TEIIOBBLACISAIOMMUX djeMeHTax (TBanax) ADY. Pesynbrars
BepU(pUKAIIMK TPOrpaMMbl  pEHICHHS ypaBHEHHs] TEIJIONPOBOJHOCTH B  TBIMax [31]
MPOJIEMOHCTPUPOBAIIM  CTOJIb  BBICOKOE  COBIMAJICHHE KOHEYHO-Pa3HOCTHBIX  PacyeToB C
AHAJIMTHYCCKUMU TCCTaMHU, YTO 6I>IJ'IO MMPUHATO PCHICHUC HUCIIOJbL30BATH aHaJIOTMYHBIN moaxoa u
JUISL pEIIeHUs] yPaBHEHUS [TEPeHOCa HEUTPOHOB B ABYXIPYNIOBOM AU(PHY3NOHHOM MPUOTHKEHUH.
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2.2.1 BbIBOJ KOHEYHO-PA3HOCTHBIX GOPMYJI IJIsI METOA CETOK

Paccmotpum Hekyto ¢pyHkimio F, 3aBUCSIIyIO OT IPOCTPAaHCTBEHHOM KOOPAWHATHI X

F = F(x).
['padpuaecku 3aBUCUMOCTH TIpEICTaBlIeHa Ha puc. 2.3.
Fx)

F3

FE

Fl

X, X, X X

Puc. 2.3

Ecnu mar pa3HOCTHOM CETKM MOCTOSHHBIUA (T.€. X3-X2=X2-X1), MMyCTh AX= X;-X;. B 3TOM
ciyuae, alnmnpoKCUMUPOBaB 3aBUcUMOCTh F(X) B uHTEepBasie [Xy, X3] MOJIMHOMOM BTOPOTO MOpSJIKA
F(x)=a’x’+b'x+¢, MOXHO BBHIBECTH KOHEYHO-Pa3HOCTHYIO (hopMyny ans mpous3BogHbIX F’(X) u
F”(x) B 3aBucCMMOCTH OT 3Ha4eHHs GYyHKUMU F(X) B y37MOBBIX TOYKax. JTy 3aBUCUMOCTH MOYKHO
HOJYYHThb KaK ¢ MOMOIIBI0 pa3noxenus pynkuuu F(X) B psa Teitnopa [32] (B 3TOM citydae MOKHO
OLICHUTh BEJIMYMHY OTOpPAchIBAEMOIO YJIE€HA), TaK M YUCTO aureOpanydyecku, peIIMB CHUCTEMY
anreOpanyeckux ypaBHeHHH. B mocimenHeM ciydyae MOXKHO BBIBECTH KOHEYHO-PA3HOCTHBIE
(bopMyJIBI M UIS CETKHM ¢ IEPEMEHHBIM 1IaroM. 3aIuileM UCXOIHYIO0 CUCTEMY YPaBHEHUI:

2

F.= a'xl +bx;+ec
2

F,= a’x, +bx;+ec
2

F;= ax; +bxs;+c.

Bripa3um u3 cuctemsl ypaBHeHud koddduiueHts a u b yepes Fi,F, u F; u noncrasum B
BBIPAKECHUE JUJIS IEPBOM U BTOPOM MPOU3BOIHBIX IS IIOJIMHOMA BTOPOIO MOPSAKA:

dF

ax - 2'ax+b
d’F

@ =2a.

[Tockonpky B 3amayax, HamboJee YaCTO BCTPEUAIOIIMXCS B PEAKTOPHBIX pacuerax, Kak
MPaBUIIO, JOCTATOYHO MPHUMEHEHHUS CETOK C TIOCTOSIHHBIM IIIaroM, PasHOCTHBIE (OPMYIBI C
MIEPEMEHHBIM II1aroM Pa3HOCTHOM CETKH B JAHHOU paboTe paccCMaTpUBATLCA HE OyayT.

Jl1st ceTku ¢ moCcTOsIHHBIM 11aroM npousBoaubie F’(x) u F”(X) npumyT Bua:

dF | _ =3F;+4F»-F3 2

dx | yog, = 2ax 10 (Ax"), (2.6)
dF|  _F+F 2

dX | X=X2 B ZAX + 0 (AX )’ (27)
dF 3F3-4F+F

dF| - _3FARAE, (Ax), 2.8)

dX | X=X3 ZAX
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d’F | F3-2F,+F; 2
= ==Ly ) .
dX2 | X=X1=X2=X3 sz 0 (AX ) (2 9)

JlaHHBII KOHEYHO-PAa3HOCTHBIM BUJ 3allUCH YpaBHEHHWH OyJeM Ha3blBaThb TPEXTOUYECYHBIM
mabioHoM. Jlis ABYXTOYEYHOTO Pa3sHOCTHOrO mIalioHa (JMHEWHas anmmpoKCHMalus) mepBas
pOM3BOHAS OyIET UMETh BH/I:

— = —X +0 (Ax). (2.10)
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2.2.2 HpI/IMeHeHI/Ie METOda CETOK AJI PCIICHUA YPABHCHUSA TCIJIOIIPOBOAHOCTHA

Hcnonp3oBaHne MeToJa KOHEYHBIX pA3HOCTEH TMOKaKEM Ha MpPUMEpe 3aMEHBI
T pepeHINaIbHOr0 YpaBHEHUS TEMIONPOBOIHOCTH €r0 KOHEUHO-PA3HOCTHBIM aHAJIOTOM.

HecraunonapHoe ypaBHeHHE TEIUIONPOBOJHOCTH UMEET BUJI:

or .
C ot div(A grad(T)) + Q, (2.11)
rne
- TEIUIOEMKOCTb;
- TeMriepatypa (UCKOMBIH (pyHKIIMOHAN);
- TEIUIONPOBOAHOCTH (A Py3nOHHBIN KOAPPUITHEHT);
- 00bEMHOE PHEProBblIETICHUE (MCTOYHUK I CTOK).

B kadectBe mpuMepa mMpSMOT0 HCIOIb30BaHMs MPUBEICHHBIX BbIie Gopmyrn (2.6 - 2.10)
3aIuIIeM KOHEYHO-Pa3HOCTHOE ypaBHEHHE JUIsl YPaBHEHHUS TEIUIONPOBOAHOCTH B IIMIMHIAPUYECKON
cUCTeMe KOOpJAMHAT JUIsl BHYTPEHHETO y3Ja (He LEHTPAJIbHOTO U HE MOTPAaHHUYHOTO IO JII0OOH U3
oCeil KOOpIuHaT).

B munmnapuueckoil cucteMe KOOpIMHAT ypaBHEHHUE TEIJIONPOBOIHOCTH UMEET BHL:

or_,o 0T Ohor Ao 1 0k or 0T 0hoT,
C arz r al‘ or ar r 6(p2 r op 0@ xazz 0z Oz +Qy (2.12).

Ha pmuc. 2.4 npencraBieH pacyeTHbI 11a0JI0H BHYTPEHHEN 00JIACTH.

Z

QOO

k+1 [ie]

i1

i-1 i+1
i,k r

k-1

Puc. 2.4
2.2.2.1 BbIBOJ KOHEYHO-PA3HOCTHOI0 YPABHEHHS

KoHeuHO-pa3HOCTHOE ypaBHEHHME BBIBEJAEM JUIsi BHYTPEHHEro y3ia i,j,K, rae uHaekc i
03Ha4YaeT HOMEp y3Jia B paaualbHOM HampaBiIeHUH (BIOJIb OCH X), UHAEKC j - B a3UMyTaJIbHOM
HarnpaBJIeHUH (BAOJIb OcU @), UHIEKC K - B 0ceBOM HampaBiieHUH (BAOJb OCH Z), HHIEKC T - BIOJIb
ocu BpeMeHH (ochk T). i cokpaleHusi BBIKJIAJOK BMECTO MHAECKCOB y3ia, Hampumep Lj+1,K,T,
OyzieM 3amuChIBaTh TOJBKO U3MEHsIEeMbIN uHIEKC j+1.

3aMeHUB MPOU3BOJHBIE UX KOHEUHO-PA3HOCTHBIM aHAJIOTOM (ISl BPEMEHHU BOCHOJIb3yeMCs

oT T°-T°! )
I[BYXTO‘IG‘IHBIM H_Ia6JIOHOMI E = A—T)’ JJIs y3J1a C HHICKCOM 1 KOHC‘IHO-paBHOCTHOG
anredpandeckoe ypaBHeHHE Oy1eT UMETh BHI:
L o W A A (Aias x,_l) A A - x. )
T ik ( At T Ti“(Ar2 Toarar T 4Ar )+ T 1(Ar2 ) 2r Ar~  4Ar? )t

A (A 1A 1) A (A jr17A 1) (A k+1-7uk 1!
Tj+1(r2A(P2+ 4rAg ) + Tja( At 4rtAg )+ Tk+l(A 7+ PN
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QoA i) C 20 20 20
+Tk-1(A2' AT )+QV)/(AT+AI'2+I‘2A(|)2+AZZ) (2.13).

[Tockonbky pamuanbHas —coctapisitomas — auddysumonnoro omeparopa V(AV,T)B
JMAIbHEUIINX MpuMepax OyaeT U3MEHSATHCS, BBIICIUM JIJIsl HALIIETO anMepa €€ OTIENbHO:

A A oA 1 27» A OL 1
VAV, T) = TH(F + 2rAr * 5 2Ar) Tipn? Ar? - 1(Ar 2rAr ~ Or 2Ar) (2.14),
rie
OA _ Ain-Aia
or  2Ar

Oco0eHHOCTh H3NIaraéMoro HUXKe MOAXOJAa TMPH PEHICHUH MapaboMYecKoro ypaBHEHHS
METOJIOM KOHEUYHBIX pa3HOCTEH (METOJIOM CETOK) 3aKII0YaeTCs B IMOMYYEHHH alreOpandecKux
KOHEYHO-Pa3HOCTHBIX aHAJOTOB MU(QEepeHINATbHBIX YPaBHEHUH B TPaHUYHBIX y3Jax 00JacTh
oTpeieNICHusI.

2.2.2.2 TI'paHuyYHbBIE YCJI0OBHSA NEPBOro U BTOPOro poaa

['parrYHOE yCJIOBHE MIEPBOTO POAA:

T | = Tf,
X=Xy

rne Tr- TeMnepaTypa OrpaHUYHON TTOBEPXHOCTH.

I'pannuHOE yciioBHE NEPBOrO poOJa SBIAETCA YAaCTHBIM CIy4aeM TI'PAHUYHOIO YCIOBUS
TPETHETO POJIa C OUeHb OONMBIINM KO3 (PHUIIMEHTOM TEIUTOOTAauu K BHEITHEH Cpee.

I'panndHOE yCIOBHE BTOPOTO pojJia B PEaKTOPHBIX pacueTax JOBOJBHO PEIKO MCHOIb3YeTCs
Ha MPaKTHKE, T.K. IPEANoIaraeT H3BECTHOE 3HAYCHUE BEIMYMHBI TIOTOKA Yepe3 TIOBEPXHOCTH!

ar |
aX | X=X,

=Qf9

rae Qf- TEII0BOM MOTOK HA MTOBEPXHOCTH.

DTO rpaHUYHOE yCIOBHE MOXKET TAaK)KE€ pacCMaTpPUBATHCS, KaK YaCTHBIN CIydail TPaHUYHOTO
YCIIOBUS TPETHETO pOJa.

2.2.2.3 TI'paHu4HOe yC/IOBHE TPeThero poaa

I'pannyHOE yClIOBHE TPETHETO poAa HanboJee YacTo BCTPEYAETCSl B PEAKTOPHBIX pacyerax,
KaKk TpU PELICHUHM YPAaBHEHUS TEIUIONPOBOAHOCTH, TaK M NPH PELICHUH ypaBHeHUs AudPy3un
HEUTPOHOB.

aT | |
— =a(Te-T 2.15
}\’ 1) ¢ | X=X, a ( f | X=Xr) ( )9
rae
T - TEMIIepaTypa BHEIIHEN CPEIbI,
o - K03(hPHUIHMEHT TETIOOTJaYH.

Pa3zHOCTHBII 11a0JIOH HA TPaHUIIE 0OJIACTH MOXKET OBITh MPE/ICTABIICH B BUJIE:
1-3 1-2 1-1 1
—k ¥ : 3

PaccMoTpuM asis  mPOCTOTHI  TOJIBKO paidajibHYI0 COCTABIAIOMIYIO JAU(PHY3UOHHOTO
orneparopa:
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2
VAV, T)=AA T + VAV, T= ?»661; if% %% (2.16).
PaccmarpuBarh cocrapisironue audy3noHHOTO oreparopa Mo JPYTHEM OCsSIM He Oynaem,
T.K. BBIBOJ] 20COJIFOTHO MJIEHTUYEH.
OcHoBHas ues MOACTAaHOBKM T'PAaHUYHOTO YCJIOBUS HEMOCPEACTBEHHO B AM(Y3MOHHBIN
OMEePATOP 3aKIIOYAETCS B CIECIYIOLIEM:
- mudQy3uoHHBIH omepaTop MOXKET OBITh MPEACTaBIeH, Kak IOCJICI0BATEIIEHOS
BBIYHCJICHHE YACTHOM MPOU3BOIHOM OT (PYHKITMOHATA
0 oT
( or'’
[IpoBenem mocnenoOBaTENbHYIO 3aMEHY nn(bd)epeHuHanbﬂoro orepaTopa KOHEYHO-
pa3HocTHBIM. Ha nmepBom 1miare ajisg y3ia i HoJry4uMm:
0 3T;-4T;.1+Ti,
A, T=V(VT) = or . AL ).
Janee (B 3TOM U 3aKi04aercs OCOOEHHOCTh METO/a MOJCTAaHOBKU I'PAaHUYHOIO YCIOBHUS
HETMOCPEJICTBEHHO B YpaBHEHHUE) BBIMOMHUM auddepeHimpoBanne (yHKIHMOHANA B KaXJIOM U3

AT =V(VT) =

y3JI0B:
aTi o
o I( T¢- Ti)- coOCTBEHHO TOJCTAaHOBKAa TIpaHUYHOro ycioBuss. Mmes B BuIy, UTO
T| = T;, noiry4yum
| x= ’ Y
OTix _ Ti-Tiy
or  2Ar’
Jns y3na i-2 npou3BOAHYIO MOXHO BBIYMCIUTH MO0 yepe3 y3isl i-1 u i-3:
0T, Tit-Tis
or  2Ar’

B 3TOM Cllydyae OKOHYATEIIbHOE KOHEUHO-Pa3HOCTHOE YpaBHEHUE OyJeT BBIPaXKEHO yepes
YeThIpe COCEHUX Y3IIa, TU00 uepe3 y3usl i, i-1 u i-2:

oT;, _ 3T ,+4T;4-T;
or 2Ar :

B “knaccuyeckoM” HCHOJIHEHUH MCIONB3YeTCs YeThIpeXTodeyHas pa3HOCTHas cxema. B
JanpHeimeM OyayT MOKazaHbl CIydad MPUMEHEHHsS M JPYTUX IMOJXOJO0B IMPHU 3alUCH KOHEYHO-
Pa3HOCTHOT'O BBIPAXEHUSI B IOIPAHUYHOM Y3JI€.

Bo Bcex ciywasx BMECTO MEpBOM NPOM3BOJHON B y3J€ i Bceraa MOJICTABIAETCS €€
3Ha4Y€HUE, BBIPAXKEHHOE Yepe3 TpaHuYHOe ycloBHe. /i yIpoIieHus BbIKIAJOK 3HaY€HUE YaCTHOU
HPOM3BOJIHON OT TETJIONPOBOIHOCTH, BEIUUCIIIEMOM B IporpamMme o ¢opmyiie

or 2Ar

2.17)

Oynem 0003HAYaTh KaK E .

Takum oOpa3om, mHpousBeAs MOACTAHOBKY B HCXOJHOE BBIpaKEHHE M paJualbHOU
cocraBisonel auddy3noHHoro omeparopa, MoJydyuM KOHEUHO-PA3HOCTHBIM aHaJor oreparopa
T dy3un B HIOTPAaHUYHOM y3JI€ C TPAHUYHBIM YCIIOBHEM TPETHETO poja:
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A 30 a @ o A A A 3o a @ o
ViV =T, (A ToAr r Tor x)”' Ar 2+T"24A r T"3'4A T (2Ar+ or X) (2.18)

Crnenyer oco0o 3aMeTuTh, 4To Bee Kod(punuentsl nepen Ti, Kpome MPOU3BOJIBHOTO o

(1321

ABIISIOTCS CTPOTO OTPHUIATENBHBIMU, YTO TMO3BOJMIIO BBIHECTH 3HAK “‘-” 3a CKOOKH. DTO SIBISETCS
PU3HAKOM MPABUJIBHO CIECTaHHBIX BBIKJIAIOK.

3amenuB B ypaBHeHHH (2.13) omepaTtop pamuanbHOW muddy3un s BHYTPEHHETO y3ia
(2.14) na BBIBEACHHBIM HAMU OMeEpaTop paavaibHOW aAuddy3uu s BHyTpeHHero yszna (2.18),
MOy4YUM KOHequ—pasHOCTHoe ypaBHEHHUE I TPAaHUYHOTO yCIOBUS TPETHEro poja:

T cr™! A A A 3a a. oro
i,j.k =( At T T“Ar2 * Ti'24Ar2 - T Sar T T (2Ar *or )»)
A (A 1A 1) A (AjAia) (A x 1-7vk1!
Tjia 2A<P2 t aragr ) T 2A<p a7 T"”(A ARy
!}\.k+1 xkll O L 3_0. o ola 2\
+Tk-1(A - AL )+QV)/(A ol aar e e T PAQ? Az) (2.19).

2.2.2.4 TI'paHu4YHOe yCJI0BHE YeTBEPTOro poaa

I'paHnyHOE ycCiOBHME YETBEPTOrO poJa - 3TO TIPAHUYHOE YCIOBUE MEXIY MHJICAIbHO
COINPUKACAIOLIUMUCS TEIUIONPOBOASIIMMU MaTepHalaMy, KaK MpaBWIO, Pa3IMYarolIMMHCS IO
CBOMM TEIIO()U3UUECKUM CBOICTBAM.

I'pannyHOE yCI0BUE YETBEPTOrO POAA COCTOUT U3 YCIOBUS HEPa3phIBHOCTH (PyHKIIMOHANA

TlcneBa=TIcn
paBa
1 BCJIMYUHBI TOKA.
a1 ., o7l
Lor| cleBa 2or| crpaBa

Jns onpeneneHHOCTH KO3((UIIMEHT TEIUIONPOBOJHOCTH ClieBa 0003Ha4YeH Kak Ajp, a
KO3 UITUEHT TEIIONPOBOIHOCTH CIIPaBa KakK A;.

BHyTpeHH:Is TpaHuIIa B CIUIOIITHOM Cpesie MOXKET ObITh KaK peajJbHOM (KOHTaKT MaTepHalioB
C pPa3HBIMHU TEIJIO()U3MYECKUMH CBOMCTBAMH), TaK M (PUKTUBHOMW, HATIPHUMED, €CIIU HY’KHO U3MEHHUTH
1ar pa3HOCTHOM CETKHU.

Br10 pazpaborano aBa moaxo/a Ul 3alMCH BHYTPEHHETO TPAaHMYHOTO YCIIoBHs. B mepBom
cllyyae y3eJl Ha TPaHuIle pacCMaTPUBAETCS Kak JIBa y3Ja, UMEIOLINE OJANHAKOBYIO (U1 YpaBHEHHS
TEIUIONPOBOAHOCTH) TeMIepaTypy. PasHOCTHBII m1aGnoH [UIs AAaHHOTO MOJXO/a MPEACTaBICH Ha
puc. 2.5.

1-3 1-2 1-1 1,1+1 1+2 i+3

—%k o 2 *—:—* c x*—
AR AR AR Ar Ar Arl
rlir2
Al A2

Puc. 2.5

B sTOM ciydae cucrema ypaBHEHMH peHIaeTcss OTIENBHO I y3Ja ClIeBa M CIpaBa OT
IpaHuUIBl (B HAIIEM MIPUMEPE ITO y3ibl i 1 i+1)

B npyroMm moaxone paccmarpuBaeTcss OAMH Y3€l, KOTOPOMY IPHUIIMCBIBAIOTCS CBOMCTBA
MaTepHala OJHOBPEMEHHO CIpaBa M cjeBa OT rpaHullbl. Pa3HOCTHBIN 11a010H NpeicTaBlIeH Ha PHC.
2.6.
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i-3 i-2 i-1 i i+1  i+2 i+3
— * * + * * *—
AR . AR AR' Ar Ar Ar
rl E r2
Al A2
Puc. 2.6

ITpy ncnonb30BaHMM OJHOIO y3Jla Ha I'PaHMIE Pa3HOCTHOE ypaBHEHHE 3alMChIBAETCS UIs
IpaHUIIBl CJI€Ba, 3aTeM Uil TpaHUIBl CIpaBa, a IIOJyuYeHHbIE pPA3HOCTHbIE YpaBHEHHUS
ckiaapiBatoTcs. CieyeT NoJ4epKHYTh, YTO YpaBHEHUS “‘cieBa’ U “‘cripaBa’ BBIBOASTCS HE TOJIBKO
JUTSL paualibHOM cocTaBistonie nuddys3rnonHoro omeparopa (B Hamem IpuUMeEpe), a IS BCETO
YPaBHEHMUSI B LIEJIOM.

O06o03HaunM CBOMCTBA MaTepHaja cieBa OT IPaHUIBI HHAEKCOM “1”, cripaBa OT IpaHUIIbI -
AHIEKCOM “27.

[TockonbKy BBIBOJ ypaBHEHHUs Ji TPAaHUYHOI'O YCJIOBHUS YETBEPTOrO poja Kak A ABYX
HOIPaHUYHBIX Y3JIOB, TaK U Ul OJHOTO a0COJIOTHO MAEHTHYEH (32 MCKIIOYEHHUEM IEepEeKpPEeCTHOU
IIOJICTAHOBKH TEMIIEPATyphl B YPAaBHEHHUHU C JABYMs y3JIaMH), BBIBEJIEM CUCTEMY YPaBHEHUN C OJHUM
HOTPAaHUYHBIM Y3JIOM, T.K. B 3TOM Ciy4ae OTNajeT HeOOXOIUMOCTh B U3MEHEHUH MHJIEKCOB y3JI0B
IpU MEepexoje OT JEBOro MOTPAHUYHOrO y3i1a K MpPaBOMy, a TakXKe IMOJACTaBIATh I'PaHUYHOE

ycnoBue T | =T | .
cjieBa crnpasa

1) I'panuua cnpaBa ot y3ja

BbIBoJ pa3HOCTHOrO ypaBHEHHs Ul FPAaHUYHOTO YCJIOBHUSI YETBEPTOro poJia MOJIHOCTHIO
aHaJOrM4yeH BbIBOAY YypaBHeHus (2.19). I'panumunoe yciaoBue B y3i1€ i B COOTBETCTBUU C
0003HaYCHUSIMH Ha PHC. 2.6 IMEeT BU/I;

OTi A -3Ti +4Tin1 - Tia

or M 2Ar (2.20).
PaI[HaHBHLH\/’I OHepaTOp yTquI/I COOTBETCTBCHHO 6yﬂeT HNMCTHb BU:
LM 9% 3N M 3 A A A
VOV D) =TGR garar F2rar o 2800 T AR Tgars - Trgare *
M M M 2 M A M A
Tt Grar P RAr T or A~ T2 GaRAr T2RAT T or 2Ar0,) (2.21).

2) 'panumna caeBa ot y3jaa

VYpaBHeHHe AJ TPAHUYHOTO YCJIOBHS CJI€Ba OT y3Ja MMOJIHOCThI0 CHMMETPUYHO YPAaBHEHUIO
(2.21). Uapekcol B ypaBHEHHUAX B 3aBUCUMOCTHU OT YJAQJICHHOCTH OT y3/1a CUMMETPUYHO MEHSIOTCA
MECTaMH:

M 9 3M L O 3N A A A

VOV =T+ 4arar TIRAR * or 2aRR) Y T A F Traga,? - Tiaigpa 2t
I 2 A 2 3 M e A

Tt Grar TRAR T or AR, ™ T2 (GARAr T2RAR T or 2ARM, (2.22).

3) KoHeuHo-pa3HOCTHOE YpPABHEHHE
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[ToncraBuB ypaBHenus (2.21) u (2.22) B ypaBHenue (2.13) U CIOXHUB J1Ba TOTYYIHBIITHXCS
YPABHEHUS, TOJTyYMM OKOHYATEIBHOE KOHEYHO-PA3HOCTHOE YPABHEHME ISl IPAHMYHOTO YCIOBHS
Y4ETBEPTOrO Poja:

T (C1+C2)TT_1 Al 3\ A % A
ik =0 Ar T T 2(4AR 4ARAr IRAR ~ or 2ARA,
By 2 O 20 My 2 M 2
‘I(AR ARAr+RAR+ or ARM) T '“(A 2t ARAr TRAr T or A T
3\, Ay OM_ A Ao
Tz (4Ar IARAT " 2RAr or 2arny) " THaad t Qut Qut
Aty 7»1 1A 1A 1Az o AMtAs A 1At A2 ja

+ Tin(R2 A(Pz AR?A? )+ Tia(R2 AQ?” AR?AQ? )+
+ Tiy (MAH;Z Al k1A k‘-"IZZ)\fZZ kt1°A2 k- 1) T (7»1A+2»2 i Al k1A k;:;i;z k1= k-l)) /

A 92t A)  3A,  OM 3 A2 3\ % 3\
AR** T4ARAr T2RAr T or 2arn T Ar? T2RAR T or 2aRM,
+C1+C2 20»14'}\.2) 20‘,14—}\.2)
At r’A¢’ A7

Takum o00pa3om, MOJTydYeHa CHCTEMa alreOpauvyecKuX YpPaBHEHHM, PEIICHHE KOTOPOM
MO3BOJISIET OMPEAENATh IOJE€ TEMIEpaTypbl B TPEXMEPHOM MHOTOCIOMHOM UMiIUHApPE. BbhIBOA
KOHEYHO-Pa3HOCTHBIX YPAaBHEHUH U1 TPAHUYHBIX YCIOBUM B ClIy4ae a3MMYTaJIbHOM U aKCHAIbHOU
HEOJHOPOJIHOCTH TETIO()U3MIECKIX CBOWCTB a0OCOIOTHO aHAJOTHUEH.

XoTsi B KauecTBE IpHUMepa KOHEYHO-Pa3HOCTHbIE YpaBHEHMsI OBbLIM BBIBEACHBI IS
WIMHIPUYECKON CHCTEMBbI KOOpPAMHAT, MOJTY4YEHHE aHAJIOTHYHBIX YpaBHEHHUI B 1000# apyroi
CHUCTEME KOOPJAMHAT aHAJIOTUYHO.

B xomrmiekT mporpamm, npejyiaraéMbiX CTYJIEHTaM Il MPAKTUYECKUX padoT, BKIIOYEHA
nporpamma TVEL, nanucannas B uncturyre ATOMODHEPI'OITPOEKT B To4HOM COOTBECTBUU C
BBILLIECHU3JI0)KEHHON METOIUKOM.

) (2.23).
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3 NPUMEHEHUE KOHEYHO-PABHOCTHOH METOJIUKH
JIJISA PEHIEHUSI YPABHEHU TU®®Y3UU HEUTPOHOB

Hwuxe paccMOTpeHO MPUMEHEHNE KOHEYHO-PA3HOCTHOM METOIUKH ISl PELIECHUS YPABHEHUI
mupdy3un HelTpoHOB. CTPYKTypa ITOr0 ypaBHEHUS UMEET aHAJIOTHYHBIA BHJ[ CO CTPYKTYpOWM
YpPaBHEHUS TEIUIONPOBOJHOCTHA, YTO IMO3BOJISIET HCMOJb30BAaTh TOT JK€ NOAXOH, KaK W A
ypaBHEHUS TEIJIONPOBOAHOCTH.

' BriBon YpaBHEHUU cleiaaeM
MPUMEHUTEIBHO K TE€KCArOHaJbHOW PEIIETKE,
COOTBETCTBYIOIIECH 3arpy3ke peakTopoOB THIIA

= @HKTHEHEA
KACTETA

s BBOP. Ha  pucynke 3.1  cxemarumuHo
oboraueHHen 1.1

n300pakeHa akTHBHas 30Ha peakropa BBOP-
- KacoeTa L 1 OOO'

oforawenen 308

Jns BeIBoja ypaBHeHus Auddy3uu B
swraueaed 44 TEKCATOHAIILHOM ~ T'€OMETPHH  HEOOXOAUMO
R ONpPEJIETUTh oneparop nepexojaa oT
srroeswes IEKAPTOBON T€OMETPUH K TEKCArOHAIIBHOM.

Oco0eHHOCThIO reKcaroHaJbHOMN

reoOMeTpuun SABIISIETCS HaJIn4ue Tpex
PaBHOIPaBHBIX HAMPABJICHUM, paCTIOI0KEHHbBIX
Puc. 3.1 Mexay coboi mox yrimom 120°. Kak u3BecTHO
U3 BEKTOPHOHM anreOphl, Ha MIOCKOCTH MOXET
v OBITH TONBKO JBE 0a30BbIE OCU KOOPIMHAT, HE
HarpaBJ€HHbIE B  OJHY CTOpOHY  (T.e.
PACIOJIOKEHHBIE TIOA YTIIOM JPYr K Jpyry,
ommmuneiM or 0° m 180°). B mamem ciyuae
MMEETCS TPU PABHOMNPABHBIX OCH KOOPAUHAT.
Py Ha pucynke 3.2 wu3o0pakeHa JeKapToBa
_ cucreMa koopauHat XOY. s mpocTOTHI
T\ |15 BBIKJIAJJOK COBMECTHMM Ha4aJo KOOpAMHAT
Px X reKCaroHaJIbHOM cucTemMbl KoopauHat Xi,X2,X3
¢ HayasioM koopauHaT XOY, och X; HanpaBUM
120 B10Jb ocu OX.
I3 s BBIBOJIA npeoOpa3oBaHus
KOOpAMHAT BekTopa u3 cucremsl XOY B
cucrteMy KoopauHar Xi,X»,X3 pPacCMOTPUM
npou3BOIIbHBIN BekTOop P ¢ mpoekiusiMu Ha ocn
OX m OY Py u P,. EnunHnuHeli BeKTOp,
HarpasiieHHbIH B1oJIb ocu OX 0003Ha4UM Kak
i, Bmonb ocu OY - J, B Bonb oceit X1,X2,X3 -
_ coorBercTBeHHO I1, I u 13.

ITockonbKy pasnoXuTh BekTop P MOXKHO TONBKO MO HE3aBHCHMOIl cHCTeMe BEKTOpOB (Ha
IUIOCKOCTH D3TO JBa BEKTOpa), s pasiokeHus BekTopa P mo ocam koopmunar X1,X5,X3
HE0O0X0IMMO BBECTH Kakoe-To jgomyuieHue. Ilockonbky ocu koopauHaT Xi,X»,X3 paBHONPABHBI
MeXIy co0oii, OyneM mojaraTh, 4To pasiokeHueM Bekropa P mo HampapieHusM ocell KOOpAMHAT
X1,X5, X5 sBiasrorcst mpoekiuu Bektopa P Ha ocm koopmuHar Xi,X,X3, YMHOKCHHBIE Ha

09 e 00

Xz

=l

1|1

,_L
=]
=]
[u]
—
e

Xz

Puc 3.2
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HEKOTOPYIO TIOCTOSIHHYIO A, KoTopas M SBISIETCS KOA((OUIIMEHTOM COOTBETCTBYIOIIECTO

npeoOpa3oBaHus.
Jiist Toro, 4TOOBI CIPOCKTHPOBATH BEKTOP Ha KaKOEe-JIMOO HAIpPaBJICHUE, JOCTATOYHO HAUTH

CKaJIIPHOE MPOU3BEACHHUE BEKTOPA Ha €AMHUYHBIA BEKTOD, HAMTPABICHHbIN B JaHHOM HAIPaBICHHH.
Bekropbt P =Pi+ Pyj;

11—11+OJ,
E__l,;+ﬁ]7.
2 27"
—  1; V3-
3—-5’1-71.

CootserctBeHHO mpoekiin Bekropa P Ha ocu koopaunat X;,X,,X3 Oy1yT UMETh BHIT:
-Ha ock X P1= A'Px;

\/

-Ha och X, Ph= A" ( _'P +_'Py)

3

-Haoch X3 P3=A" (-5 2 —'Py)

[Tockonbky BeEKTOp P - Pyi + Py j Py E + Py E + Py3 E, Haigem Ko3pQuIreHt
npeoOpa3oBaHus A.
Py li= A'Px'i;

T 1. -V -3 - 3 -
Py lz:A.(ZPx.l_TPY'l_TPx'J+ZPy'J);
3 3 3

C10xuB HOJIy‘-IeHHBIG BCKTOpaA U IPUBCAA HOI[O6HI>I€ YICHBI, MOJIYyUUM:

3
P= A ( JPi+ 2 5Py J) U TO JIOJKHO OBITH paBHO Py'i i+ P J, OTKyJa

2
A=7.
3
Takum o6pa30M, pu pPasjio’KCHUU BCKTOPA B reKcaroHaJIbHOM CHCTEME KOOpAHUHAT €ro

2
IMMPOCKIMHU HAa OCU KOOpAUHAT CICAYCT YMHOXUTH Ha 5
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3.1 Meroauka penieHHsi YPAaBHEHHMSI HEHTPOHHOM KHHETHMKHM € OAHUM

PACYECTHBIM Y3JI0M B MOMMEPECIHOM CCUCHUHU KACCETDI

VYpaBHeHHE KUHETHKM B 00meM Buae B AU(PGy3MOHHOM NPHOIMKEHUU I OBICTPOI
rpynnsl [33], [34] umeet Bu:
1 OF;
v, ot = V01 V(FY) + ¥ - B) + 224G - (ZaaytZan)Fy
i=1

n

JI1s1 TEeTII0BOM TpyIIIBL:

1 OF,

V_2 ot VD, V(Fy) + Z,,,F1 - Z.,F> ;
rue
F - IOTOK HEUTPOHOB;
\% - CKOPOCTb HEHTPOHOB;
D - ko3 dunment nupdys3uu;
Y=vuIyFi+VvpipF, - HCTOYHHK HEHTPOHOB;
\Z; - BBIXOJl HEUTPOHOB Ha aKT JICJICHMUS;
¢ - CEYCHUE JICJICHHUS;
A - IOCTOSIHHAA paclajia UCTOYHUKOB 3ala3/bIBAlOIINX HEUTPOHOB;

n

B= > B; - mouis 3ama3abIBAOIUX HEUTPOHOB;
i=1

C - KOHIEHTPALM UICTOYHUKOB 3aI1a3/1bIBAIOIINX HEUTPOHOB;

Yiam - CCUCHHE 3aMEJUICHHUS,

2, - CEYECHHE TOTJIOIEHUS .

YpaBHeHuUE 1A 3a11a3/1bIBAIOIINX HEUTPOHOB:

i
ot
[Tockonpky pa3pabaThiBaeMas METOJMKA TMpEAHA3HAYaeTCs s MOJEIHPOBAHUS
peakTOpHbIX ycTaHOBOK Tuma BBDOP, wumerommx TorumBHbIE cOOpKH B (opMe NpPUBMBI C
HIECTUTPAaHHUKOM B OCHOBAaHMHM, BOCHOJb3yeMcs MpeoOpasoBanuem omneparopa V(D V(F)) u3
JEKapTOBOM CHUCTEMBI KOOPAMHAT B HEOPTOTOHAIBbHYIO (B IUJIaHE) TEKCAarOHaJbHYI) CHUCTEMY

KOOpDIMHAT B COOTBETCTBMM C TIOJIYYEHHBIM B TMpeaplaymeM maparpade KodppuIueHToM
npeoOpazoBaHusl.

PacueTHblil 111a06J10H NpeCTaBlIEH Ha puUc. 3.3.

=B¥Y-AG.
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A
Ky
¥ +1
i+l *fk—l
i-1, J+l
|
k+l'y % -1
X
Sﬁ; $1-1
Puc. 3.3

V(D V(F)) = V(D) V(F)+DAF:
2 2 2 2
AF=§|8F2+6F2 6F2|+<’2ZFP
\oX; X, 0X; )

( )

2| F oD OF oD  oF oD, OF oD
30X X1 0%y 0X, | 0X; 0Xa) 0ZdZ’

V(D) V(F) =

Takum o6pazom, onepatop V(D V(F)) npuHMMaeT CeyroNuii BUI;
2 _(0*F O0*F OF 0*F
V(DV(F)) =3 D( + J +D

+ +
oX: ox, oxi o7
g(al) oF oD oF oD aF] oD OF

T3\6X, 06X, T 0X,0X, | 0X;0X;) | OZ 0L

3.1.1 BbIBOJ C€TOYHOIO YPABHCHHUSA

3.1.1.1 Yuer Henuddepenuupyemoctu kodppunuentra nudppysumn

KpynHOCETOUHBIM JONyIIEHHEM, KOTJa B IIONEPEYHOM CEYCHHHM aKTUBHOM 30HBI
teroBblAesstomas  coopka (TBC) paccmaTpuBaeTcs, Kak OTAelIbHAas pacueTHas syeiika,
HEUTPOHHO-(U3MUECKHE CBOMCTBA Cpe/bl B mpeaenax nonepeuHoro ceueHus TBC, coBnamaromeii B
HalleM ClIy4ae C PAacyeTHOM SYEHKOM, MOJAraroTCs MOCTOSHHBIMH. JUJIsI MOIy4YEeHHs] KOPPEKTHBIX
pe3yJIbTaTOB HEOOXOJUMO COOTBETCTBYIOLIMM 00pa3oM MOIU(PHUIMPOBATE PA3HOCTHOE YPaBHEHHE.

Haunbonee wuHTepecHbIM sBISETCA NPUOIMKEHUE, KOTAa BeJWYMHA Kod(p(uIMeHTa
updy3un Mo KacceraM MEHSETCs CTYNEHYaTo, YTO COOTBETCTBYET M CIOCOOY MHOATOTOBKU
HEUTPOHHO-(QU3NIECKUX CCUCHHH, YCPEAHEHHBIX B TIONIEPEYHOM CEUEHHH KacceThl. B To jxe Bpems,
IpU MHCIOJB30BAaHUM KPYHMHOCETOYHOTO MNPUONMKEHHS B IPUHLUIE HEBO3MOXHO IPABHIBHO
OIPEACINTh XapaKTep U3MEHEHHs NapaMeTpOB TEIUIOHOCHUTENS B IONEPEYHOM CEYEHHMM KacCETHI,
T.K. A OIpenesieHus] NpoQuis IUIOTHOCTH W TEMIIEpaTypbl TEIJIOHOCUTENSE B MONEPEYHOM
CEYEHUHU KacCeThl HEOOXO0IUM MOTB3JIbHBIA pacueT KacCeThl.



31

PaccMoTpuM mosie MOTOKa HEUTPOHOB HA TPAHUIE MEXAY SAYECHMKaMH C pa3IuYHbBIMU
koadpurmentamu quddys3uu (puc. 3.4)
3anuineM ycaoBHe CUIMBKYA TOKOB HEUTPOHOB HA TPaHULIE:
Da_F | D OF |
x|y T oX [
F, - 3HaueHue NoToka Ha IrpaHULIE.

Toraa MokeM 3amnucaTh B pa3HOCTHOM BHJIC:
F.-F Fis - Fp

LT RN T
Otkyna
_FiuDin +FD
" DiyytDh
- dF F.-F
Fi+1=F+dXH=F+2 H H=2F_ -F; Puc. 3.4
+ 2Ky DigtFD - D;yy)
Fin = D, +D (3.1).

Bripaxenue mist "uzo0paxeHuit" moTokoB 1mo ocu Z ( BI0JIb OCH KaHAJIOB) HE IPUMEHSETCS,
T.K. pyHKIus kodddurmenta auddy3un BAOIb MOTOKA TETUIOHOCUTEIS SIBJISIETCS HEMPEPHIBHON U
muddepeHIpyeMOou.
3.1.1.2 YcpenHeHune noToKka HEHTPOHOB

B nmnpaBoil yacTu ypaBHEHUsI IepeHOCAa HEUTPOHOB NPH MEPEXOJ€ K PasHOCTHOMY
BBIPAXKEHUIO CIENYET KOPPEKTHO YUECTh HCTOUYHHK:
‘F=Vﬂ Zfl Fl + Vf2 Zfz Fz
Y CTOK HEUTPOHOB:

S=X, F;
B ,I[el‘;ICTBHTCHLHOCTH B Hpeﬂeﬂax urara pa3HOCTHOI>i CCTKU CHpaBeI[J'II/IBBI BBIpa)KeHI/IHZ
— [ yx)dx - [sm)dx
=% S="h -

Bronp ocu kaHanma MMeeT MECTO MOHOTOHHOE M3MEHEHHE MOTOKa HEUTPOHOB, MO3TOMY
OIMOKOM, CBI3aHHOU C OTJIMYUEM CPETHETO MOTOKAa HEUTPOHOB OT BETMYMHBI TIOTOKA HEHTPOHOB B
[EHTPE PACUETHOTO y371a, MOKHO TIPeHeOpeyb.

MerxKkacceTHOE H3MEHEHHE IOTOKa HEHTPOHOB MOHOTOHHOW (yHKUMEH He sBIsSeTcH,
[O03TOMY OIIMOKAa MOXET JOCTUraTh JECATKOB IIPOLIEHTOB, YTO CYIIECTBEHHO BIMSET Ha
KOPPEKTHOCTh OIHUCAHMS MOJIEH YHEPTrOBBIICIICHNS B AKTUBHOMN 30HE.
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Jns onpenieneHus xapakrepa (QyHKIHNY,
B BHMIE  KOTOpPOHl  ciedyeT  HUCKaTb
pacnpeeneHye NoToKka HEUTPOHOB B IIPeENax
AYEHKH, paCCMOTPHUM 3a/layy O JABYX COCEIHUX
TPEYTOJIBHBIX  OOJIACTAX,  MPHUHAMAISKAIIUX
COCEJIHUM KacceTaM, KOHTAKTHPYIOIUX MEXTY
cO0OH, H30JIMPOBAHHBIX B a3UMYTAIBHOM

HAIPaBIICHUA 51 AMEIOIINX o0TIHiA
koapurmeHT Pa3MHOKEHUS, paBHBII
¥ enunmIe (puc. 3.5).

Ecnu npennonoxxute, 4To CBOMCTBA
Puc. 3.5 cpensl B Tpenenax oOJacTeil OJHOPOJIHBI,
koo Punment mupdysuun B obdnactax A u B
OJIMHAKOB, TO nuddepeHInanbHbie ypaBHEHUSI TIEPeHOCa HEUTPOHOB i objacTel OyayT WMETh
BUJI:
Ob6macte A, K, >1: AF +fo=0 ;

O6nacte B, K <1: AF.- X§F=0 .

[TosyunTs TOYHOE AHAJIUTUYECKOE PEIIECHUE [JAHHOTO YPAaBHEHHSA HE IPEACTABISAETCS
BO3MOXHBIM. O/IHAaKO JOCTaTOYHO XOpollee NPUOIMKEHUE MOIYUYUTCs, €CIM PaccMaTpUBaTh
QG y3HOHHBIN onepaTop A B BHIE oriepaTopa JUIsi HWIHHAPUIECKUX KOOPIMHAT:

_o2 10
A=R T ROR

Pemenue cuctemsl ypaBHEHHI OyJeT B 3TOM cCily4yae MMETh BHJ (HayaJlo KOOpJAUHAT MpHU
JAHHOM TNPUOIMKEHUM Ul KaKIOM OOJIaCTH pacloIOKEHO B BEPIIMHE TPEYrojbHHKA, U OCh
KOOpJMHAT MEePIEeHANKYISIpHA TPAHULIE U HAllpaBlieHa OT BEPIIMHBI K TPaHULIE):

Fa(R) = AyJy(RY,);
Fp(R) = Aj1p(RY,) ,
rae

Jy - ynxius beccenst 1eHCTBUTENFHOIO apryMeHTa,

I, - dyHkuums beccens MEUMOro apryMeHTa.

[Ipumenenne ¢pynkuuii beccens nmpu npoBeeHUH YCPEAHEHUS IOTOKA B paCUETHON s4eiike
IPUBEET K Pe3KOMY CHHKEHHIO ObICTPOAECHCTBUS IPOTrPAMMBI, I03TOMY BOCIIOJIb3YEMCS IIEPBBIMU
JBYMs WIEHaMHM pa3yiockeHust pyHkuuit beccens B psa:

x2 x2
Jo(x)=1-745 T(x) =1+,

4°
Pemnm o6patHyto 3anaudy, 3Has, yTo Ay = F,(0), A, = F(0). Torna u3 ycinoBust paBeHCTBa
MIOTOKOB HEMTPOHOB Ha TpaHuIle 00sacTell CleayeT, 4To:
2 2
F,(0)-(1-x,R})=F(0)-(1+3,R?);
U3 yCIIOBUS CIIMBKHU TOKOB:
2 2
Fy(0)-R=F,(0)-x;R .
Otkyna
2 2F® 5 F0)-Fy0)
X1 XZ'Fa(O)’ X2 2-F, (0) 5
F,(0) + Fi,(0)

2
F, = Fy(0)-(1+ 3R =~

(3.2).
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ITockonbky pasznoxeHue (yHKIMH ITOTOKA
HEHTPOHOB Ha MEpBBIE [[BA 4IEHA psAAa SIBISETCS
anmnpoKCcUMalueldl IOTOKAa IOJIMHOMOM BTOpPOTO
MopsAJIKa, TO, HE Hapyllash TOYHOCTU PE3yJIbTaTOB,
MOJKHO aNNpOKCUMUPOBaTh IOTOK HEWTPOHOB B
npenenax Bced  A4YEMKH IOJIMHOMOM  BTOPOIO
MOpsiIKa B COOTBETCTBUU C PHC. 3.6.

f=ax2+bx+c¢; F(-h/2)=F,; F(0)=F;
H/2 F(h/2) =F,.

CpenHuii 1o sYelKe TMOTOK HEWTPOHOB
H/ 2 8 H/2 ¥ OTIpENIeNIAETCS U3 BBIPAKCHUS:
h/2
| fo)x|ax
~ -h2
f=""12 .
j |x|dx
-h/2
[IpounTerpupoBas BbIpak€HUE MO OJTHOMY W3 HaIlpaBJICHUMN, TIOTYUYUM:
? _ Frl + Fr2 " E
4 2°

[Ipu uHTErpupoBaHMU a3MMYyTAJIBHON 3aBHCHMOCTH IIOTOKAa HEHTPOHOB Ul BCEX LIECTH
CEKTOPOB SYEHKH C XOPOILEH CTENEHbIO0 TOYHOCTHU BBIMOJIHACTCS YCIOBHE CpeIHEAPUPMETUIECKOTO
YCPEIHEHHUS MOTOKAa HEUTPOHOB, MOJIYUYEHHOTO JUIsl Ka)KIOW Mapbl MPOTHUBOMOJIOXKHBIX CEKTOPOB.
OKoHYaTeIbHOE BhIPAXEHHUE JUIsl CPEAHETO T10 sTYEHKe MOTOKAa HEUTPOHOB UMEET BU/L!

* * * * * *
- F +F,+F +F, +F_+F

F= >4 +5 (3.3).

Ecnu e cuuTtaTh MOTOK JTUHEHHO MEHSIOLMIUMCS OT KacceThl K KacceTe (T.e. HCIONIb30BaTh
AJId yCPCAHCHUS ITOTOKA HOHHHONi HepB*Ol"O Hi(f)pHZ[K*a), TO*HOJIy:II/ITCSI CJICOYIOIICC BBIPAKCHUC!
F=F1+F2+F3+F4+F5+F6+_ (3.4).
18 3
B paspaboranHOii MeTOAWMKE peasn30BaHbl 00a MPHUOIMIKEHHUS W BHIOOP OJHOTO M3 HHX
OTIpEeIeIIIeTCS OJIb30BATEIIEM.
3.1.1.3 CeTtouHoe ypaBHeHHE

H/ 2

CeTouHbIH Ma0JI0H 1O OJJHOM U3 OCEil KOOPAWHAT UMEET BU/I:

3amensist onepatop V(D V(F)) ero pasHocTHBIM aHanmorom, OyeM CUUTaTh, UTO IIar MEXIY
LeHTpaMu KacceT - H, paccTosiHuE MeXly y3J1aMHU 110 BBICOTE 30HBI - AZ.

B nanpHelimeM, 4TOOBI HE 3arpOMOX/IaTh BBIKIIAJKH, IPU 3aIMCH PAa3HOCTHBIX CXeM OyJeM
CTaBUTb TOJBKO MHJEKCHI, OTIMYHBIC OT i, j, K, 1 , Hanpumep, Bmecto 3ammcn F j g4, Oyaem

3anuceiBath Fi .

Ucnonw3ys BepakeHue s "uM300pakeHUs" TOTOKOB B COCEIHUX Vy3JIlax U 3aMEHHB

IIPOU3BOJHYIO

ot 2At
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MOJlyYUM pA3HOCTHOE ypaBHEHHE JUIsi BHYTPEHHEro y3na Juisi ObICTpOil (M aHajJOrM4HO SIS
TEIUIOBOI ) TPYIIIBL:

2D % % % % * %
F=| 3 (Fip7Fi g 7Fj + F (#Fpq + )+ (F +F1-1) =

no)
D Dyy-Dy_ ) 4Fp-Fpr,
*(AZZ = j svar TP+ I Ci)| /
i=1
4D 2D F 1
mt 72 + CantZa)* E + IVAL)S (3.5

rac:

F - cpennnii notox B Kaccere;

Fy-1 - 3HaueHNE HEUTPOHHOIO IMOTOKA HA IIPEABIAYILIEM LIAare UTEPALNH;

*
F,,, Berancisgercs mo ¢popmyie:

., 2F,D,+F®D-D,)
Fm=""p_+D

3.1.2 BbIBOA Pa3HOCTHBIX YPABHEHHMH VISl [PAHUYHBIX Y3JI0B

VYpaBHeHHE KHUHETUKU [JIs HEpa3MHOXKaIOLIeH cpeibl B ABYXIPYIIOBOM MPUOIHKEHUU
UMeeT BUJI:

O%F,
Dlm - (Z3aM+ZaZ)F1 =03
O2F,
DZ oxz -~ z:aZFZ + E3aMF1= 0.
IlycTs:
2 _ Z:211-|_z“3aM. 2 _ h. _ E3aM
X1 D, °’ X25p )’ =" ,
Toraa ypaBHeHUs IPUMYT BU/I:
Doz - %= 05
O2F,

Dyoxz - %2Fy= UF; .
Penienne ypaBHEHUst Uist OBICTPOM IPYIIIBI OYI€M UCKATh B BUJIC:
F; = C; exp(-X;X) + Cexp(XX);
IIpu X=>ow, F, =00 => C,=0,
Mpn X=0, F=F, => C,=Fy
Torma MCKOMOE TPaHUYHOE YCIOBUE IS OBICTPOM TPYIIIBI IIPUMET BHI:

oF,

Pewrenne ypaBHeHuUs Uil TEIUIOBOM IPYMIIbI IPOU3BEIEM METOAOM BAPUALIMU ITOCTOSIHHOM.
Pemrenne oqHOPOAHOrO ypaBHEHHsI UMEET BUA:
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F, = C{(X)exp(-X,X) + Cr(X)exp(X,X) ;

nJn:
C; (X)exp(-X,X) + C; (X)exp(X,X) = 0 ;
X,Cq (X)exp(-X,X) -X,C,' (X)exp(X,X)= -uF gexp(X,X) .
Otkyna
HF9exp((-X;+X2)X)
CI(X) = + CIO M
2Xy(Xp - Xp)
UFgexp((-X; - X,)X)
CZ(X) = + C20 .
2%, (X1 + %)

ITocie MOACTAHOBKU IMOJYYHUM:
_ HFjgexp(-X;X)
P20 - %)
+HF106XP(-X1X)
2%, (X1 +X,)
npu X -> o0 Fy > 0=>C,,=0;
nim

+Coexp(-X,X) +

+Cypexp(X,X);

HFgexp(-X,X)
Fy = Cypexp(-X;X) + 2 2 5
-
UF o

Cio=Fy- .
10~ 20 Xi-%?

OKOHYATEIBHO
UF o
F, = Fyexp(-X,X) + X1 (exp(-X;X) - exp(-X,X)) .
2%
['paHNYHOE YCIOBHE IS TEIUIOBOI TPYIIIIBI IPHMET BUL:

oF F
e SN b U 3.7)

I'ne Fio - mOTOK OBICTPBIX HEHTPOHOB HA TPAHMIIC AKTUBHOW 30HBI, K¢ -TOTOK TETUIOBBIX

HEUTPOHOB Ha TPaHULIEC AKTUBHOI 30HBI.
3.1.2.1 BbIBOA Pa3HOCTHOIO YPaBHEHMS VISl TOPLEBOI0 OTPaKaTeIst

ITockonbKy MO BBICOTE AKTUBHOM 30HBI KO3(duuueHT auddy3uu s[BIsSeTCS BETMUYUHON

HenpepeiBHOH U nuddepeHmpyeMoif, MOXeM BOCIOIB30BAaThCS OOIIMM BBIPAKEHUEM IS
TPEXTOUCYHOTO Ia0JIoHa. BBIBOJ pa3HOCTHOrO ypaBHEHUS OyJIeM MPOHU3BOJIUTH IyTEM
MOJICTAHOBKH B UCXOAHOE MU depeHIraabHoe ypaBHEHNE TPAHUYHOTO YCIOBHUS HEMOCPEACTBEHHO
B samnacuad. [y cokpamieHus: o0beMa BBIKIAI0K MPUBEIEM TOJIBKO COCTABISIONIYIO JIalllacMaHa
1o ocu Z.

| &F 8D oF
V(D V(F)) | . = D@ + 7. 07
OF,
Dla_Z = DOTpl(-XlFIO);
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6F WFqo

rae D, - koodduupent qupdysun B oTpaxarene.

Wnu B 00001LIEHHOM BUIE:
oF
D= -cFy + Sq).
5z = Do(-cFo +Sq)
BbIBOJT pa3HOCTHOTO YpaBHEHHWs ISl TPAaHUYHOTO YCJIOBHS OyJeM TPOHM3BOIUTH IS
00001IeHHOTO Ccydasi, TTO9TOMY HWHICKC TPYNIMbl HEHTPOHOB CTaBUTh HE OyaeMm, a TpaHUIHOE
YCJIOBHE 3aIUIleM B 0000IIIECHHOM BHUJIE.

CeTouHbIi MA0JIOH TTO OCH Z JJISI HIPKHETO TOpIla UMEET BU/I:

oD -3D,+4D,-D, oF -3F;+4F,-F,
07 2AZ ’ 07 2AZ ’
OF _0 oF _ 9 3FHF,-F; 3 OF, N 4F;-F) F,-F,
072~ 0Z0LZ~9Z  2AZ  2AZ 0L 4AZ? T 4AZ%-
HOI[CTaBI/IB BI)Ipa)KeHI/Ie HOJ'Iy[IeHHOC JJI FpaHI/I‘-IHOFO YCJ'IOBI/HI, OKOHYATCJIIbHO HOJ'IyLH/IM:
O°F 3 otp Fy F3 F, Ky
072~ 2 D M1+ 8) 37t nzat iaze - anze (3-8)
a_Da_F _ DOT - 3D1+4D2 - D3
7 oz = D IR +S)—— (3.9)

Crnenyer 3amMeTuTh, 4YTO HOpMalb K TIpaHMUIE AaKTUBHOM 30HBI HalpaBleHAa B
IPOTUBOIOJIOKHYIO CTOPOHY OT HAalpaBJlIE€HUs OCU KOOPAMHAT Z, MO3TOMY 3HaK B (dopmysie uis
IPAaHUYHOTO  YCJIOBUSL ~MEHsieTcs Ul  HIKHEro  OTpaxaredass Ha  MPOTHUBOIOJIOKHBIN

oF
D6_Z - Dorp(-cFo + Sq). [ BepxHero orpaxaress HalpaBICHUE OCH KOOPAUHAT U HAIpaBJICHUE
HOpPMaJIi K I'paHUIle aKTUBHOW 30HBI COBIAIAIOT.

Cetounblif mabI0H M0 Ocu Z AJis BEPXHETro TopIia UMEET BU/I:

[TockonbKy BBIBOJA Pa3HOCTHOTO YpaBHEHHS Ui BEPXHETO M HUKHETO TOpIa aHaJIOTUYEH,
3aMuIleM pa3HOCTHOE ypaBHEHUE I BEPXHETO TOpIa:

62F 3D0T F Fn-2 Fn-l Fn-3

72=2 D CFatS9 -7+ 272t anzr " anz? (3.10)
oDOF D -3D,+4D,_{-D, .,

a_za_zz_ﬂlo)T (-XF, +Sg) = 2AnZ = (3.11)

3.1.2.2 BbIBOA PA3HOCTHOIO YPaBHEHMS VISt 00KOBOI'0 OTPaXKATEJIA

Mertoauka 3aiaHusi TPAaHUYHOI'O YCJIOBHS IO BBICOTE€ AKTUBHOW 30HBI HE MOXET OBITh
MCIIOJIb30BaHAa JJIsl TPAHUYHOI'O YCIIOBHS 110 PAJUyCy IO CIEAYIOLUM IPUINHAM:

- HepuddepeHIUpyeMoCTs M Pa3pbIBHOCTh (QyHKIMH KodpduuueHta muddy3un Mexmy
KacCeTaMU;
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- HEMOHOTOHHOCTh HEHTPOHHOTO MTOTOKA 110 PAJANYCY 30HBI.

[MocnenHee yTBEpKIACHUE CIEAYeT yTOYHUTH. J[elo B TOM, 4TO s KPYIMHOCETOYHOTO
MOJIX0Ja YJeH yTe4Kkd (OaKIMHT) HEHUTPOHOB MPHMEPHO HA TOPSIOK MEHBIIE HCTOYHHUKA H,
COOTBETCTBEHHO, CTOKa HEHUTPOHOB, a MPH MPAKTHUYECKH HEM3MEHHOH (MO0 ci1abo MeHstomencs
BEJIMYMHE) OAKJIIMHTa HEHTPOHOB BEIMYMHA MCTOYHUKA MOXKET M3MEHSATHCS B HECKOJIBKO pa3, UToO
CBSI32aHO C HEOJHOPOJHOCTBIO 3arpy3KH aKTUBHOW 30HBI MO OOOTAIEHUIO TOIUIMBA, a TaKKe C
pPa3TUYHON BEIMYMHOW IUJIOTHOCTH TEIUIOHOCHUTENS (HAalpuMep, TpU 3alapuBaHUU COCEIHEH
KaCCEeThI).

[lo yka3zaHHBIM BBIIIE MPHYMHAM 3aMeHY IUQQepeHIHaTIBLHOTO ONepaTopa PazHOCTHBIM
OyJieM MPOU3BOIUTH IO JIByXTOUEHYHOMY IIIA0JIOHY:

0%F O F-F 10F F° F

ORZ-OR H _HorR W2 HZ

PacueTnas cxema npeacTaBiieHa Ha puc. 3.7.

FH

oy
)
=
=
[0
=

Puc. 3.7
BBIpaSI/IM MMPOU3BOAHYIO IIO IOTOKY B LCHTPEC KACCEThl 4YCPE3 I'PpaHUYHOC YCJIIOBHUC Ha
T'paHUIIC KaCCCThI:
oF. D
— OT .
R =D CEFH Sy
F(R)=aR2+bR +¢; F(0)=F ; F(-h/2)=F,;
OF(h/2) Dyry
R ~ DU
F(h/2) =F,.
HOCKOHBKy HHTCpECyomasa HaC IPOU3BOAHAA IIOTOKA ONpPCACIIACTCA CICAYIOIHUM
BBIPAKCHUEM:

X+ Sy);

FO) _

OR ’

BBIPa3UM M3 UMEIOIICHCS Y HAC CUCTEMbI YpaBHEHUI 3TOT K03 puriueHT:

2F ( Dorp hj DorpSq
- Fr +

P
D 2 D

b=
D
oTp
3+2% D

[ToacTaBuB €ro B UCXOAHOE BBIPAXKEHUE, MOJTYUYUM PA3HOCTHOE YPAaBHEHHE ISl TPAHUYHOTO
YCIIOBUSL:
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2F (XDOTE+QJ+DOTESQ
?F 0 F-F* F* £+lh' n* D "2 D G.12)
OR2 O0R h h2"h?" h D '
3+ 20"

Jannblii noaxon peanusoBadH B nporpamMmHoM Komiuiekce “PAJIYTI'A/RAINBOW-57,
aTTeCTAllMOHHBIN NacopT Ha nporpaMMHoe cpeactBo Ne62 ot 17.10.1996 [35].

3.2 Meroauka pelieHUs] YPaBHEHHUs HEHTPOHHONW KHHETHKH C CeMblO

PACYE€THBIMH y3JIaMH B IOMMEPEIHOM CECICHUH KACCETDI

JIaHHBIIA TIOAXO]T MO3BOJISIET MCIIONB30BaTh BCE JOCTOWHCTBA METO/A CETOK MPU PEIICHUH
T Py3HOHHOTO YPAaBHEHHUS B TIONIEPEYHOM CEYCHHUU KACCETHI.

OnpIT  9KCITyaTalldd  MPOrpaMMbl  TOKa3ajd, 4YTO B AaKCHAJIBHOM  HalpaBlICHUU
1es1ecoo0pa3Ho MPUMEHHUTH U BHYTPEHHUX Y3JI0B METOA M300pakeHus motoka (popmyna 3.1), a
JUIS y3JI0B Ha TPAHUIE C TOPUEBBIMH OTPAXKATEISIMH HCIOJIB30BATH TOT K€ MOJXOJM, YTO M JUIS
METOJIUKH C OJTHUM PACUCTHBIM y3JIOM Ha Kaccety (popmyiisl 3.8-3.11).

[TosTOMY BHJT pa3HOCTHOTO OTIEpaTOpa B aKCHAILHOM HAIpPaBJICHUH JUTSI Y3JI0B Ha TPAHUIIE C
TOPIIEBBIM OTpPa)KaTeJeM IMOJHOCThIO aHayiorudeH (dopmynsr 3.8-3.11), a misi BHYTpEHHUX y3J0B
OyJeT UMETh CIICIYIOUINI BUI:

B *F=92%_ i -1. (3.13)

dopmyna i onpeaeneHrs n300pakeHusi TOTOKOB MOJHOCTHIO aHajgornyHa (3.1).
Pacuernas cxema nipeacTasieHa Ha puc. 3.8.

Puc. 3.8

[TockonbKy B mpejenax KacceThl HEUTPOHHO-(PM3NYECKUE CBOMCTBA CPellbl OAHOPOMHHI (B
COOTBETCTBUHM CO CIIOCOOOM MOJTOTOBKM HEUTPOHHO-(PU3UUECKUX CEUEHHi), CYIIECTBYIOT TpHU
Pa3IMYHBIX [0 TUITY y3J1a Pa3HOCTHOT'O YPaBHEHUS:

- y3eI B 1ieHTpe kacceTsl (y3en 1). Pa3nocTHOE ypaBHEHHE B y3iie | aHAIOTUYHO yPaBHEHUIO
I OTHOTOYEYHOM pAa3HOCTHOW CETKU. B oTinuMe OT OJHOTOYEYHOM MOJEId B JaHHOM
npUOIIKEHUH YpaBHEHHE B y3ie 1 CyIIeCTBEHHO Mpolle, T.K. CBOWCTBa cpeasl B y3nax 1,2,3,4,5,6
1 7 OIMHAKOBHEI;

- y3€J Ha rpaHuIle ¢ orpaxarenem (y3isl 2, 3, 7 B HaleM npuMmepe). YpaBHEHHE B JTaHHOM
y3J1€ aHAJIOTUYHO IPAaHUYHOMY YCJIOBHUIO AJISl TOPLIEBOTO OTPaXKaTells;

- y3en Ha TIpaHule Mexay kaccetamu (y3nbl 4, 5, 6). YpaBHeHHE B JaHHOM Y3Ie
AQHAJIOTUYHO YPAaBHEHHUIO JJI YPaBHEHHUS TEIJIONPOBOAHOCTH HA FPaHUIIE Y310B (2.23).

Jlisl yMEHBIIEHUS! TPOMO3AKOCTH BBIKJIAJOK 0003HAUNM:

- ICTOYHUK HEUTPOHOB (KaK 3a CYET JeJICHUs, BKJIOYas 3ama3blBalolue HEUTPOHBI, TaK U

A

3a CYeT YBOJa U3 BEPXHEH IPYIIIbI), IeICHHBIA Ha KodpduimeHt nudp¢dys3uu kak ¥ ;
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A
1 OF
-Waarmx VF ;

A
- YBOJl HEUTPOHOB, J€JICHHBIN Ha KOd(pdureHt muddysnm kak X .

3.2.1 YpaBHeHHUE B IEHTPAJbLHOM Y3Jie
JlanHO€ ypaBHEHHE aHAJIOTUYHO YPaBHEHHUIO JUIsl OJHOIO y3ja Ha KacceTy:

2 N2 AN AN
§(F2+F3+F4+F5+F6+F7)+ B *F + VF+V¥

F 3.14)
N 2 VAN AN
B +5+2X+ V
. HZ
A 2
rae B - oneparop yTeuku 1o BEICOTE 30HBI.

3.2.2 YpaBHeHHe JJId y3J/Ia HA TPaHHULIE C PAIMAJBLHBIM OTpaKaTeJaeM

I[JISI Y3JIOB, PacCIIOJIOKCHHBIX Ha TIPaHUIC KaCCCThbl, MNPHUMCHCH JIAIUIaCHaH IJid
NUIMHAPHUYCCKUX KOOPAUHAT. U xota B HGﬁCTBHTGJ’IBHOCTI/I ILaHHblf/'I orepaTop JIMiIb HpI/I6J'II/DKCHHO
onuchiBaeT AudPy3u0 B peanpbHOM TIeKcaroHaldbHOW T'€OMETPHM, pPe3yJbTaThl BepUUKALNN
Pa3HOCTHOTO YpaBHEHUS POAEMOHCTPUPOBAIN 000CHOBAHHOCTH TAKOT'O MOIX0/a.

J1st y370B Ha TpaHUIIE KacceThl (KaK Ha TPAaHUIIE C paJHallbHbIM OTpa)kaTelieM, TaKk M Ha
TpaHHIlE C JPYyrod KacceToil) BOCMOJIb3yeMcsi orepaTopoM Jlammaca s MHJIMHIPUYECKUX
KOOpMHAT:

_OF _10F 1 5°F
“or2 Tror P o2
I'me r=Ar=H/2 (nojJ0BHHA PacCTOSHUS MEX]y LICHTPAMH KacCeT);
A = /3.

B omiinume oT ypaBHEHHUS Ha paHHULE C TOPLEBBIM OTPAXKAaTEJIEM MBI PacHoJiaraéM TOJIBKO
TpeMsl pacueTHbIMU Y3JIaMHU C OJHOPOIHBIMU CBOWCTBaMH, MPUHAIJICKALIUMHU JAaHHOW KacceTe.
[ToaToMy mMoONy4eHHOE PAa3HOCTHOE ypaBHEHHE OyAeT HECKOJBKO OTJIMYAThCS OT YpaBHEHUS IS
TOpLIEBOTO OoTpakarens. PacueTHast cxema npeacTaBieHa Ha puc. 3.9.

Puc. 3.9

Pa3zHocTHOE ypaBHEHUME I paguaibHOM COCTaBIISIOLIEH omeparopa Jlammaca packpoem

(13534

aHajgoruyHo (2.19) HO He MO 4YeThipeM, a MO TPEeM y3JaM, 3aMEHHUB IMPOU3BOJHYIO B y3ie ‘i

OF
TPAHUYHBIM yCIIOBHEM l)_ar =-o1*Fito:
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aZ_F' l@_F_Q 3Fi-4Fi_1+Fi_2 +-G,1*Fi %’

or? "ror or 2Ar ) D ' D
MI0CJI€ PACKPBITUSI CKOOOK OKOHYATEIHHO IOy YHM:
62F 10F -al*Fi+a2 3 SF F,] Fz
artrar- D Gar g
[TonHOE KOHEUHO-PAa3HOCTHOE BBIPAXKEHUE JJIS IIOTOKA B y3J1€ “1” UMeeT BUJL:
A VA N2

Fii Fip FoutFoy o 3 1
VF + ‘P+BF+ 2 42+ rzA(pz +D(2Ar+r)
Fi= . 3.15)

A AN N2 5 2
V+Z+B+ (ZA —) 47 —A(P2

3.2.3 YpaBHeHHe 1/ y3/1a MeKIY KacceTaMu

VYpaBHeHue [UIsl y37la Ha TpaHULIE MEXAy KacceTaMH IOIy4yaeTcsl IMyTeM CIIOKEHUs
ypaBHEHUI, TOJYUYEHHBIX MIOCIE0BATENIBHO B y3JI€ CIIpaBa U CjeBa OT TPaHUIIbI.
Pacuetnas cxema npexacrasieHa Ha puc. 3.10.

Puc. 3.10

['paHUYHOE YCIIOBHE HA TPAHMUIIE UMEET BH/I:
OF oF
Droe 2or '
caeBa crpaBa
Pa3HOCTHOC BLIpa)KeHI/Ie JJIsL HpOI/ISBOHHOﬁ HNMECT BU:

OF 3F;-4Fi; +Fi; .
IS ICBOM TPaHUIIBI - or 2Ar

OF -3F;+4Fi - Fin .
or 2Ar

[IpousBes MOACTAHOBKY B Pa3sHOCTHOE ypaBHEHHE TPAHMYHBIX YCIOBUH CHayana s
JNIEBOM, a 3aTeM s NpaBOil IPaHMIBI M CIOKMB IIOJIydeHHbIe ypaBHeHus no ananoruu (3.1),
T0JTyYUM OKOHYATENbHBIN BUJ PA3HOCTHOTO YPABHEHHs IS y3/1a HA TPAHUIE MKy KACCETaMHU:

U I IPABOM I'PAHULIBI -

A\ N 7a\ 7a\ N2 N 2 AN AN

ViF+ VoF+ ¥+ ¥, + Bl F+ B; F+(21+ %) F=
D2 ,l 2D2 1 _d

+ (Ar 2ArD, 1 2Ar))F'+2+(A 20D, r T oAt

W, 1, D_ 1
r

1 3
+(Ar2 ArDr 2A ))F'1+(A 2= ArD,(r T oA i
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1 Dz 4 Fu>1+1 + le 1
(2Ar( ZAr)( D, Dz) oAt r’ A DFi+ r’ Ag?
Fo241+ Foo-
+ Fo21F Xopo1 (3.16)

r A(p2
WNunekcwt “1” u “2” oTHOCATCS K HEUTPOHHO-(DU3HMUECKUM CBOMCTBAM COOTBETCTBEHHO IS
KacCeT CJieBa U CIIpaBa OT TPaHUIIBI.

3.3 3ana3apiBarouiue HEMTPOHbI
VYpaBHeHHE Ul 3ana3[bIBAIOIIUX HEUTPOHOB pEIIACTCS B KaXKIOM pacyeTHOM y3IIe

AKTUBHOM 30HBI, IPUYEM MIPEAYCMOTPEH YUET 3ala3AblBalOIINX HEUTPOHOB BIUIOTH /10 21 rpymibl.
YpaBHeHME UIs 3aIa3bIBAIOIINX HEUTPOHOB B 3TOM CIIy4ae MPUMET BHI:

i0

3aMeHUB MPOU3BOAHYIO 10 BPEMEHHU Yepe3 pa3HOCTHYIO (OpMYITy IO TPEM TOYKaM (HMHIEKC
HOMEpA TPYMIBI OMYCTHM ), TIOJTYYUM CIIEAYIOIIee pa3HOCTHOE ypaBHEHHE:
3C -4Ct-1 + Ct_z

AL =Bi¥-%G;
OKOHYATEJIBHO:
4Ci1-Ci.y —
— Y+ B¥
2At B
C= 3 5
—+A
2At
rIe
At - IlIar UHTETPUPOBAHUS 110 BPEMEHHU;
¥ - TEKYILIUI CPEIHUHN IO TYENKE UCTOUYHUK HEMTPOHOB.

3.4 YVYder orpaBieHus Xe 1 Sm

[Ipn pacuere BnIMsIHMS OTpaBiIeHHS X€ M Sm MOAEIUPYIOTCS KaK HCXOJHOE OTCYTCTBHE
OTpaBJICHMs, TaK M PABHOBECHOE OTPABJICHUE YKa3aHHBIMU H30TOMAMM (HE3aBUCHUMO JApPYr OT
apyra). Kpome Toro, mcxomHash KOHIEHTpaLuss Sm MOXET MCIOJIb30BaTbCid M3 NPEAbIAYIIErO
pacuera IocJie NMEeperpy3ku TOIUIMBA. JTO CBA3aHO € pacnaigoM Pm m HakomieHweMm Sm mocie
JUTUTENIEHOW CTOSTHKU peakTopa B 00JTy4YeHHBIX TOIUIMBHBIX KacceTax.

HecranuonapHoe ypaBHeHue AJis oNpeiesieHUs] KOHIIEHTpauu Xe UMeeT BUA:

0C1 =Y1Q - MCy;

Cxe
: X YXeQ + KICI = ;\'XeCXe zaXeF-

HecranuonapHoe ypaBHeHHE AJ KOHLEHTpAUU Sm:

OCpm

P YPmQ 7\4PmCPm>
Csm
6?5 = )VPmCPm = 2aSmF;

rae
C - KOHIEHTpALKs COOTBETCTBYIOIIETO HYKIIU/IA;
Q =2 F+2pF,; - uncno Jenenmuii;



42

Y - BBIXOJl COOTBETCTBYIOILETO HYKJIN/IA HA aKT JICJICHUSL.

B pacuerax momaraercs, 4To MakpoCE€UYEHMsI MOIVIOIIEHHS B Xe U Sm A00aBISIOTCS K
MaKpOCEUEHHIO IOIVIOIIEHHUs] B TEMJIOBOM TIpyNne M HE BIUAIOT Ha OCTaJbHbIE HEHTPOHHO-
¢usnueckue ceueHusd. llpu mnpoBeneHMM HECTAlMOHAPHOIO pacyera, a TakXke IpU pacdere
TOmIMBHOM kKammnanuu B /K “PAJIYI'A-7” Bcerna pemnaroTcsi HecTallOHApHbIE YpaBHEHUS it Xe
u Sm.

3.5 YpaBHeHMe IHEProBbIACJICHUSA

ypaBHCHI/Ie OTHOCHUTCIIBHOTO SHEPIOBLIACIICHUA B KaKI0OM PACUCTHOM Y3JIC UMCCT BUI:

Q, = Q, (1 - B)EF, + ZpFy) + Z 9, 1/ Q);
:

e
QV - CpeaHee MO 30He 00BEMHOE DHEPTOBBIJCICHHUC;
6 _ I (zlel + z:szz)dV - CTAllMOHAPHOE CPEHEE M0 30HE YUCIIO JIEIICHUM;
I dv
n - YHUCJIO TPYIIT UCTOYHUKOB OCTaTOYHBIX SHEPTrOBBIEICHUIT;
n

6=2 Sj - JIOJIs1 OCTATOYHBIX YHEPIOBBIICIICHUI;

=1
1) - KOHIIEHTpALHsI UCTOYHUKOB OCTATOYHBIX YHEPTOBBIICIICHUH ;
9 - MOCTOsSTHHAs pacnana.

YpaBHEHHE ISl HCTOYHUKOB OCTaTOYHBIX YHEPTOBBIJCIICHUN UMEET BH/I;
OM;
ot
YpaBHEeHHE TSI KOHIICHTPAIIMA WCTOYHUKOB OCTATOYHBIX YHEPrOBBIICIICHUN OyIeT MMETh
BUJT (MHACKCHI TPYTII OIYIIEHBI):

=0; ZyFy +ZpFy) - 9 1

4 q - P
AL +0 (ZqFy + ZpF))

H= 3
m+9
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3.6 Merox HOI AJIs1 pelieHUs] YPABHEHU HEUTPOHHON KMHETHKH

PaccMoTpuM mpuMeHeHHs MeToja HOJ (HOZAJIBHOTO METOJa) JUlsl PEIICHUs ypaBHEHUM
nepeHoca HeiTpoHoB Ha npumepe nporpamMmmel BUITP-8 [24]. IIporpamma BUAIIP-8 paspaboTana B
PHII “KypuartoBckuit UTHCTUTYT” 1 IBISI€TCSI OAHON M3 CaMbIX MPOJBUHYTHIX B HACTOSILEE BPEMS
KPYITHOCETOYHBIX MPOrpaMM, UCIOJb3YIOIINX HOAAIBHBIM METOJ pelleHus: ypaBHEHUN quddy3un
HEUTPOHOB.

[IpeacraBnenHoe Huxke onucanue Meroauku mnporpamMmsl BHWIIP-8 mnpusBegem B
cooTBeTcTBUU € [24]. Ilpm 3TOM NpaKkTUYECKH IOJHOCTBIO COXPAHEH OPUIMHAIBHBIA TEKCT
JOKYMEHTa. YUUTBIBAsl, YTO JOKYMEHT [24] SABISAETCS TEXHUYECKUM OTYETOM, NPEIHA3HAUYECHHBIM
JUIS CTICIMAJIUCTOB, a JaHHAs KHUTA SBISETCS Y4eOHBIM MMOCOOMEM Ui CTYJIEHTOB, HEKOTOpHIE
TEPMUHBI MCXOTHOTO JOKYMEHTa JTMOO TMOSICHAIOTCSA TI0 XOXIy H3JIOKEHHS, JIMOO TPUBOIATCS B
6onee mpocroil uuTepnperauuu. [lpu uznoxenun onucanus nporpamMmmbl BUIIP-8KH onymieHs
CCBUJIKU Ha JINTEPATYPY U3 OPUTHHAIILHOTO TeKCTa [24].

3.6.1 CraunoHapHoe ypaBHeHHUe 0ajlaHCa HEHTPOHOB

YpaBHeHHe OalaHca HEUTPOHOB MOXKET OBITH IMPEJICTABICHO B CIEAYIOMEM OO0OOICHHOM

BUJIC:
6 8 2
4 DioDoi l DioDoi _
3hﬁ El D;o+Do; (DiBio - DoPoi) + 12 D +Dy; N an (@i€io- D) - ZR @+ Sp=0,(3.17)

rze uHaekcsl 0 ¥ 1 OTHOCSTCS COOTBETCTBEHHO K TeKymeﬁ U coceiHel siuelikaM. CMBICIT TOIPaBOK

B u € mpuBeneH HIXE.

[Ipu cooTBETCTBYIOIIEM OMPEICICHUH NapaMeTPOB, PEUICHHE CUCTEMBbI TAKUX ypaBHEHUU
oTHOCUTENEHO D MO3BOIIET MOMYUYUTh paclpeieliCHHe TIOTOKa HEUTPOHOB B 00bEME PeakTopa Kak
B OJTHOTPYTMIIOBOM, TaK ¥ B MHOTOTPYIIIOBOM MPHOJMKEHUH IJIi TOMOTCHHBIX M T'e€TEPOT'CHHBIX
KacceT. Y4eT TeIUIOBOHM TPYyMIbl OCYIIECTBIISICTCS BBEJICHHUEM IOMPABOK B MapaMEeTPhl ypaBHEHUs
(3.17) 1 He TpeOyeT pelIeHus TOTMOIHUTEIFHON CUCTEMbI KOHEUHO-PA3HOCTHBIX YPABHEHHUIA.

[IpuMeHHUTETPHO K PEHICHHIO OJHOTPYIMIIOBBIX 3amad mapamerpsl D,B,E comepkar B cebe
MOTPABKXA Ha KOHEYHOCTH Il1ara pacueTHON CETKH U Ha paclpe/iesieHue a3uMyTaAIbHBIX TAPMOHUK.

3.6.2 AJjaroputm pacueTHoro moayJsi nporpammbsl BUIIP-8

JlanmpHeiiee W3JI0KEHHE KacaeTcs pealM30BaHHOTO B IPOrpaMMe METO/a PEIICHHS
JIBYXTPYIIIIOBBIX 3a/ad, TMPHYEM B CBS3M C OTCYTCTBHEM WHCTPYMEHTa IS TOJTOTOBKH
HEOOXOMMMBIX (YHKIHOHAIOB TETEPOreHHBIX KacceT', B HACTOSIIEE BPEMs PacCMaTPHBAIOTCS
3a/la4yil ¢ TOMOTEHU3UPOBAHHBIMH KacceTamu. OIHOTPYIIIIOBOM pacdeT obecrednBacTcs 3aJaHHeM
COOTBETCTBYIOIIETO0 HaOOpa HEHTPOHHO-(DU3MUECKUX CEYCHMI (KOHCTAHT) TAaKHUM O0pa3oM, YTOOBI
BTOpO€E ypaBHeHHE cucTeMbl (3.18) He naBaso BkiIajga B OajJaHC HEUTPOHOB.

ﬂﬂﬂ ABYXTPYIIIIOBBIX ,I[I/I(l)(byBI/IOHHBIX ypaBHeHI/II/I an[a
3aM f

VDNd)]-Z @1-2 d,; + 1 (v2q>1+v2q>2) 0

3amM

VDZVCDZ-ZZ O +2 @1 =0 (3.18)

BBEACM IIOHATHE ACHUMITOTUYECKOM M IEPEXOAHOW MOJIbI PEIICHHUS U IPOU3BEIEM 3aMEHY
IIEPEMEHHBIX

" B CBA3M C pasBUTHEM COBPEMEHHOIH BBIYMCIMTEIHHON TEXHHKH, TMPOIIE PEIIHTh METKOCETOUHYIO

TPEXMEPHYIO 33a[ady, YeM NOATOTOBUTH 3TH (PYHKIHOHATEL. [Ipum. agmopa.
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@, =X+tY; AX +a’X =0

(3.19)
O =rX+Y;AY+VvY=0,
rac
yB
)
p=— 1 , (3.20)
22(1+252L2)
2 (1- viLh
t= 22—, (3.21)
2
1
1 f f a a
K VX +vXr)-(2 +2r) 2 2
2 2hd 1 2 1 2
X = D1+D1r =2€r +BZ’ (322)
11 <"1 D
Vis+p(Z 43 s —vE), L=—1-, (3.23)
o1 1 0wy 1 Koag O
b &
2 2

2 .
22 ° — MaTepUalbHBIM INapaMerp, &€ MW B - KpuBU3HA 1OJIA B pagualbHOM U AKCUAIbHOM
r z

HaTpaBICHUSX.
N3 (3.20) u (3.22) nist pa3sMHOKAIOIIEH Cpe/ibl:

f f 2 0.5
VZZ a yB a sz a yB a yB
D, WX -2 |+ Dzz D, -2 -2 |+ Dzz DIZ
Kypp 1 1 2 Kopp "1 1 2 1

v22 - vzz D,vX2

Kspo " Kogp

2D,

3HaK «+t» B BBIPQXEHMM JUIS PELIEHUS KBaapaTHOro ypaBHeHHs (3.24) ocrtaBieH u3
CO00pakeHHsI HEOTPHULIATEIBHOCTU TIOTOKOB U, CII€JOBATENBHO, I

Jlnst Hepa3MHOXKaIOIIEH Cpebl:
yB
D2
r= ~ L (3.25)
DIZZ-DZ (21 + 21)

yB a
2 Zl - rZZ 2
a@r =r—D2' BZ. (3.26)

B npennonoxeHuu yrioBoro pa3aeneHus IpOCTPaHCTBEHHBIX EPEMEHHBIX BUaa X(r,(,z) =
Xi(r,9) " X,(z) u npu ycnoBuu ach << 1 u vh >> 1 B rOMOr€HHBIX IIECTUTPAHHBIX TYEHKAX C I1arOM
h acumnrornyeckas mona pemeHus X (Ir,) MPEICTABISAETCA Pa3lOoXKEHUEM B psl MO MPOOHBIM
¢yHKIMSAM (B TOMOI€HHOM Clly4yae — LMJIMHAPUYECKHMM) C COXPAaHEHHUEM YETHIPEX IECHOB
Ppa3IoKEHUs:
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4 4
Xi(r,@) = 2 ofi(r,) X oy Zi(2e r)cos(K(@ -6x)) (3.27)
k=0 k=0
a OBICTPO 3aTyXarollas nepexoqHas Mojia pelieHus Y B BUIE:
h
V(3 - 1)
Y.=Y'e , (3.28)

rae Y'Y - 3nauenue Qyrkiuy Y Ha TPaHULE pas3jaela IByX CPe.
B akcnanbHOM HanpaBieHUH aCUMITOTHYECKOE pelieHue X,(Z) NPeaCTaBIsIeTCA B BUJIE:
X(z) = bsin(B,z) + c'cos(B,z), (3.29)
h

Z
VG
MEPEXOAHOC PCUICHNEC B aKCUAJIbHOM HAIIPpABJICHUU - Yz =Y'e .

CumBKa CpeHUX MO MOBEPXHOCTSAM 3HAYCHHI TTOTOKOB M TOKOB HEUTPOHOB Ha OOKOBBIX U
TOPIIEBBIX TOBEPXHOCTSAX TpaHUYAIIUX JAPYyT C JAPYrOM MIECTUTPAHHBIX TMPU3M C II1arom
mectTurpaniukoB h, u BeicoToil h,, momydennas Ha ocHose (3.27)-(3.29), npuBOAUT K ypaBHEHUIO

6amanca (3.17), 3anmucaHHOMY OTHOCHUTEIBLHO CPEHETO M0 MPU3Me MOTOKA OBICTPHIX HEHTPOHOB.
B ypaBuenun 6ananca (3.17)

h %8
Dip = Do'Chpi; Cri= ?r 5
i
f .
zy
z z z h Vf )
DZO=D0 CPi, CP1=7 I
zy
f .
4 4
f f 1
8=""-5 7. (3.30)
z z CP'
f £
S S
WNnpekc «S» o3Ha4yaeT CHUMMETPUYHYIO MPOOHYIO0 (YHKIHIO, HHAECKC “1” — MNpoOHYIO
(GYHKIMIO CKBO3HOTO TOKA Yepe3 sUeUKy, MHICKC Y’ — 3HaueHne (DyHKIIUU Ha TpaHUIIC.
1)) —_—
1-vy
! 2G| X
Bu=|&-Cu+y —— =", (3:31)
Xo @,
rne
i i
f f
h, 1
80=is'7js CPi , (332)
fs fs

1 () ! !
Qloi= Xo \Xi(dez - dp3) - (Xo’ i1t X09i+5)(dp2 +dp3) +
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¥ ¥ y \
(Xo’ w2t X09i+4)(dp3 -dp2) +X09i+3)(2dp2 - dy3) ) (3.33)

4
\%i

C T
rae dpk = C_I:: - 1 (k — HOMep rapmonuku (3.27), Cpi = Etk ,

f
K

T Dig®g B1i + D1i D; Bio . . .
o = Dt D - CpeIHMI TIOTOK HEWTPOHOB OBLICTPOM IPYIIIIBI HA TPAHUILIE TUEEK

0i io+ Dii
Oui,
(3.34)

P T (et (R eren )

v Dro ro® Boi + Dri 1 @; B (I)0i (ro-ry)| 1 - Vich. Dri - 1o (D1 - D1y)

Y o = h h + 1 h h — 3HaYEHHE
(t_o - ro)(DTo Vo Z_CP + Drivi ZCPJ (to )(DTO Vo3 2C, + Drivi 2C ‘)

IEPEXOTHON MOJIbI PEICHHS HA TPAHULIE SUYceK,
(3.35)

¥ ¥ ¥

X =® -Y —3HayeHue aCUMITOTHYECKON MOJIBI PEIICHUS HA TPAHUILIE STUKEEK,
0i 0i 0i
D¢ =D, Cpi , D> — ko3pPunmenT nuddy3un B TEIIIOBOK 00IACTH SHEPTHHA HEUTPOHOB.
CootBeTcTBYIOLIEE BBIPDAKEHUE IS TOKA an06peTaeT BUJ:

Y 2 DlO D()l
J .=, DDy (<I> Buo- @y Bo) (3.36)
a CpCeAHEC 110 KaCCCTC 3HAUCHUC HCpGXOI{HOI/I (I)YHKI_[I/II/I
Y z
6 Y 8Y
2 Ly
Yo 2T Th i (3.37)

i=7

[Ipu pemenun 3agauu I/ICHOJ‘IBSYCTCH TpPEXUUKIUYECKasi WTepalloHHas Mpoleaypa.
CXOIMMOCTh TaKOTO MTEPAIMOHHOTO Tpollecca, Kak W i 000 HETMHEHMHOW 3ajadu, He
JOKa3aHa ¥ MOATBEPKAACTCS JIHUIIb TPAKTHUECKUM OTIBITOM.

Bo BHyTpeHHEM LMKIIE UTEpalui UILETCsS pelleHHe cucTeMbl ypaBHeHMH Tuna (3.17) Ha
ompezaeneHue cobctBeHHOTO BekTopa @ mpu 3adUKCUPOBAHHBIX 3HAYCHHSIX IapaMETpOB U
UCTOYHUKA.

B mepBoM BHeIIHEM LUKJIE HTEPALUI TPOU3BOIUTCS MEpeCcYeT HCTOYHHKA U 3 ekTrBHOTO
koa(durmenTa pa3MHOKEHUS (U3 yCIOBHS COXpAHEHHS HOPMUPOBKH HMCTOYHHKA)

S= kl A% Z q)l.
<1i)1i1} f

Bo BTOpoM BHEIIHEM LMKIIE UTEpALUil MEPeoNnpeaesIoTcS napaMeTphl TEIJIOHOCUTENS U
TEMIIEpaTypbl TOIUIMBA, MPOW3BOIUTCS HMHTEPIOJSIMS CEUCHHH, MEPEeCUYUTHIBAIOTCS HapaMeTphl
(3.21- 3.26), (3.30 — 3.35) u (3.37), BBIUUCHAIOTCA CPEIHHME IS KaKIO0M KacCeThl TPYIIIOBBIC
1nmotoku @y u @,,

*

V2ﬂ®1+V2f2(D2
v =
f (Dl

u
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B2 _2 28: Dig D, Pi€i— DPoE.0
h2 Djo+D; D, 0-

z i=7

Kaxplii U3 OUKIIOB 3aBepIIaeTCsl NP JTOCTHKCHHH 33aHHOW TOYHOCTH: BO BHYTPCHHEM
NUKJIC IO 3HAYCHUIO (D, B IICPBOM BHCIIHCM — IO 3HAYCHUIO Su ka(bcb, BO BTOPOM BHCIIHEM — IIO
3HAYCHUIO P.

3.6.3 IllecTtb a3UMYTAJILHBIX TAPMOHHUK

[TepBas Bepcus mporpammbl BUITP-8 Opima ocHOBaHa Ha ammpOKCHMALUHA PagHAIBHOTO
HEHUTPOHHOTO MOTOKAa B HOJE CYMEPHO3UIUel OAHOW CUMMETPUYHOM M TpeX aHTHMCHUMMETPHUYHBIX
npoOHbIX (GyHKIMHA. BecoBble (akTopbl NpoOHBIX (QYHKIUI Ompenensuiuch U3  yCIOBHH
HENPEPBHIBHOCTH TOKA U TIOTOKA Ha OOIIMX IPaHMUIIAX COCEIHUX HOJIOB.

YucneHHas MpoBepKa alropuTMa MpPOJEMOHCTPUPOBAa BBICOKYI0 TOYHOCTh METO/a, HO
npu H3TOM HaOmoaajsach HEKOTOpas CUcTeMaThyeckas MakpoiedopMaius pacrupeeeHus
DHEPrOBbIACICHU. AHaIU3 pPE3yJbTaTOB IPOBEPKH IO3BOJIMJI MPUNHTH K 3aKIIOYEHUIO O
HEOOXOIMMOCTH YBEIMUYEHHSI YUCIIA a3UMYTAIBHBIX aHTUCUMMETPHYHBIX MPOOHBIX QYHKIHMNA 10 6
JUISL TANbHEWUIIETro MOBBIIICHUS TOUHOCTH. DPOPMYIIbI 3TOM aNMpPOKCUMALIUY TPUBEACHBI HIKE.
3.6.3.1 T'apmMoHMKHU M IPOOHBIEe PyHKIMH

JIiss  yIpOIICHHONW HWHTEPIIONISIIMA PACCMOTPUM  OJHOTPYIIIIOBYIO JABYMEPHYIO 3ajady.
Pacuersl B BYX rpynmax ¥ y4eT TPEThETO U3MEPEHHUSI HE UMEIOT OCOOCHHOCTEH MO CPAaBHEHHIO C
OoJiee paHHeH BepcUU POTrPaMMBI.

[Ipenrmonoxum, 9T0 pactpeeicHHe HEUTPOHHOTO TIOTOKA B TeKCAarOHATHLHOM HOJIEC MOXET
OBITH MPEJCTABICHO KaK

- 6 -
D(r)= 2 ApnZn(r) cos(m(dp —dn)),
m=0

rne Zy, — Habop mpoOHBIX (YHKIWH, KOTOPBIE YIOBIETBOPSIOT AU(PPY3MOHHOMY ypaBHEHHIO (B
cJlydae FOMOT€HHBIX HO/IOB 3TH NMpoOHbIe GyHKIMU ecTh GyHKIMU beccens), dm — cABUT Ga3bl, Ay
— BECOBBIE (DaKTOPBHI.

Paznenum kaxkayro rpaHully HOJla Ha JABE YAaCTU U ONpPEJEINM HeueTHYIo (q = -1) u 4eTHyIo
(@ = 1) gactu rpanunbl. [ HOJOBHHBI TPAaHUIBl 1 HYKHO BBIPA3UTh CpeJHEE 3HAYEHUE
HEUTPOHHOI'O MOTOKA U HOPMAJIbHOIO IPaJUeHTa (3HAK I'paJMeHTa ONpeAesseTcs U3 yCIOBUs, YTO
BXOSIIIUI TOK TOJIKEH OBITH MOJIOKUTEIBHBIM) B Cleayomei popme:

— 6

6 T
@i= T An | Zn(r®) costm (w6~ ) . (3.38)

0
_ 6

V,®; = - % m2=0 Am } Va (Zm(r(z-,)) cos(m (comi +q(E - f—z)Dj d&, (3.39)

T h . _ .
raen = r(§) = 2cos(E)’ h — mar rekcaroHaabHOM CETKH, My = (i-1) 6" Om, 1 <112,

[Tpeobpazosas (3.38) u (3.39) nmomyunm:
R 6
®;= 2 (Am coS(M Omi ) Vem = q Am Sin(m Omi ) Vsm), (3.40)
m=0
6
Va®i= Z (Am cos(M Omi ) Wem - q Am Sin(m Omi ) Wsm),(3.41)

m=0
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e n
Vew= ] 220 cos{m (& - 5] oz (.42)
v Szl -8
e e o sl 25 i
Won = %}v a6 sin{m & — 75 e (345)

0
HpI/IHI/IMaH BO BHUMAHHC YCJIOBHUA CUMMCETPUYHOCTH, CpeI[HI/Iﬁ HeﬁTpOHHBIﬁ IIOTOK B HOAC

Iomaabro S, MOXKHO 3aIliuCaTh KakKk

g) = % [ ®(r,e) dr de % [ Zo(r) dr de = A(P. (3.46)
N N
3Hak «~» B ypaBHeHUH (3.460) oOBsCHsAETCA TeM (aKTOM, U4TO rekcaroHaiabHas ¢opma HOAa
IIPU HEKOTOPBIX 3HAUEHUSAX clIBUTA (a3 MECTON rapMOHUKHU (Mm=6) MOKET JaTh HEHYJIEBOW BKJIA] B
3Ha4YeHHE CPEAHEro MOTOKA B HOJIE.
Vo o _hWew o Vsn o _hWsy
P ZVCm’m Cm’mZVSm’
KoTopbie coriacHo (3.42)-(3.46) ecTh (YHKIIMHM TOJIBKO CBOMCTB M pa3Mepa HOJA.
Boipaxxenus (3.40) (3.41) u (3.46) maroT CBA3b MEXKAY CpPEOHHUM IIOTOKOM B HOJE,
TPaHUYHBIMU MOTOKAMH W TPAJUEHTAMH, KOTOpask MOXET ObITh BhIpaKeHa uepe3 (yHKIMOHAIBI
npoOHBIX (YHKIHMHA. JTa CBSI3b O0ECIEYMBAECT BO3MOXKHOCTH MEPEXOAa K CHCTEME HOMAAIbHBIX
ypaBHEHUU HEUTPOHHOTO OalaHCca U3 YCIOBUHN HEMPEPHIBHOCTH CPEIHUX MOTOKA M TOKA HA KaXKIOM
MOJIOBMHE TPAHU MIPHU COXPAHEHHWH alMPOKCUMAIIMU JJIsi BHYTpEeHHEH (opMbl MOTOKAa HEUTPOHOB B
HOJE.
3.6.3.2 YpaBHeHHe HEHTPOHHOIO 0ajnaHca

E= Cn (3.47)

J11s OI0BUHBI TpaHHu 1 HoJla k 3ammiiieM BbIpakeHue

— —
Gii = Oy +7 Vaia (3.48)

rie Oy u VO — CpelHNEe Ha MOJOBHHE TPAaHU TMOTOK M T'PATUEHT MOTOKA COOTBETCTBEHHO. C
yuetoMm (3.40) (3.41) u (3.47) moxHO TIpeoOpazoBats (3.48) kak
6

Gki = Z Am VCm (cos(m (Dmi)(l'cm) -q Sin(m 0~)mi)(Fm - Sm)) (349)
m=0
M 3aTeM COTIacHO (3.46) MOXHO 3amucaTh CICAYIOIIEe BhIPaKEHUE:
A
Gii = O Bui (3.50)
rie
6 A

Bii=E(1-Cp) + X /‘\Icm(cos(m ®mi)(1-Cm) - q sin(M ©w)(Fm - Sm)).  (3.51)
m=0
Dy
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HeobxonuMo ynoMmsiHyTh, 4TO mapaMeTp Pk €cTh (YHKLHS pPacCCUUTHIBAEMBIX CBOWCTB
(3.47) Hoa u pacnpesiesieHUsi TApMOHUK B HEM.

Ucnonw3ys ananoruunoe Beipaxkenue (3.48) BeipakeHue s HOZA |, TpaHMYaIero ¢ HoJOM
k Ha monoBHHE TpaHM 1, U UCHOJB3YS CBOMCTBO HENMpephIBHOCTH D= Dy, Jyxi= Jjj, MOXKHO
3ammcath Ui TOKa ¥ MOTOKa

A A
Dy @Dy Bri + DD, Bii
R e (3.52)
— — 2 DD " A
J i=- Dkv (I)kl h D k+ ll) (q)l Bll (I)k Bkl) (353)

rae D — xoapdunment muddys3un. Ha ocHoBe (3.53) omgHOrpynmoBoe ypaBHEHHE HEHTPOHHOTO
OaslaHca MOYKHO HaIucaTh Kak

6 A AN
4 DD, VZ
3_hf Z D DDl q)lBlk O Pia) + Zakq)k “ kg (Dk ) (3.54)
i- T P
r7ie CyMMHUPOBaHHE MPOU3BOJUTCS MO TpaHsAM HoJa k rpaHuyaiiero ¢ Hojamu 1, u P =pk—2Bk—+
— ecTb nmoiaycymma napameTpoB (3.51) ms vedetHoi (ki-) u yetHoi (ki+) momoBuH rpanu 1 Hoxa k,
li-+ P+

COOTBETCTBEHHO Pk = )

VYpaBHenue (3.54) ornauuaeTcs OT YpaBHEHHIl KOHEUHBIX Pa3HOCTEH CYyIIECTBOBAHHWEM
napameTpoB [3, KOTOpbIE JOKHBI IEPECUNTHIBATHCS B IMIPOIIECCE UTEPALTHIA.

Ecnu rpans 1 Hofa k ecTb BHEIIHsS rpaHMIla aKTUBHOM 30HBI U UCIOJIB3YIOTCS TPaHUYHbBIE
YCIIOBUSL JTIOTapU(PMUIECKOTO THIMA Aki, Toraa BMecTo (3.53) COOTBETCTBYIOIIMN YJICH CYMMBI B
ypaBHeHUHU Oasianca (3.54) MOXKeT ObITh 3amKcaH Kak

2 DY A
Jki == DV @y = -1 H

Dy Bui » (3.55)
h p, + Vi

h
rae Yui = Dk Axi ¥ B3aMeH (3.52) ams TpaHUYHOTO TIOTOKA

AN

_ D @ Pu (3.56)

ki = :
Dy + Vi

3.6.3.3 Auropurm pemieHust

Cucrema ypaBHeHuid (3.54) pemaercs TpPaAWIIMOHHOW TPEXIUKINYHON HWTEPAIMOHHOM
MpOLEAYPON s BEKTOpa MOTOKA BO BHYTPEHHUX HTEpaAlUsAX M Ui HCTOYHHMKA IENIEHUS BO
BHEITHUX UTEPAIHSIX C IEPUOANIECKIM MIEPECIETOM MapaMeTpoB f3.

[Tepecder mapaMeTpoB B COCTOUT B mepecyeTe cpenHero MoToka @y Ha IMOJIOBUHAX TpaHel
(ypaBuenus (3.52) unu (3.56)) ¢ JaJIbHEUIIUM PELICHUEM JJIsi KaXKI0T0 HOJA CIEAYIOIIEH CUCTEMBI
ypaBHeHwii (1=1 ... 12):

6

z L Am Vcm (cos(m dm) (cos(m(l-l) j q sin(m(i-l) %)Fm) +

m=0
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] —

+ Am Vem (sin(m Om) (sin(m(i-l) %j +q cos(m(i-l) %ijD J = @y

OTHOCHUTEIILHO BETUYHH Xcm = AmVem€0S(M Oy) U Xsm = ApVsmeos(m dy,).
Jliist mecToi rapMOHUKH nipeArnoiaraeTcs cos(60q) = 1 u sin(606) = 0. Torma
6

1
= E(1-Co + =~ = LXCm(cos(m(i-l)g)(l-cm) -q sin(m(i—l)%)(Fm - sm)) +

m=

D
+ XCm(sin(m(i-l)gj(l-Cm) +q cos(m(i-l)g)(Fm ; sm)j }

3.6.4 MHcnouab3oBaHMe rPAHUYHBIX YCJIOBHIA

B anroputme mnporpammbl BUIIP-8 3amojkeHa BO3MOXXHOCTH NPOBEICHMSI PacyeTOB
peaxkTopa ¢ BHBIM y4E€TOM OTpa)kaTelis, U IIPU HEOOXOIUMOCTH, MOIIOIIAIOLINX CTepKHEH. B aToM
cilydae Ha JJOCTaTOYHOM YAAJeHHUU OT aKTHMBHOH 30HBI PEaKTOpa MOTYT ObITh IOCTaBJIEHBI JIIOOBIE
IPaHUYHBIE YCJIOBHA, a JJIS MOTJIOLIAIOUINX CTEPKHEW M I'eKCarOHAJbHBIX MPHU3M, BBIJCICHHBIX B
oTpakaTelie U 10 pa3MepaM COOTBETCTBYIOIINM TOTUTUBHBIM HOJIaM, JOJDKHBI OBITH TIOATOTOBIICHBI
COOTBETCTBYIOIIUE (DYHKIIMOHAIIBI.

OpHako mpu CIOXHOM (Hampumep, IUIACTHHYATOM) CTPYKType OTpakaTellss MOJArOTOBKA
COOTBETCTBYIOIIUX (YHKIIMOHAIOB MOXKET OBITh OCJIOXKHEHA M3-3a OTCYTCTBHUSl a3UMYyTaJIbHOU
CUMMETpPUN CBOMCTB BBIACISAEMBIX B OoTpaxkarene npusM. [loaTomy, Hapsgy C SIBHBIM YYETOM
oTpaxarens, B nporpamme BUIIP-8 mMoryT ObITh MCHONB30BaHBI TPAHWYHBIC YCJIOBHS Ha Kparo
AKTUBHOM 30HBI (WM Ha MOTJIOMIAIOIINX CTEPIKHAX), 3a/laBaeMble U3BHE B BUJE JIOrapH(PMHUUECKUX
IPOM3BOJHBIX TI0 OBICTPOMY U TEIIOBOMY MOTOKaM HEHTPOHOB. B 3TOM citydae coOTBETCTBYIOIIME
wieHbl B ypaBHeHUM Oananca (3.17) /uid TOKOB uepe3 IpaHH, NMPUMBIKAIOIIME K OTPaXKaTelro,
BMecTO (3.36) UMEIOT BU/I:

¥ 2 DG
Jm =" hDy+G Po Boi 5 (3.57)
Vi N N
rie G=1Dyd ; &=- T norapuMuUecKas NPOM3BOJHAS MOTOKA HEHTPOHOB B IEpBOIi

SHEpPreTUYecKoil rpynme Ha BHELIHEH IpaHH.
CooTBeTcTBYIOLIEE BBIPAKEHUE AJI TPAHUYHOIO IIOTOKA!

T Dy Dy Poi
o =—"—t (3.58)

i DitG
¥l 171 aMIUIATYIBI TIEPEXOAHOTO PEIIEHHS HA TPaHu:

¥
¥ (61-02) q)m

Ky (L '1)(52 - Vo) |

ro to
AHaJIOTHYHbIE BBIPAKEHUS CIPABEUIUBEI 11 TOPLEBBIX OTPAKATEIICH.

(3.59)

3.6.5 YpaBHeHHS HEHTPOHHON KMHETHKH

Anroput™ pacueta KMHETUKM HelUTpoHOB nporpamMmbl BUITP-8KH (KH — mpucraBka ans
HecTanmoHapHoi Bepcuu mnporpammbl BUIIP-8) ocHoBaH Ha BBINIEW3T0)KEHHOM YpPaBHEHHUH
OamaHca  HEHTPOHOB,  JOMOJIHEHHOTO  COOTBETCTBYIOIIMMHU  WIE€HAMH,  YYUTHIBAIOIIUMU
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IPOM3BOJIHYIO HMCTOYHMKA [JEJIEHUS M IMOTOKAa HEWTPOHOB IO BPEMEHHU, a TAKXKE YpPaBHECHHUSIMHU
pacyera  KOHLEHTpAlMi  OCKOJIKOB-NPEALIECTBEHHUKOB  3ama3fbIBalOIIUX  HEUTPOHOB.
Hcnonb3yrores ciaenyronme npearnonoKeHus:
- NPOCTPAHCTBEHHAasl YacTh 3a/layMl JUIsl IOTOKOB HEMTPOHOB pelIaeTcs B JABYXIPYNIIOBOM
HOJAJILHOM MNpPHOIMKEHUHM C MPEJCTABICHUEM AaCUMITOTHYECKOW MOJBI PpEIICHUs
BHYTPH HOJIOB B BUJIE KOMOMHAIIUK CEMU NMPOOHBIX (DYHKIIHIA;
- I[epexoJHas MoOJa peIIeHUS HIIETCS B BUAEC KOMOMHAIMK JBEHAALATH TMPOOHBIX
GyHKIHIH;
- IPOCTPAaHCTBEHHas (opMa HCTOYHUKOB 3ala3bIBAIONIMX HEHUTPOHOB  BHYTpPHU
pacyeTHOr0 HoOJa NPUHMMAETCs COBMAjaroliedl ¢ (OopMONH MCTOYHMKA MIHOBEHHBIX

%
§ § .7 T S(r)
HEUTPOHOB, T.€. JJIs BCEX TPy 3anasasBaomux HeWTpoHoB Ci (r)=Ci—
S

- YYMTBIBAIOTCS LIECTh IPYIII 3a1a31bIBAIOIINX HEUTPOHOB.
Hcxonnas Gopma HecTalMOHAPHOTO ABYXTPYIIOBOTO MU(PQPY3HOHHOTO YpPaBHEHUS HMEET

BHUI.

6

1 dF,
- DyAF}, + (Zb + Zr) Fy, = (I-B)S + ZkiCi - V_F ; (360)
i=1 b
1 dF
-DAF,+ X F, =2, F, -th—t‘;

rac

- HHJAEKCHI b 1 t 03HAUAIOT HAJTEIIOBYIO U TEIUIOBYIO I'PYIIIbI COOTBETCTBEHHO;

- B -»>ddexruBHas nons 3ana3abIBAIOIINX HEUTPOHOB;

- A m C — mocrosiHHas pacmajga W KOHIEHTPAIMSd MCTOYHUKOB 3alla3IbIBAIOIINX
HEUTPOHOB;

-V —cpennsst CKOpOCTb HEHTPOHOB COOTBETCTBYIOIIEH IPYTIIIHL.

KoHneHTpanus HCTOUHUKOB 3aIa3/IbIBAIOIINX HEHTPOHOB OMPEAETACTCS BEIPAXKEHUEM:

dG;
at. = Bi S - 1), (3.61)

f f

1
roe S = Ko vX Fp+ vX F¢|— N01IHBIA UCTOYHUK HEUTPOHOB JICJICHUSI.
off b t

CobctBeHHoOe 3HaueHue 3a1auu Kegr COXpaHeHO B BBIpaXXEHHUU JJIi HCTOYHHUKA [TOTOMY, YTO
B MPAKTUYECKHX pacueTax ero BEeJIMYMHAa MOXKET OKa3aThCs OTIMYHON oT | mocie pacuera
CTallMOHAPHOT'O COCTOSTHUSI.

[lpencraBuM  W3MEHEHHWE TIOTOKA HEHTPOHOB B  HMHTepBajie BpemeHu  (t,t+dt)
9KCIIOHEHIIMANBLHOU (pyHKIIMEH B BUJE:

oot oot
Fp(t + 8t) = Fp(t) e ; F(t +0t)=F¢(t)e (3.62)
dF o0t F oot
Ao =P e 3@y~ MF®e (3.63)

/1€ oL ABIsieTCsl PyHKIMEeN Homepa HoJla.
[ToncraBnss (3.63) B (3.59) u BbiOupas Ot Takum, 4TOOBI O MOXHO OBLIO CUHUTATh
NIOCTOSIHHBIM Ha MHTepBase BpeMeHu (t,t+0t) MOXKHO 3anmucars:

%GRy + 80 = (LBS(L+ 30 (3.64)

- DbAFb(t + St) + (Zb +X.+ A -

- DtAFt(t + St) + (Zt Ft + %ij Ft(t + St) = Zr Fb(t + St) .
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Takum 00pa3om pelreHreM HeCTAIIMOHAPHON MPOCTPAHCTBEHHOM 3a1a4H SIBJISIETCS PEIICHHE
s o, F(t+dt) u AF(t+ 6t) npu ¢(uKCHpOBaHHOM 3HAYEHHWH OCTAIBHBIX KO3(PPHUINEHTOB
ypaBHEHMH U u3BecTHOM F(t).

[Ipu aToM B BbIpaskeHuu (3.64)
6

1
G =, ZMC:, (3.65)
-A;ot i + - (Xs+7\,i ot
Ct+ot)=C(t) e + 2 t_'_;\‘St (l -e ( ) ) (3.66)

TZIE€ Ols YIOBJIETBOPSIET YPABHEHUIO
aot 1 f f
S(t+3t)=S(t) e = Ko (VZ Fp(t + 8t) + vZ Fy(t + St)).
eff \ b t

VYpaBrenus (3.62) - (3.66) onMchIBaIOT 3a7ady NPOCTPAHCTBEHHO-BPEMEHHOW KHHETUKU
HeliTpoHoB. Ilpu »sTomM cucrema ypaBHeHuil (3.64), omMchIBarolas MPOCTPAHCTBEHHYIO
COCTABJISIONTYIO0 OOIIEeH 3a7a4yM MPOCTPAHCTBEHHON KMHETHKHW HEWTPOHOB, CXOJHA C CHCTEMOMU
(3.18) amroputma BUIIP-8 (¢ TouHOCTBIO 10 ompeaeneHuss Kod(Q(PUIMEHTOB W HMCTOUYHHUKA).
CrnenoBarenbHO, 175 HECTAIMOHAPHOW 3a/lauyu CIpaBeUIMBO TO ke ypaBHeHHe Oananca (3.17) ¢
COOTBETCTBYIOIIUM TiepeorpeieieHneM KodpduuueHToB. OCHOBHOE OTIMYHE TIPU PEIICHUU
CTallMOHAPHOM M HECTAllMOHAPHOW 3aJa4dl COCTOUT B TOM, YTO B IMKJIEC BHEIIHUX HTEPALUN
clelyeT nepeonpenensats He napameTp Kegr, a BEKTOPHI Qlp, Ot B O,

[Iporpamma BUIIP-8KH, omnucanue mnonydeHHs: KOHEUHO-PA3HOCTHOI'O YpaBHEHMS MJis
KOTOPOM IPHUBEACHO BBIIIE, SBIACTCSA, IOXKAJIyH, OJHOW M3 CaMBIX CIIOXKHBIX MHKXEHEPHBIX
IporpaMM HEMTPOHHO-(U3NYECKOTO pacyeTa.

Kakue e [OCTOMHCTBA M HEAOCTaTKM IIPUBENECHHOIO BBIIIE HOJAIBHOIO METOAA,
peanuszoBanHoro B nporpamme bUIP-8KH?

OcHoBHBIM g0ocTOMHCTBOM Tporpammbl BUIIP-8KH sBisieTcs o4eHb BBICOKAs TOYHOCTh
PELICHUS UCXOOHOU cucmembl Oughepenyuanvbubix ypaguenuii Hetimponnou kunemuku. ITporpamma
o0ecreynBaeT MoJiy4eHue pacueTHBIX Pe3yJIbTaTOB, IPAKTUUYECKH COBMAJAIOIINX C AHATUTUYECKUM
PELICHUEM UCXOOHOU cucmemvl YpasHeHuil, TIpU YCIOBUM, YTO pellaeMas 3ajada yIOBJIETBOPSIET

ycnosuio, uto 22h <<'1 u vh >> 1. B a1om cmbiciie, mporpamma MokeT ObITH HCIIONIB30BAHA IS
MOJIyYEeHHsT “MOounbix”’ aHAJTUTUYECKMX TECTOB JUIA NMPOBEPKU APYTMX HMHKEHEPHBIX IPOTPaMM
JIAHHOTO KJIacca.

Tem He MeHee, ClieQyeT BCerga IIOMHUTb, YTO pEIIEHHE MOJYYEHO  JUIs
TOMOTEHU3UPOBAHHBIX TOIUIMBHBIX COOPDOK M BEPHO HACTOJNLKO, HACKOJNBKO BEpHA cama
roMoreHusupoBanHas mojens TBC.

Kpome ToOro, He ciemyer 3abbiBaTh, YTO TOIPEIIHOCTh CaMOTO JBYXIPYIIIOBOTO
Qg HY3MOHHOTO MOAX0/a JOCTATOUHO BEJIHKA.

OIHMM W3 HENOCTATKOB MPOrPaMMbI SBJISETCS MOTEPS YCTOMYMBOCTH DEIIEHHSA TPU

napymennn orpanmuenuss 22h << 1 m vh >> 1. (Pacuer maneHbKMX aKTHBHBIX 30H,
conepxkaumx B kadectBe TBC oaun mnm Heckonbko TB30B Tuna BBOP mno manHo#l mporpamme
HEBO3MOKEH).
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4 METO/bI PEIIEHUSA YPABHEHUMN
TEIVIOT'NAPOAUHAMUKHU

B 3aBucHMMOCTH OT XapakTepa pemaeMbIX 3a/Jad BBIOMpAIOTCS W (U3MUYECKUE MOJEIH,
IPUMEHSEMbIE TIPU MOJIETUPOBAHUH TEIJIOTHAPABINYECKHUX IIPOLECCOB.

B camom oOmem ciayuyae Qusmueckas MOJAENb THUAPOAMHAMUYECKHUX IPOLIECCOB
OMMCHIBAETCS  CHCTEMOH  TpexXMepHbIX AudQepeHIuanbHbBIX  YpPaBHEHHWH  JIBMKCHHUS U
TEIJIOMACCONepeHoca sl ABYX(a3HOW MHOTOKOMIOHEHTHOH cpensl. OpHAako Ha MpPaKTUKE
pemieHue cucteM aud@epeHIuanbHbIX YpPaBHEHMM TEIUIOTMAPOJMHAMUKKA B OOLIEM BHUAE, IO
KpallHe Mepe IMpH CYILIECTBYIOIIEM YpPOBHE DPAa3BUTHUs BBIYMCIHUTEIBHON TEXHUKH, SIBISETCA
HEIeIeco00pa3HbIM, TaK KaK pelIeHHWE NTaHHBIX CHUCTEM YypPaBHEHUW UHWCICHHBIMH METOJIaMU
TpeOyeT TMTAaHTCKUX, TI0 HBIHEITHIUM MEpPKaM, BEIYUCIUTEIHHBIX pecypcoB DBM.

B 3aBucumoctu OT 3ajmay, pemiaeMbIX B KaKJIOM KOHKPETHOM Ciyyae, MPOU3BOAUTCS
yoporieHue Gu3nueckoi MoJIenH r’UAPOIMHAMUYECKUX MTPOLIECCOB B 000PYI0BaHUH.

TennoruapaBiuecKre IpOLECCHl B IEPBOM KOHTYpPE PEAKTOPHBIX YCTAHOBOK C PEAKTOPAMHU
tuna BBOP mMoryT ObITh pa3ieneHsl Ha B MPUHIUITHAILHO Pa3INYHbIC KATETOPUU:

- IPOLIECCHI MPU TUIOTHOM NIEPBOM KOHTYpE;

- MpOIECChl B ABApPUMHBIX CUTYyalHsX C HApYyIIEHHWEM IE€PMETUYHOCTU MEPBOrO KOHTYypa
PEaKTOPHOM YCTaHOBKH.

B nepBoM ciydae mpouecchl B peakTOpHOR ycTaHoBke Tuna BBOP xapaxrepusyrorcs
CIEAYIOINMHI OCOOCHHOCTSIMU:

- OTCYTCTBHUE Pa3BUTOTO KHUIIEHUA U, KaK CIEJICTBUE, ABYX(Aa3HOTO TEUEHUS TEIIOHOCUTENS
(32 HCKJIIOUeHHEM Hanbosiee HaMPsKEHHBIX YUYaCTKOB B OTJCNBHBIX SYeiiKaX aKTHBHOW 30HBI);

- 3aBeJIOMO OZIHO(a3HOE TEUEHHE TEIUIOHOCUTEIS 3a MpeIeIaMU aKTUBHOM 30HBI;

- KaK IIOKa3bIBaeT IpaKTUKa, MUMEET MECTO cjaboe IepeMEellMBaHNuEe TEMJOHOCUTENS B
AKTHUBHOM 30HE, HECMOTPS Ha 0ECUEXJIOBYIO KOHCTPYKIHUIO TEIUIOBBIICTSIONNX COOPOK;

- cnabo BbIpaXeHHbIE TpexMepHble d(DPEeKThl TEUSHUS TEIUIOHOCUTENS B UPKYISIIIMOHHBIX
TpyOONpPOBOIAX U PSIT APYTHX.

Bce BoilieHa3BaHHBIE OCOOEHHOCTH TMPOIIECCOB B IJIOTHOM TNIEpBOM KOHType PY ¢
peaktopamu THna BBDOP mo3BossieT  CymIeCTBEHHO  yHOPOCTUTH  (DU3HYECKYI0  MOJEIb
TEIJIOTUIPABIMYECKUX MPOLECCOB, CAENIAB CACAYIOUIUE AOMYIICHUS:

- paccMaTpuBaTh OJHOMEPHOE OJHOCKOPOCTHOE (TOMOTEHHOE) TEeUeHHE TETJIOHOCUTEIS
(axe B cirydae MOSIBJIIEHUS TapOBOil pa3bl) B IEPBOM KOHTYPE PEaKTOPHON YCTaHOBKU;

- TIOCKOJIbKY CKOPOCTb 3ByKa B *KHJIKOU (pa3ze O4eHb BEJIHMKa, MOXKHO MpeHeOpeyb BpeMeHEM
YCTAHOBJIEHUSl pacHpelesieHus [JaBJIEHUs B LHUPKYJIALNMOHHOM KOHTYpPE OT BO3HHMKAOIIHUX
BO3MYILEHUW, W, COOTBETCTBEHHO, PEIIATh YpaBHEHHUS [JIsi TaK Ha3bIBAEMOI'0 HEC)KUMAEMOTO
TEIIOHOCUTES;

- TMOCKOJBKY B YKa3aHHBIX YCIIOBHUSIX H3MEHEHUE IUIOTHOCTH, CBS3aHHBIE C TEIJIOBBIM
pacIIMpEHHEM TEIUIOHOCUTEINS 3a MaJslble MHTEpBajbl BPEMEHU HE3HAUMUTENbHBI, COCPEAOTOUYUTH
(UKTUBHBIC HCTOYHUKH M CTOKU TEIUIOHOCHUTENS (ISl BBIMOJIHCHUS 3aKOHA COXpPAHEHHS Macchl) B
HECKOJIbKMX  BBIJCJIEHHBIX y3/1aX LUPKYJSALMOHHOIO KOHTYypa, T.€. pellaTh ypaBHEHUE
HEpa3pbhIBHOCTH HE JUIA KaXKI0TI'0 3JEMEHTa HUPKYISALUOHHOIO KOHTYpa, a JUIsl HUPKYJSILUOHHOTO
KOHTYpa B LIEJIOM.

COBOKYIHOCTh ~ YKa3aHHBIX JIOMYLICHUH HA3BIBAETCS MPUOIMKECHHEM T'OMOTEHHOTO
OJIHOMEPHOTO TEUEHUs HEC)KMMaeMoH >kuiakoctd. Crenyer oco00 MOAYEPKHYThb, YTO MOJ
TEPMHUHOM ‘‘HEC)KUMAaeMasl JKMIKOCTh MOJpa3yMeBaeTcs ‘‘aKyCTHYECKH HEeCO)KMMaemasi KUIKOCTh
T.6 NPEANoJOKEeHHE O  “MTHOBEHHOM YCTAHOBJIIEHMM  pACHpeAesieHHUs  [IaBIICHHUS B



54

IUPKYJSIHIUOHHOM KOHType, WM, YTO TOXE CaMoe, II0J]araercsi, 4ro CKOpPOCTb 3ByKa B
TEIJIOHOCHUTENE paBHa OeCKOHEYHOCTH. Peub He uueT o nmpeHeOpeXeHUH U3MEHEHHEM IUIOTHOCTH
TEIUIOHOCUTENS B 3aBUCUMOCTH OT U3MEHEHHUS JaBICHMSL.

B ciydae HapymieHHs IUIOTHOCTH TIEPBOTO KOHTYypa HAYMHAETCS 3aBEOMO IBYX(hazHoe
JIBYXCKOPOCTHOE TEYEHHUE TEIUIOHOCHUTEINs, NMPEeHeOpedb CKUMAEMOCThIO TEMJIOHOCUTEINS YXKe He
NpECTaBIsETCS BO3MOXKHBIM, a CUCTEMa YPaBHEHUH TEIUIOTHIPOJANHAMHUKHN TpeOyeT KaueCTBEHHO
MHOTO MOAX0/1a.

B nanHOM 1mocoOMM MBI OCHOBHOE BHUMAaHHE YJEIMM PEUICHUIO ypaBHEHUM
TUAPOJIUHAMUKHA UMEHHO JUIsi TOMOT€HHOIO OJTHOMEPHOTO TEUEHUSI HEC)KUMAEMOM JKUJKOCTH.

4.1 MeTonuka pelnieHUs] YPaBHEHHII THAPOAMHAMHUKHU /IJIsi OJHOMEPHOIO

TCUCHHUHA HECCOKUMAECMOI'0O TCIIJIOHOCHUTECJIA

Meroanka pemieHus YpaBHEHHM [BMXKEHHSI M SHEPrUM MJii OJHOMEPHOTO TEUYCHHS
HEC)KUMAEMOT'0 TETUIOHOCUTENSI HU3JI0OKeHa MPUMEHUTEIBHO K MPOrPaMMHBIM KOMIUJIEKCAM
“PAYTA-7" [28] u “TPP” (Thermal Power Plant) [22]. W3naraemass HUXE METOIWKA TaKXKe
HECYIIECTBEHHO oTau4aeTcs ot noaxonos nporpamm “JIMHAMUKA” [12] u “PACHAP” [14].

B nepeuuncneHHbIX BbIlIE MporpaMMax KOHKPETHas peaju3alisi M3J0KEHHBIX IMOIXO0J0B
MOET HECKOJIbKO OTJIMYATHCS OT M3JI0)KEHHOW HIbKe. TeM He MeHee, JUIsl TOHUMaHUs OCHOBHBIX
MPUHIIUIIOB PEIICHUs YPaBHEHUI IBMKCHUS U SHEPTUH, IPUMEHSAEMbIX B YKa3aHHBIX Mporpammax,
MPUBEIEHHOE HIUKE OMMCAHUE SIBISIETCSA JOCTATOYHO MOJIHBIM.

4.1.1 YpaBHeHUsl ABMKCHHUS

B kadectBe MCXOJHOH paccCMOTpPUM CHUCTEMY YpaBHEHHUH OJHOMEPHOTO TEUCHHs
C)KUMAeMON KHMJIKOCTH 0e3 yuyeTa 3aMBIKAIOIIMX COOTHOILIEHHH, XapaKTepU3YIOIIHUX B3aUMHYIO
3aBUCHUMOCTbD JABJICHUS, SHTAJIBIUH U IJIOTHOCTU TEIJIOHOCUTEJISL.

YpaBHEHHUE HEPA3PHIBHOCTH B ATOM CIIyyae UMEET BU:

d(pf) , dipwh) _
dt dx :
3aK0H COXpaHEHUsI UMITYJIbCa!
dpwh d(pfw?) _  _ dh dap
dt ax P gy -l -Tgs
rae
w - IMHEHHAs] CKOPOCTh TEIJIOHOCUTENS BAOJIb OCH KaHaja;
o) - INIOTHOCTh TCINIOHOCHUTEIIA,
f - IPOXOJHOE CEYEHUE KaHAJIa;
P - JaBJICHUE;
X - KOOpAMHATAa, COBIIA/IAIOIIAs C OChIO KaHaJa;
h - BBICOTHas OTMETKA,
g - HaIPSKEHHOCTh TPABUTALIMOHHOTO TTOJIS;
To - KacaTeJIbHOE HaIlPSKEHUE;
I - IIEpUMETP KaHaia.

Pemenue YPAaBHCHUSA MPOU3BOAUTC IMPU CIACAYIOIMHNUX JOIMYIICHUAX:
- CTEHKH JKECTKHEe, IIOCTOSSHHOTO ceueHus (T.e. TmpeHeOperaeM aedopManuei

d
i _

TpyOOMPOBOOB M KOPITYCHOTO 000pYyIOBaHUS), T.€. di =
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- U3 TpPEAINoyokKeHUs 00 aKyCTHMYECKOW HECKHMAEeMOCTH TEIUIOHOCUTENS, T.€. 3aMEHbI
pEILIEHUs] CUCTEMBI YPAaBHEHNI HEPA3PBIBHOCTHU Ul KaXKIOT0 3JIEMEHTA LIUPKYJSIIMOHHOTO KOHTYpa
pelIeHNeM ypaBHEHHs HEpPa3pbIBHOCTU JJISI BCETO KOHTYpa B IIEJIOM, CJeIyeT IpeHeOpekeHHe
M3MEHEHUEM IUJIOTHOCTH TEIUIOHOCUTENSI B 3aBUCUMOCTH OT BpPEMEHHM Ui KaXJO0ro 3JIeMEHTa

den_,
IUPKYJISIHOHHOTO KOHTYpa: — 4.~ = 0;

- JUI IPOCTOTHI PELIeHUs] YPaBHEHUS IBUKEHUS LIMPKYJIALUOHHBIA KOHTYp pa30uBaeTcs Ha

df

3JICMCHTEI C ITOCTOAHHBIM NPOXOJHBIM CCUCHUCM, T.C. B IPCACIax 3JICMCHTA I10JIaracTcda 4To & =0.

OTtkynaa U3 ypaBHEHHsI HEPa3pbIBHOCTH CIIEAYET:

d
dipwh) _ o e dG _
dx dx

rae G = pwf - pacxon TeMIOHOCUTEINS IO KaHAILy.

OTO O3HAYaeT, YTO MACCOBBIA PACXOJl TECIUIOHOCHUTENS IO JIMHE KaHajla B TIpeaerax
BPEMCHHOI'O IIara - BEJIMYMHA IOCTOSHHAS (T.C. HAKOIUICHUE TCIUIOHOCHUTENS B KaHajle 3a CYeT
W3MEHEHUS TIOTHOCTH HE MPOUCXOUT). YUET U3MEHEHHUSI MacChl TEIUIOHOCUTENSI OCYIIECTBIIAETCS
JUTSE KOHTYpa B LIeJIOM, T.€. HeballaHC MacChl B KaHaje J00aBiIseTCsl Kak (PUKTUBHBIN UCTOYHHK WIIH
CTOK TEIJIOHOCHUTEIA 3a MpeaeiaMHu THUAPAaBIUYECKOro KaHana. J[aHHOe IOIMyIICHHE IO3BOJISICT
MOJTYYHTh OYCHB yJI00HYI0 (POpMY 3ammucH CUCTEM alreOpandecKuX ypaBHEHUH IS TOCIEAYOIIETO
WX YHCJICHHOTO PEIICHHUS.

C yueroMm yKa3aHHBIX JOINYIIEHMH MOKHO IIPOMHTEIPHUPOBATH ypPaBHEHHUE COXPAaHEHUs
I/IMHy.]'II)CEl BJOJIb OCH KaHajia, HpI/IHfIB B KAQUYCCTBEC apryMeHTa pacxoz[:

n n
1 dG

. T E = PBX - PBle + PHac - Ezjﬁ G|G| - pgh

i=1 i=14P
rae
N - 4HCJO YYacTKOB IO JJIMHE KaHAJIa;
" - CyMMa OTHOLICHUH JJIMH Y4aCTKOB KaHaJla K UX IPOXOIHBIM
ET CEUECHUSIM;
i=1
| - JIaBJICHHE HAa BXOJ€ B KaHal,;
Px - JIaBJICHHE HA BBIXOJIC U3 KaHAaJa;

Hac - Hamop Hacoca,
n & - CyMMa OTHOIICHHM MECTHBIX COIPOTHUBICHHM Yy4acTKa
z KaHaJla K  YJIBOEHHOMY  IIPOM3BEIEHUIO  IUIOTHOCTH
i-12pf? TEIJIOHOCUTEIIA 110 Y4acTKaM KaHasla Ha KBaApaT MPOXOJHBIX
CEYCHUH YyYaCTKOB;

pgh - TUAPOCTATUYECKUI HAIIOP.

B urore 3amkHyTas CcUCTEMa YpPaBHEHUH DHEPIHM, [BHKEHUS W HEPA3pbIBHOCTU IS
KQKJIOTO 2JIEMEHTa KOHTYpa paclaJacTcss Ha TPU HE3aBUCUMBIX B IIPEEIIax [Iara NHTErpUPOBaHHUs
CHUCTEMbl YPaBHEHUIA:

- YpaBHEHMI ABIKEHUs U JIaBJICHUS B y3JaxX, 110 CBOeH (opMme coBmajaromeil ¢ CUCTeMOM
YPaBHEHUH JUIS DJIEKTPUYECKON LIEIIH;

- YPAaBHEHMsI HEPA3PBIBHOCTHU B LIEJIOM JUJIsI KOHTYPa;

- YpPaBHCHMM DHEPruM M KOHLEHTPALMA IACCUBHOM IPUMECH JUI KaKIOTO 3JIEMEHTa
KOHTYpa.
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B cooTBeTcTBUHM € BBIIEU3IOKEHHBIM, pacyeTHas CXeMa MEepPBOr0 KOHTYpa PEaKTOPHBIX
ycranoBok tuna BBOP u ACT npencrasnena Ha puc. 4.1.

J1J1s IPOCTOTHI U3TIOKEHUS Y3JIaMU PACUETHOM CXEeMbl, B KOTOPBIX OMpEeIsaeTcs IaBIeHHe,
ABJIAOTCA BXOJ W BBIXOO U3 aKTUBHOU 30HBI, 4 TAKXXC BCPXHIASA KaMCpa CMCIICHUA. I[aBJIeHI/IG B
BEpXHEH Kamepe CMEIICHUs ONMPEIEISIETCS M0 pe3ybTaTaM pPElICHUs YPAaBHEHUsI HEPa3phIBHOCTH
JUIsL KOHTypa B LEJIOM W ypaBHEHUH COCTOSIHUS B KOMIIEHcaTope oObeMa. DUKTUBHBIA pacxon,
COOTBETCTBYIOIIMK HeOadaHCy MacChl B KOHTYpE 3a IIar HHTETPUPOBAHMS, HAMpaBISETCS B

BEPXHIOIO KaMepy CMEILECHMUS.
B cooTBercTBHU C pacdeTHOH CXEMOil, cucTemMa ypaBHEHU 1BUKEHUS OyJeT UMETh BU:

n n
L dGZ _ 2 Z
f dt 'P2+P3_' 2012 Gzlel 'pgha
i=1 i=14P
n n
1 4G, &
2? dt ~ P1 + P2 =- .22 2 Gple| 'pgh + Pﬂac 5
i=1 i=14P
n n
1 45, P,+P, = E—E” G,|G,| -pgh
13 1~ ol Lol -P8N 5
m Idt i=12pf2
n n
z P
2G,=X Gy
i=1 i=1
nZ
2G,=G,;
i=1
l)1 = PKO 5
riae
P, - aBicHHUE B KOMIIEHCATOPE 00bEMa;
HHEKCHI OTHOCSTCS:
z - K KaHajlaM aKTHUBHOU 30HEI;
P - K IIETJIAM LHUPKYJIALUY;
0 - K 00111eMy TSTOBOMY YYacTKY.
[
2 1 ~u
KO >
3] " 3
TO F!L To
L .,-—"""d_ﬂx -\-\--\_\-\-\_\-‘_‘_\-\. ;“3
ul BKC .
1-THOPOERMKOCTE 1 CTYNEHK
T 2- THAPOEMKOCTE 2 CTHNEHH
!
ke 45 Honnmaon & BKC 1 KD
TO S Zona —=T0

Puc. 4.1
JlanHast cucTemMa ypaBHEHUN IpeoOpa3yercs B CHUCTEMY YPaBHEHHH OTHOCHTEIBHO
nasienus P, u P;. Ilocne npeoGpa3oBanuii cucteMa ypaBHEHUH OyAeT UMETh BUJL:
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APyt AP =By ;
AyPy + ApP3=B,.
3aMeHMB NIPOU3BOIHYIO PACX0/1a O BPEMEHH Pa3HOCTHBIM BBIPAKEHHUEM:
dG 3G~ 4G, + Gy,
de 2At 5
MOJIYYHUM PAa3HOCTHOC YpAaBHCHHUC JIA KaHajla:

n
1 4G -Gy
ZT 2At + PBX 'PBblx - pgh

i=1

G=
13 < &
2f 2At+2

B peanbHoili pacueTHOl cxeMe n/k “Pagyra” y3mamu, B KOTOPBIX ONpeNeNsieTcsl JaBlieHUE
SIBJIIFOTCSI, IOMMMO Ha3BaHHBIX B HAILIEM NPUMEPE, TOUKU BPE3KU MOAMUTOK, TOYKA MOJKIOYECHHUS
KOMIIEHCAaTOpa 00beMa B COOTBETCTBYIOLIEH IETJE, a TakkKe TOYKM 3a00opa TEIUIOHOCUTENS Ha
cUCTeMy BIpbICKa. JlaBjieHHWE B TOYKE MOAKIIOUEHHs] KOMIIEHCAaTopa oObeMa oOIpenensercs ¢
y4eTOM THUJPABIMUYECKUX MOTEPh B JAbIXaTEIbHOM TPyOONpOBOAE B TOUKE BPE3KU JABIXaTEIBHOI'O
TpyOONpPOBO/a B INIaBHBINA HUPKYJISLUOHHBIA KOHTYD.

G-l

4.1.2 YpaBHeHHe JHepPruu

Ecmu mpeneOpeub CKUMAeMOCTBIO KHJIKOCTH M JAWCCUMALMEH SHEPruu, TO YpaBHEHHUE
COXpAHEHUs SHEPTUU IS OTAEIBHOTO y3J1a IPUMET BUJ:

dH n m
My = ZGy,H,, - 2G

i=1 i=1
n m

ZGBX ZGBLIX 0 5
i=1 i=1

H+Q;

BbIX

rie M - Macca TEIUIOHOCUTENS B y3JI€;
H - CpeHss SHTAIBINA TEIUIOHOCUTENS B y3II€;
Gy - pacxoz, BXOJAILUIL B y3el;
H,, - DHTAJIbINS TEIUIOHOCUTEIS], BXOJSAILETO B y3€,;
Ggx - Dacxoq Ha BBIXOJIE U3 y3I1a;
Q - MOIIHOCTb MCTOYHHKA TEIUIA;

[Ipenmnonaraercs, 4TO TEILUIOHOCUTEINb, BXOJAIIMNA B Y3€JI, MTHOBEHHO IEPEMEIINBACTCS C
TEIUIOHOCHUTEJIEM B Y3JI€, CIEI0BATENbHO, SHTAJIBIINS BBITEKAIOLIETO U3 y3J1a TEINIOHOCUTEIS paBHA
CPEIHEN DHTAIBIINU y3JIa.

YuuTeiBas BBICOKYIO KOHCEPBAaTMBHOCTb JIAHHOI'O YPABHEHMs, BBICOKYK TEILIOBYIO
WHEPLHUOHHOCTE W HEBBIPOXKACHHE YPAaBHEHMS IIPH YBEIWYCHHH Iara WHTETPUPOBAHUS 10
OECKOHEUHOCTH, MPOU3BOAHYIO SHTAJIBIUU [0 BPEMEHH MOXHO pPacHHcaTh MO JBYXTOUECYHOMY
rabJoHy:

dH H-H, .
at At

VYpaBHEHHE U1 SHTAIBINH Y314 IPUMET BUJL:



MHy;
At BV l?1(;BXHBX Q
H= —
M
Z GBLIX At

4.1.3 YpaBHeHHe KOHIEHTPALMU MACCUBHOMH nMpuMecH (0OPHOIT KMCJIOTHI)

JlaHHO€E ypaBHEHME 3aIIUIIEM aHAJIOTUYHO YPABHEHUIO SHTAJIBIINHN:

n m
M(:l_? = 2 GBXCBX Z GBLIXC + GHO}ICHOI[ ‘
i=1 i=1
rae
C - KOHIIeHTpauus 60pa;
Ghox - pacxoJi MOAMUTKY;
Ciion - KOHILIEHTpauus 0opa B TEIJIOHOCUTEIIE MOIMUTKY;
Pa3zHocTtHOE ypaBHEHUE 151 KOHHGHTpaHI/II/I Oopa OyzieT UMeTh BHI:
MCy,
A T lZIG Ceux t GroaCuon
C=
2 GBI)IX At

i=1
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4.1.4 YpaBHeHHMe JJsl pacyeTa TeMIIepaTypbl B CTeHKe, OMbIBAaeMOMH € JABYX CTOPOH

TEeNJIOHOCUTEJIEM

HpI/IMCHeHI/Ie CCTOYHOI'0O METOZAa JIs1 pCHICHUS YPAaBHCHUS TCIIJIOIIPOBOAHOCTU B CTCHKE HC

LIGHGCOOGPaSHO, T.K. MPUBCACT K 3HAYUTCJIBHBIM IMOTCPSAM MAIIMHHOI'O BPCMCHU (MeTOII CETOK
Tpe6yeT HE MCHCC YCTBIPCX PACUYCTHBIX Y3JIOB IO TOJIIMHE, B TO BPpCMA KaK IJIsI MOACITIUPOBAHUA
TEMJI000MEHHBIX MIOBEPXHOCTEH TOCTATOYHO OJTHOTO y3J71a).

Takum o6pa30M, uenecoo6pa3Ho MNPpUMCHUTb MCETOJ 3JICMCHTAPHBIX 6aJ'IaHCOB, 3armcaB

ypaBHEHUE OTHOCUTEIILHO TEMIIEPATYphI B ueHTpe CTEHKH:

T
Pt = (kl(Tl T) + ky(T,-T));
T - TEMIIEpATypa B LIEHTPE TEIJIONEPEAAIONIECH CTCHKH;
s - TOJIIMHA CTCHKH;
ky,k, - onpenensrores no popmynam:
1 1
ki = R, R, R’ ko= R, R, R,
=+ Ing" =+ In—=
oR A R o,R A
R, - BHYTPEHHUU paINyC CTEHKU;
R, - HApY>KHBIN pailyC CTCHKH;
R,*R,
=T 5 - CPEIHMI pa3Mep CTEHKHU;
A - TEIUIOTIPOBOAHOCTb;

Q, - KO3 GUIMEHT TEII00TJauu CO CTOPOHBI BHYTPEHHEH MOBEPXHOCTH;

.
9
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o, - KO3 GUIMEHT TEIUI00TJauu CO CTOPOHBI HAPYKHOM MOBEPXHOCTH;

4.1.5 MeTtoanka MoAeJMPOBAHUA KOMIIEHCATOPA 00beMa

B kadectBe OCHOBBHI Mpu pa3pabOTKe MOACIM KOMIIEHCaTopa oO0bema ObUT HCIOIh30BaH
MOJIXOJ, MPEeVIOKEeHHbIN B [36] mist ananu3a aBapuu, npousomeaniei Ha 6moke No2 ADC “Three
Mile Islend” B 1979 r. OmHako ONBIT SKCILTyaTallid METOAMKH MOTPeOOBaa €€ CyIIeCTBEHHOM
nepepaboTku. B yacTHOCTH, BBeJjeHa KOPPEKIUS PACXOIMMOCTH PEIICHUs YPaBHEHUM COCTOSHUSA,
BBEJICHA MOJIeJIb HEKOHJCHCHUPYIOIIErocs raza B IapOBOM TMPOCTPAHCTBE W PsA  JAPYTHUX.
W3naraemblii HIDKE TOJXOJ TMPHU PEIICHHH ypPaBHEHUU COCTOSHHUS TMPUMEHSETCS I pacyera
[IapaMeTPOB B CIEAYIOLIUX YCTPONCTBAX:

- KOMIIEHCATOpax AaBjieHUs (00beMa);

- maporeHepaTopax;

- OapabaHax-cenaparopax;

- KOH/IGHCATOpax TypOuH;

- IOAOTPEBATENSAX BHICOKOTO U HU3KOI'O JJaBJICHHUS;

- pacIIMPUTENbHBIX OaKax U aHAJIOTMYHBIX YCTPOMCTBAX.

Hcnonb3yercss Monaenb pelIEHUS YpaBHEHUS COCTOSHUS B 00beMax, CoAepKamlux
TEIJIOHOCHUTENb OJHOBPEMEHHO B JIBYX (hazax: razoo0pa3HON M KUAKOH, MIPH 3TOM MOACITUPYETCs
Macco M TEII00OMEH MexXIy (hazamu.

OCHOBHBIE JOMYILIEHUS U3JIaraeMOil HUKE MOJICTIN

- IPOUCXOJNUT “MTHOBEHHAs” cemapaius mapa v BOJAbI, IPU 3TOM U3 BOASHBIX 00BEMOB Tap
“MTHOBEHHO” TIOCTYINaeT B MapoBOH 00bEM, a M3 MapoBOro o0beMa KOHJCHCHpYIOLIascs BOJa
“MIHOBEHHO”’ MOCTYTaeT B 00BEM, HEITOCPECTBEHHO KOHTAKTUPYIOLIUI C TapoM;

- Tap ¥ HEKOHJCHCUPYIOIIMICS ra3 HaXOASATCs B TEPMOJIMHAMUYECKOM PaBHOBECHH;

- IpU HAJIUYUM HEKOHACHCHUPYIOIIETOCS Ta3a HE paccMaTpUBAeTCs HCIapeHHe BOJABI C
MOBEPXHOCTHU UCTIAPEHUS, IaXKE €CITU CTETICHb BIAYKHOCTH Mapa MeHbIIe 1;

- BBIMIQJICHUE POCHI POUCXOUT ““MTHOBEHHO”;

- ompejelieHne YCJIOBUH TEPMOJAMHAMUYECKOTO PABHOBECHS MEXAY KOHTPOJIbHBIMU
o0BeMaMu OCYIIECTBISICTCS A0 pacueTa JaBlIeHUS B CUCTEME, T.€. MIOCJIE ONpPEIeICHUs JaBICHUS Ha
HOBOM BpPEMEHHOM IlIare B IapOBOM IIPOCTPAHCTBE MAacCOBOE IAapOCOJEPKAHUE MOXKET OBbITh
HECKOJbKO HIDKE 1, a B BOJSHBIX 00ObeMax - HEeCKoJibko Beimie 0. MaccooOMeH mpou3oiaeT Ha
CJIETyIOIIEeM Iare HHTErPUPOBAHUS.

PacueTnas cxema koMneHcaTopa npuBeieHa Ha puc. 4.2.

Genp

Henp
G Grenp He

KA
HenpHe

¥,
—
Vz g Q nar
—%

vy

T dM,.,

HEQoH
Puc. 4.2
\Z - MEPBBIA PAaCYETHBI 00BhEM, HEMOCPEACTBEHHO CBSI3aHHBINA C
KOHTYpOM;



Bip He

Bip He

MOJIBHOHW JIOJIH ra30B:

Irac

BTOPOM pacyeTHBIi O00BEM, B CTAI[MOHAPHOM COCTOSITHUH
TETJIOHOCHUTENh Ha TUHUH HACHIIICHUS;

Mapora3oBelii  00bEM, B CTAI[HIOHAPHOM COCTOSIHUU Tap
HaxoOguTCAd Ha JIMHUMKW HACBIMICHUA IIpU IDapOHuaJIbHOM
JaBJICHUU;

M3MEHEHHE MacChl KOHTYpa 3a IlIar HHTETPUPOBAHMUS,
SHTAJBIUS  TEIUIOHOCUTENSI B JJEMEHTE  KOHTYpa,
HEMOCPEACTBEHHO CBS3aHHOM C KOMIIEHCATOPOM 00beMa;
pacxo uepes KiamnaH;

pacxo]l TEMJIOHOCUTEIS, BIPHICKUBAEMOT'O0 B KOMIIEHCATOP;
SHTAJIBINS BIIPHICKMBAEMOTO TEIUIOHOCUTES;

pacxon BIIPBICKA €N,

SHTAJIBINS BIIPHICKMBAEMOT'O TeIHs;

MOIIHOCTb 3JIEKTPOHArpeBaTeseH.

[Tpu pa3paboTke MOAETN KOMIIEHCATOpa MPUHATHI CIIEIYIONUE TOMYIIEeHUS:
- IapIUaIbHOE JIaBJICHUE ra30B, BXOIAUIMX B TPETUH pacueTHHIN 00beM MpPOIOPLUOHATIBHO

M

M.

A

i

P=Py I;

- HapOruaJIbHOC JABJICHUC I'a3a,
- IIOJTHOC AaBJICHUC CMCCU,

n

Py=2P;;
i=1
- MOJIbHAs JI0JId i-TO rasa:
M;
A;
Wi ="n Mi ’
.2 A

- Macca i-ro rasa;.
- aTOMHag Macca.
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- CCJIN DHTAJIBIIUA napa B HapOBOM O6”I>GMC HMNXXC DHTAJBIINN HACBIIICHUS HpI/I HapIH/IaJ'H)HOM
JIaBJICHUY T1apa, TO "MTHOBEHHO' MPOUCXOINUT KOHACHCALIUS:

H,-h'
rae X = h"-h' 5

MKO]—[}J = (1 - X)Mnapa ;

- MaCCOBOC NapOCOACPIKAHUC,

- €CJIM JHTAJIbIIMA BOABI B JII000M U3 BOAAHBIX (VI Ui V2) 00BEMOB BBIIIE DHTAILIIHU

HACBIILEHUS, COOTBETCTBYOIIEH P\, TO IpOHCXOaUT "MIHOBEHHOE" BCKHUITAaHUE:!

H;-h'

MBCK = XM

BOABI °

roe X = L' 5 - MAccoBoe mapocosiepanme i=12);

h'(h") - sHTanbnus BoAbI (apa) Ha JTUHUK HACBIIICHHUS.
- TeMIeparypa KOMIIOHEHTOB Mapora3oBOi Cpeibl OJIMHAKOBA;

- TEIUNIOOOMEH MEXy apora3oBsIM V3 U BTOPEIM V, 00beMaMU 3a1a€TCA MO 3aKOHY:
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Q=k(T3-Ty);

rae k - mpousBenenue s dexktuBHOrO KodhduiiMeHTa TermmoodMeHa Ha MIoMaAb 3epKaa,
OTIpeIeNIIeTCsl HA OCHOBAHUHU DKCIIEPUMEHTAIBHBIX TaHHBIX;

- TIPOLIECCHI UCTIAPEHUS, CBSI3aHHBIE C OTIIMYMEM BIIAKHOCTH I1apa B Mapora3oBOM 00beMe OT
1.0, He yunTBHIBaIOTCA; HAYAJILHOE pacipeeeHre 3a0aeTcs A1 BiIaxxHocTH napa 1.0;

- TIOCKOJIbKY HCIOJb3YyeTCs MPHOIMKEHNUE PaBHOBECHOH TEPMOAWHAMUKH, BCE ypaBHEHUS
3aIHUCHIBAIOTCS B BUJIE MOTHBIX TU((HEepeHITHAOB.

3aKOoH COXpaHEHHUs1 00beMa KOMIIEHCATOPa PACKPOEM B CIICAYIONIEM BUJIC:

dvV=dV,+dV,+dV;=0;

_ (M) _dM M[(dp dap )
dV—d[pj— 5 'pz((deHdPJr(dedej’

rae
M - Macca TEIIOHOCUTEIS B 00bEME;
P - IJIOTHOCTh TCIJIOHOCUTEIS B 00bEME;
H - TIOJTHAS SHTAJIBITHS TEIJIOHOCUTENS B 00beME;
P - IOJIHOE JTaBJICHUE.
Otkyna
3
M; M dp;
25 an ), 4t
=\P P P
dP = 3 .
5 M; dpi}
i\ p2 APy
YpaBHEHHE MacChl 17151 paCYETHBIX 00bEMOB:
AMl = -AMKOH X- MBCK] 5
AMZ = -AMKOH (1-x) 'MBCKZ + MKOH}I + MBnp >
AMnapa = MBCKI + MBCKZ - Mlcoml - AMK.H 5
AMHe = _AMK.HHe + MBane >
rae

M, - u3MeHeHHEe MacChl IEPBOIO PACUETHOIO 00BEMA;
M, - u3MeHeHHe MacChl BTOPOI0 PacueTHOIO 00bEMa;
AM,,5p, - I3MCHEHHE MACCHI 1apa B TPETbeM 00beMe;
AMy - U3MEHEHHE MACCHI TeNIUs B TPEThEM 00bEME;

X - JI0JI BOJIBI, IOCTYIAIOIIAs B KOMIIEHCATOP U3 NIEPBOr0 KOHTYpPa B NIEPBBI 00bEM;
M, - U3MEHEHUE MacChl 00bEMA 3a CUET BCKUIIAHUS;

MKOI_U1 - ©IBMCHCHHUE MACCHI ITapa 3a CUCT KOHJACHCAIIUHU,
AM, , = G,., At - U3MeHeHne MacChl 3a CUET pacxo/la uepe3 KIlanaH;
MBle = GBHp At.
YpaBHEHUE I SHTAIBIIUU:
|AM,,,,|-FAM - |AM, .| +AM .
AHI— KOH2 KOH KOHX- K0H2 KOHI—II_MBCKI h"+V1 AP;
|AMK0H| - AMKOH,
AHZ = 2 rIKOH(l -X) - MBCKZ h'" + VZAP + QHar +
+ (MBnp + MKOHII)h' + k(T3 - TZ);
AH3 = (MBCKI + MBCKZ)h" - MKOHI[ h'- (HBl'lp - h')MBl'Ip + V3 l’lnapa AP;



62

AH4 = AMKnHe H+ MBaneHBane + V3 Hie AP;

pI(S

Mpapa - MOIBHAS JIOJIA Mapa;

HWHe - MOJIbHAS JOJIS TEIUS.

Jna Hy u Hy pemaeM nTepanmoHHyIO 3a1a4y 10 BBIIOJHEHUS YCIOBHS:

H; + Hy = const;

Jiis obecrieueHUsT HEPACXOIUMOCTH PEIICHHUS TMPOU3BOAUTCS BapHalysl TMOTYYEHHOTO

nasienus P =P, _; +AP 11 BbIoIHEHMS! yCIIOBUSL:
Vl + V2 + V3 = VO = const.

OnbIT 3KCIUTyaTallii MPOrpaMMbl KOMIIEHCaTopa 00beMa IMoKa3ajdl BBICOKYI0 TOYHOCTH

COBNAJICHUS PE3YJIBTATOB C TECTOBBIMH 3aJjadyaMH, MOJJAIOIIMMHUCS aHATUTUYECKOMY PENICHUIO B

Jara3oHe U3MEHEHHUSI MOJILHOM JIOJIM T'eJIdsl B KAUeCTBE HEKOHICHCUPYIOIIECTOCs ra3a B IUana3oHe
ot 0 10 0.95.

4.1.6 HepaBHOoBecHOe Mapoco/iep:kaHNe B KAHAJIAX AKTUBHOM 30HBI

[Tockonbky HeEpaBHOBECHOE OOBEMHOE TMApOCOJEPKaHWE CYIIECTBEHHO BIHUSET Ha
HEUTPOHHO-(QU3NYECKHE XapaKTepUCTHKH peaktopa, a it ACT W Ha TeIIOrHApaBINYECKHE
XapaKTePUCTUKA KaHAJIOB AaKTUBHOW 30HBI, ObUTa BBIOpaHa MOJEIb HEPABHOBECHOTO
napocojiepkanusi B coorBerctBuu ¢ [37]. JlanHas mMozaenb oOecrieuynmBaeT IUTABHBIA NEPEeXoi OT
MOJIEJIM TIOBEPXHOCTHOTO KUIIEHHUSI K MOJIETTH O0OBEMHOT'O KUIICHUS.

0= 1
= 5
"1- XHHK
R
p HIK
rac
(p - HCPAaBHOBCCHOC ITapOCOACPIKAHUC,
1
p - INIOTHOCTH BOJAbI HA JIMHHUH HACBIIICHN A,
"
p - IINTIOTHOCTH Hapa Ha JIMHUH HACBIIIICHUA,

P
2 -
(0.6 + 1.5b )(1 225'6)

y2 \0.25 5
(9.81drj

X=1+

| - JaBJICHHE B KaHaJle [aTM];
\% - JIMHEHHAsI CKOPOCTh TEIJIOHOCUTETIS;
d, - TUAPABIMYECKHUI AUAMETp KaHaja;
b= —1__.

_i 1 - Xyn ’

p' Xnmc
(h-h)+A,
HITK r+ Ai ’

h - QHTAJIBIUS TEMJIOHOCUTES;.
h' - QHTAJIBIINS BOAbI HA JIMHUU HACHIIIICHUS;.

r - YACJIbHasA TCIUIOTa nap006pa30BaHHs[;



63

-2(h-h,,)
A;=(+h'-2h,, Jexp T -h._ By ;
Q Q d 0.08 vd 0.2
hmm=h'- .S_f fp T rp
vplrp"u b
p - IIIOTHOCTH TEIIIIOHOCUTEIIS
1) - IJMHAMUYECKas BI3KOCTD;
Q; - TemioBoOi NOTOK.

4.1.7 IlepememiMBaHue TENJIOHOCHTEJISI B KaMepax CMeLIeHUSs

B pamkax ogHOMEpHOW MOJAENM TEUEHUsI TEIJIOHOCUTEIS CMOJEIUPOBATh IPOLIECC
NepeMENINBaHUs TEIUIOHOCUTEI B KaMepax CMEIICHHUsS! TEIJIOHOCUTENs (Ha BXOJIE W BBIXOJE U3
AKTUBHOW 30HBI) HE TMPEACTABISAETCS BO3MOXHBIM, a OJKCIIEpUMEHTaldbHble maHHbIC [38]
MOKA3bIBAIOT, YTO HMMEET MECTO BEChbMa HHU3KOE IEPEMENIMBAHUE TEIUIOHOCHUTENSI B KaMmepax
CMEUIEHUs PEaKkTopa.

Jlns cocenHHMX MeETenb nepeMelnBanre Haxoautcs B mpexpenax 10 - 20 %, mostoMy Ha
JTUHAMUKY YCTAaHOBKM OKQXET CYIIECTBEHHOE BIIMSHUE HECUMMETPUYHOE M3MEHEHHUE MapaMeTpoB
TEIJIOHOCUTENSI B METNIAX (Pe3Koe 3axXOoJaXKMBaHUE TEIUIOHOCHTENS, JUOO IMojavya WM Herojadya
OOpHOTrO pacTBOpa B OAHY W3 MeTenb). [IpuyemM nuHaMUKa SHEPTOBBIACICHUS B aKTUBHOM 30HE,
MOJIyYEHHas TI0 YCPEIHEHHbIM IapaMmMeTpaM TEIJIOHOCUTENSI B KaMepax CMEIICHUS U C YYETOM
HEIOJIHOTO MEePEMEITMBAHMSI, MOXKET OTJINYATHCS KAU€CTBEHHBIM 00pa3oM.

Pemennem, mO3BOJISIONIMM  yIOBIETBOPUTEIBHO oOmucath A(P(EKTh TepeMenTuBaHus,
ABIISIETCS TPUMEHEHHE OallaHCHOTO METOJla C BBEIACHHEM JKCIEPUMEHTANIbHBIX KOA((UIIMEHTOB
CMELIEHUsl TEIUIOHOCUTENsA. B mpuHIMIE MOXHO 3amucaTh JOJI0 Pacxoja, MPUXOASAIIYIOCS OT
KOKIOW METIN KKIOMY KaHaly aKTUBHOHM 30HBI, HO TOJIyYCHHE HEOOXOJMMBIX KO3(PPHUIHCHTOB
MEepEMEIINBAHMS YKCIEPUMEHTAIBHBIM MTyTEM MPAKTUYECKHU HE MPEACTABIISICTCS BO3MOKHBIM.

B TO Xe BpeMs uMMeeTcs 3HAUYMTEIbHOE KOJUYECTBO 3KCIIEPUMEHTAIbHBIX NAHHBIX IS
CeKTOpoB B 1/6 mnm 1/4 akTUBHOW 30HBI, MOITOMY MPEACTABISAETCA IeecO00pa3HbIM pa30oHUTh
KaMepbl CMEIICHUS Ha YHUCIO CEKTOPOB, PABHOE MHHHMAJIBHOW BEIMYMHE CEKTOpAa CUMMETPUH
AKTUBHOW 30HBI peakTopa. [ rexcaroHaqbHOW YIMAKOBKM TaKMM MHUHHUMAJIbHBIM 3JIEMEHTOM
CUMMETpUU sBIsiEeTCS 1/6 4acTh aKTUBHOM 30HBI.

PacuerHas cxema nokasaHa Ha pucyHke 4.3.
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Pucynok 4.3
Jlns kaxaoi U3 Kamep MaTpulla CMENIEHUS] UMEET BU:
|_A11 Ap Az Ay Ags A16-|
| Ay Agy Az Agy Ags Aggl
| Az Azy Agz Ay Ags Aggl
|-A41 Agp Az Ay Ays A46J
' e mepBbIi HHIACKC - HOMEP METIIH, BTOPOW HHICKC - HOMEP KaMepbl CMEIIICHHUS.
B sToM ciyuae pacxom, npuxoasimii (yXoasiiuii) B cektop 1 kaMepbl CMEIICHUS U3 TeTelb
OyJIeT paBeH:
n
G 1 = 2 G i A il ;
i=1
r€e N - YUCIIO METEIb.
Pacxon B cexkTop M3 KaHAJIOB aKTUBHOUM 30HBI, COOTBETCTBYIOIINX JAHHOMY CEKTOPY OyIeT

paBeH:
m

Gy=2G;;
i=1

TJIE M - YHCIIO KAHATOB AKTUBHOMN 30HBI, COOTBETCTBYIOIIEE JAHHOMY CEKTODY.

YpaBHeHI/Ie OHCPIUU U SHTAJIBIHU OJId KaKA0I'0 CEKTOpa 3allMChIBACTCA TOYHO TaK KC, KaK U
JUTS 3IEMEHTOB KOHTYPA [UPKYJISIIHH.

OIHaKko TNpH HAPYIIEHWH CHMMETPUM DACXOJOB MO TETISAM (HAIPHMEP, BCIEICTBUE
OCTaHOBa OJHOTO W3 LHPKYJISAIHOHHBIX HACOCOB) OYAET HAPYLICHO YCIOBHE HEPA3PhIBHOCTU IS
OT/IENBHO B3STOTO CEKTOPA:

Glﬂ+Gly=0'

I[Hﬂ obecrneyeHus PaBCHCTBA BBOAUTCA MOHATUEC pacXoda oOMeHa Goﬁl TakK, 4TO.
Gln+Gly+ G061=0‘
B 1O e BpeMs cyMma pacxo/IOB MO KaHaJIaM JJisi BCEH KaMephl CMEIICHHS B TOYHOCTH

paBHa CyYMME paCXod0B II0 MECTIISAM:
6

2 G061 =0.
=1
HOCKOJ’IBKy TOYHO YKa3zaTb, MCKAY KaKHUMHU CCKTOPpaMH KaMCpbl CMCHICHUA TIPOUCXOAUT

00MeH, HEBO3MOXKHO, OTIPEICNICTCS CPEIHSS YHTAIBITNS 0OMEHHOTO pacxofa 1mo Gopmyie:
6

lE(Goﬁl +[Goai)Hy

Hoq =76 .
El(- Goa1 + [Goal)

Torma YPAaBHCHHUC SHTAJIBIINN JJIS1 CEKTOpA 1 6y,HCT HUMCTb BU/:
HuM D CGHGDH; L (GHGIDH;  (Gog HGoa)Hoat
+2 + 2

+
At TS 2 o2 2
M, ;(G#IGi D ;:('Gi-l'lGiI) L GGl
AT S 52 2
rae M - Mmacca TEeIUIOHOCUTENS B CCKTOpC.
I[Hﬁ KOHIOCHTpAlUH 60pHOI>’I KHCJIOTBI YPAaBHCHUS 3alIUCBIBAIOTCA AHAJIOTUYHO!:

H=

e
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CaM N ;(—G#IGi DG N ;(Gi"'lGil)Ci N (G HGoaDCoat

A TS 2 o2 2

M, ;(G#IGi D ;('GiﬂGil) G HGoal)

+
AT 2 L2 2

4.1.8 Mertoauka y4yera ABYX(a3HOro Npouecca Te4eHUs TEeIUIOHOCHTEJs B NepBOM

KOHTYpe

Jannas metoauka Obuta pazpabotana u BkiItoueHa B /K “PAJIYT'A” uckiounTenbHO AMs
UCCIIeIOBaTeNbCKUX Ieneil. OMHAaKo MpH MOJETUPOBAHUU Teuel M3 MEepBOro KOHTypa OHa ObLia
KOCBEHHO ITPOBEPEHA ITyTEM CPaBHEHMs € dkcnepumeHTamu Ha ctenae PMK-NVH.
4.1.8.1 Moaeanb cenapanuu napa B BepxHeil kamepe cMemeHust

B wkx “PAJIYI'A” umeercs 1OBE METOAMKH Yyd4eTa yHOCa Tapa W3 BEpPXHEH KaMmepsl
cmemienus (BKC). O6e onu npeamnonaraloT UCIOIb30BaHUE XapaKTeprucTUK yHoca mapa u3 BKC na
OCHOBE KCIIEPUMEHTAIBHBIX JAHHBIX MM pacyeTa Mo ClelHalbHbIM IPOrpaMMam.

B nepBoii MeTonuke nonaraercs, yto yHoc napa n3 BKC onucsiBaercsi 3aBUCHMOCTBIO:

G &

Qyu=ar Q- |E() | +az (Q tay,

rie

Py - TMapocojiepKaHHe B TEIUIOHOCHUTEJE, MOCTYMAIOUIeM B LUPKYJISALHOHHBIC
TIETIIN;

¢ - mapocoaepxkanne B BKC;

G - pacxof uepe3 aKkTUBHYIO 30HY;

Gy - HOMUHAQJIBHBIN pacxo]] 4epe3 akTUBHYIO 30HY;

a;,2;,a3,a4 - OMIOUPUICCKUE KOIPPUITUCHTEI.

Bo Bropoii Meronuke 3amaercsi TaOJaM4YHas ~ 3aBUCUMOCTb  [ApOCOAEpX aHUS B
TEIUIOHOCHUTENE, IIOCTYIMAIOMIeM B LUPKYJIALNUOHHBIE MeTIH oT mapocojepxkanus B BKC
HEMOCPEACTBEHHO B UCXO/IHBIX TAHHBIX B BUJIE

Pyu= Pyu(P).

Kpome Ttoro, ecnm B BKC mapoconep:kaHue MeHbIIE €IWHULBI, TO B CIydae
ONPOKHUIBIBAHUS IUPKYJSIIIUU B KaHajgax akTUBHOW 30HBbI 3 BKC B kaHayibl aKTHMBHOUW 30HBI
MOCTYNAaeT BOJA Ha JIMHUM HACBHINEHHUS (3TO CHPaBEUIMBO TOJIBKO, €CJIM B COOTBETCTBYIOILEM
cexktope cummerpuu BKC TennoHocuTens HaX0IUTCs Ha TUHUU HACBIIICHUS ).

VY4er yka3aHHBIX MOJENel OCYIIECTBISETCS MyTeM BBEICHHUS MOMPABOK B ypaBHEHUs
sneprun st BKC.

Kpome Toro, momaraercsi, uro B mapoBoil (ase OOpHas KUCIOTa HE PACTBOPSETCS, HYTO
YUHUTBHIBAETCS B BHJIE€ IONPABOK B YpPaBHEHUU TepeHoca OOPHOM KUCIOTHI.
4.1.8.2 Mogesp cenapanuu napa B UMPKYJISAUMOHHBIX METJIAX

Jannas mozenb ObUla BBeJ€HA B YpaBHEHHUS DJHEPrHMM [Uid ydeTa THUIPO3aTBOPOB,
BO3ZHUKAIOIIMX B IMPKYJSIUOHHBIX METISX MPHU OCYIIEHHH TEePBOrO KOHTypa. DTa METOJIUKa
HCIIOJIB3YETCS TOJIBKO MPHU JOCTATOYHO BSUIOM HUPKYJISIUU TEIUIOHOCUTENS B IEPBOM KOHTYpE.

JI71s1 TOPU30HTAIBHBIX YUYAaCTKOB TEUEHHUE TETJIOHOCUTEIIS TTOJIAraeTCs TOMOTEHHBIM.

Jlis  HaAKJIOHHBIX M BEPTHKAIbHBIX KAaHAJOB MOJEIUPOBAHUE Ccemapaluu mapa B
MUPKYJISIUOHHBIX METIISIX OCYIIECTBIISCTCS MO CIEAYIOUIEMY aITOPUTMY:
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- OTIpEJENSAETCS MapoCoep)KaHNe B KaHAJIE M CPaBHUBACTCS C TPAHWYHBIM, 3a7[aBA€MbIM B
HCXOIHBIX TaHHBIX;

- TPOBEPSIETCSA YCJIOBHE, YTO PACX0]l TEIJIOHOCUTENS depe3 KaHald, YMHOXEHHBIM Ha mar
WHTETPUPOBAHUS, MEHEE MOJOBUHBI MACCHI TEIJIOHOCUTENS B JAHHOM Y4YacTKe.

Ecnim ogHO W3 TEpeYrCIICHHBIX BBINMIC YCIOBUH HE BBIMOJNHSAETCA, TO TCUCHHE
TEIIOHOCUTEIS I10J1araeTCsi TOMOT€HHBIM.

Ecnu 00a nmepeynciieHHbIX BBIIIE YCIOBUS BBIOJHSAIOTCS, TO MPH TEYCHUH TEIUIOHOCHTENS
CHU3Y BBEpPX U3 DJIEMEHTA YHOCHUTCA Tap, mMacca KOTOPOro paBHA pPacxoay TEIJIOHOCUTENS,
YMHOXEHHOTO Ha II1ar HHTerpupoBanus. Eciau Macca mapa B y3i1€ HEJ0CTaTOYHA, TO HEOCTAIOIIas
Macca BOCIIONHSETCS 3a cueT >KuAKou (as3pl. [Ipum TeueHMHM TEIIOHOCHUTENS CBEpXY BHHU3 U3
DJIEMEHTA YHOCHUTCS BHH3 JKuKas (aza ¢ mapocojepkaHHEeM, PaBHBIM TPAHUYHOMY 3HAUYCHHUIO,
3a/1aBaeMOMY B HCXOJIHBIX JaHHBIX. ECiM comepikamieiicss B 2JieMEHTE )KUIKOH a3kl HEJOCTATOYHO,
TO HEJOCTAIOIAass Macca KOMIIEHCUPYETCS 3a CUET MapoBOH (ha3bl.

W3naraemas Bblllle METOUKA KaYECTBEHHO MPABUIBLHO OMHUCHIBAET MPOIECCHI MPU TCUECHUU
IBYX(a3HOTO TEIIIOHOCHUTENS MPU OCYIIICHHH MIEPBOT0 KOHTYPa, OJJHAKO KOJWYECTBEHHAS ITPOBEPKa
JAHHOTO TMOaXoJa He BbIModHsANack. [Iporpammubiii  kommuiekc “PAJIVI'A” ¢ mopenbio
IBYx(ha3HOr0 TEUYEHHUs TEIUIOHOCUTENS B TMEPBOM KOHTYPE MOXHO HCIIOJIB30BAaTh TOJIBKO IS
HCCIIEN0BATENLCKUX LIENEH.
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4.2 Meroauka peumieHUs] YPABHEHMH TI'HMAPOAMHAMMKHM Uil MOJE/IH

C:KUMAaEMOrIo TCeIJIOHOCHUTECJIA

B nanbonee npoJBUHYTHIX MPOrpaMMHBIX KOMILJIEKCAX MOAEIMPOBAHUS TEUEHHUS 3aBEIOMO
IBYX(a3HOT0 HErOMOI€HHOTO CKMMAeMOIo TEIJIOHOCHUTENS HMPUMEHSETCs, KaK MpaBuiIo, MOJEIb
OIHOMEpHOro TeueHuss. B HekoTtopsix mnporpammax (Hanpumep, TRACK-PF) peanmnsoBana
TpeEXMEpHasi MOJENIb TEYEHHUsS TEIUIOHOCUTENS, HO HEMOMEPHO BBICOKME TpeOOBaHUS K
BBIUMCIUTEIBHBIM pecypcaM OBM, kak npaBuio, NO3BOJIAIOT NPUMEHATh TAKUE MOIXOIbI TOJIBKO
JUIS. MOJICIIMPOBAHUS TPOLIECCOB B OT/AEIBHBIX JIEMEHTaxX 000pYOBaHUs, a HE BO BCel pPeakTOpHOU
YCTaHOBKE B LIeJIoM. Jlaxke BBEJEHHE NCEBAOTPEXMEPHON MOJENM TEYEHMs TEIJIOHOCUTENS (T.€.
IPOCTO BBEACHHE TMONEpeyHbIX cBsA3el) B mnporpamme “RELAPS5* mpuBogutr Kk BecbMa
3HAYUTEITLHOMY POCTY TpeOOBaHUH ITPOTrPaMMBI K BEIUUCIUTENHHBIM pecypcam OBM.

[ToaToMy B COBPEMEHHBIX MPOrpaMMax, IPEIHA3HAYECHHBIX IJI MOAEIUPOBAHUS ITPOLIECCOB
B JABYX(a3HOM CKMMAaeMOM TEIUIOHOCHUTENE, MPUMEHSETCS MOJeNb OJHOMEPHOTO TEUYCHHUs
nByx(ha3zHOTO TEIUIOHOCHTENS. B KadecTBe TpuMepa OCHOBHOW CHCTEMBI  ypaBHEHHH
TUAPOIMHAMUKH PaCCMOTPUM CUCTEMY ypaBHEeHHH nporpamMmbl “RELAPS/mod.2" [17].

VYpaBHeHust coxpaHeHus 3amnucaHsl B mporpamme "RELAPS5/mod.2" B ogHOMepHOM
JIBYXCKOPOCTHOM MPUOJINKECHUH.

YpaBHEHUE HEPA3PBIBHOCTHU ISl TA30BOW (ha3bl UMEET BUJI:

1 N
V dT(Vr(P p ) + X(pr(’or(Pf) = 1—‘r-i_ E]Fl -9Fn’

TUTST JKUAKOU (pasbl:

1 1d
v dT(V 1-9)yp.) *+% (p L1-0)f) =-T'+L,

rne
\% - 00BEM pacdyeTHOM o0nacTu;
T - BpeMSI;
[0) - napocojiep>xanue ( 00bemMHast 10151 ra30BoH (hasbl );
P - IJIOTHOCTh Ta30BOM (WJIH XKUIKOMN) (asbl;
f - IJIOLIA/Ib IPOXOTHOTO CEUEHUS KaHaa;
® - JIMHENHas1 CKOPOCTb
X - MIPOCTPAHCTBEHHAsA KOOPAUHATA;
r - CKOpOCTb I'€Hepalyy apa;
ar, - CKOpPOCTh FeHepalus BOAOpo/a (B epecuere Ha map);
I, - CKOPOCTb T'€HEPALIAH ITPOYUX T'a30B.

YpaBHEHHUE COXpaHEHUS UMITyJIbCa JUIs ra30BOM (a3bl
do, 1 do dp
op.fgp +20p.F g =- of g + op.fe-(9p, DF(w,) +
+I (o, -o) - (@p H®, -,)-C1-e)pf~

*(d(mr -com)+ do, do
dr Cudr " P ae

j-ZF fo, -9I' 1,

TUTST KUAKOM (passl



l—‘l"
(p,

68

do dooz
(1-0)p.fq¢ 2(1 op. gy =-0- <|>)f—+ (1-p)p,.fg, -

- ((1-9)p, HF(0,) - T'f(o,; - ®,) - (1-0)p, HF (0, - ®,) -

(d(a)m -0) do, dwrj
'C(P(l'(P)pf dt T, dz -w’“d‘t

3aKOH COXpaHEeHMs UMITyJIbca JUIsl Mexk(a30BOro oOMeHa UMEET BU/I:

L0, 9p.1(®, -0 - Cpll-glp et
d(o,- ®)
+T,0,-1-9)p,f(0, -o) - Cod-@)p— — =0,
rae
P - JIaBJICHUE;
g - MPOEKIHs YCKOPEHHsI CBOOOIHOTO MAICHUS Ha OCh X;
F(®,) - CUJIa TPEHHUS O CTEHKH;
(0,-0) - CHJIa, BOHUKAIOIIAs BCIEICTBUE MEX(Pa30BOro oOMeHa;
o, -0,) - -MeK(a30BbIE CHIIBI TPCHUS;
C - KOA(Q(UIIMEHT,  ONpeNeNdomuid  CHIIy, CBSI3aHHYIO C

BUPTYAJIBHOW MAaCCOM.
YpaBHeHHUE SHEPTUHU AJIS Ta30BOU (ha3bl:

d 1d
% d_r(V(Pp' h)+ T &((pp,_ h -0 f)=

_ ple_

dt

aucrd

-el"u

d N
d_ (P(Dr f)+Qr+Qm+Elrl hi-9rhth
JUTS 5KUIKOM (hazbl

d 1d
v a.\V{@-0)p,h) + 54 ((A-9)p,h,-0,0) =
dd-¢) P d
=- - T ax(1-90,H0+Q+Q,+Q,,,

dt
rae
Q - HMCTOYHUK TEIIA,
Q._. - MEepexo/l TeIJia U3 ra3a B )KUIKOCTh;
Q.. - nepexo;] TeIIa U3 )KUIKOCTH B ra3,
Q._.1Q,..=0;

Q.. - SHEPTUs TUCCUTIALINH.

B mopnenu npenanonaraercs, 4To OTIMYMEM JABJICHHUA B Ta30BOM M JKUIKON (a3ax MOMKHO

npeHeopeyb.

PemreHne 1aHHOM CHUCTEMBlI YpaBHEHUH BBINOJHACTCS C INPUMEHEHUEM IIOJYHESBHBIX

METOJ0B C aBTOMAaTHYCCKUM BBI60pOM 1rara MHTCrpupoBaHUs.
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S BEPUOUKALIUA TPOI'PAMM

Pa3paboranHasi KOMIbIOTEpHAs NporpamMma, Kakol Obl CIIO)KHON OHAa HU ObUIa, JOJDKHA
OBITH MTPOBEPEHA HA CBOIO a/IEKBATHOCTH MPH MOJEIMPOBAHUHU TOTO O0OBEKTA WM TeX (PU3MYECKHX
MIPOIIECCOB, /ISl KOTOPBHIX OHA OblIa pa3padoTaHa.

[Ipouenypa mpoBepkH KadecTBa MPOrpaMMbl B HAcTOsIlee BpeMsl  Ha3bIBAeTCs
BepHUQUKaIueil MporpaMmBbl.

B MAT'ATD Ob110 pUHSATA CEAYIOMAs KIacCU(PHUKAIHS TPOBEPKH KAYeCTBA IPOTPaAMMBI:

- IPOBEpPKa COOTBETCTBUS MPOTPaMMbl TEM YpPaBHEHHSIM, KOTOpbIE B HEE 3aJI0KEHBL. DTOT
stan B kinaccudukanun MAT'ATD Ha3bIBaeTCs 8epughukayus mporpaMMBbl;

- TpOBEpKa COOTBETCTBHUS MPOrPaMMBI MpoIleccaM B PEaTbHOM MOJECIUPYEMOM OOBEKTE.
Orort stan B knaccudukarmu MAT'ATD HazbiBaeTcs ganudayus IpoOrpaMMBl.

Ha »srame Bepmdukanum mnpoBepsieTcs, MO CyTH, OTCYTCTBHE OIIMOOK B MpOrpamMme H
KayecTBO YHCIEHHBIX METOAOB Iiepexoja OT JuddepeHINalbHbIX YpaBHEHUH K KOHEYHO-
pazHocTHBIM. Kak mpaBuiio, Ha 3TOM 3Tame MPOWU3BOJUTCS CPABHEHUE UHMCICHHBIX PAcueTOB C
3a7a4yamMM, TOAJAIOIIMMUCSA  AHAIMTUYECKOMY pEIICHHI0, WM CpPaBHEHHE C JPYIHMMH
KOMIBIOTEPHBIMU IPOrpaMMaMy WM aHAIUTUYECKUMU TECTaMU.

Uro ke Kacaercs BaJMJAIMHM, TO, KaK M3BECTHO, HAIIM 3HAHUSA O MPUPOIE SBISIOTCA
NpUOIKEHHBIMH, i CUCTEMBI TU((EepeHIIMaTbHBIX YPABHEHUN OMUCHIBAIOT pPeabHbIe MPOIIECCH B
pUpoAe UL NpUbIn3nuTenbHo. Kpome Toro, MHOTHE MpoLeccs B IpUpoAe (HarpuMep, TeUeHHe
peaNbHOM JKUIKOCTH WM IPOLECC IMEepeHOoca HEHTPOHOB B PEAKTOPE) OIUCHIBAIOTCS OYEHb
CJIOKHBIMH yYpaBHEHUSMH (4a W TO NPUOKEHHBIMHU). PemeHne Takux ypaBHEHUUW (Hampumep,
TPEeXMEpHBIX ypaBHEHHI PeiHonbACa WM Ta30KMHETUYECKOrOo YypaBHeHHs bonbiiMaHa) Ha
COBPEMEHHBIX BBIYMCIUTENBHBIX MAIIMHAX I[PU ONMCAHUU MPOLECCOB B PEAIbHBIX PEAKTOPHBIX
yCTaHOBKaX B pa3yMHOE BpPeMsI PAKTUYECKU HEBO3MOKHO.

[TosToMy pOM3BOIUTCS YHPOILIECHHE 3TUX ypaBHEHUM. [Ipu 3TOM TepsieTcs onucanue psaa
(bu3NYECKUX TPOIECCOB U SBICHUN B peajbHOM OO0BekTe. PelieHune TakuxX ypaBHEHHH, aaxe
MaTeMaTHYeCKd TOYHOE, MO3BOJSET NOJIYYUTh JIMIIb NPHOIMKEHHOE OMNHCAHUE peabHOro
¢duznyeckoro npoiecca.

Ha srane ganudayuu xak pa3 U omNpeAensieTcss CTENeHb MPUMEHUMOCTH KOMIIBIOTEPHOMN
MPOrpaMMBbI JIJIsl MOJEIUPOBAHMSI T€X HIIM UHBIX (PU3NYECKUX SBICHUN B MOJEIHPYEMOM OOBEKTE
IyTEeM CpaBHEHHsI KaK C AKCIEPUMEHTAaMH Ha (PU3MYECKUX CTEHJaX, TaK M C IKCIIEPUMEHTaMM Ha
peaTbHBIX 00BEKTaX.

Jlns OleHKM KadecTBa NPOBEACHHONW BepUPHUKAIMM HAYYHO-TEXHUYECKHUM LIEHTPOM
['ocatomHagzopa P® HasHaualoTcs OKCOEpThl M3 4YHCIA CIEHUATMCTOB, pPaOOTAOIIUX B
COOTBETCTBYIOIIEH 007acTH 3HAHUM W UMEIOMHUX COOCTBEHHBIH ONBIT Pa3pabOTKU WU
AKCIUTYaTalluy aHAJIOTUYHBIX POTPAMM.

[To pesynbraraMm pabOTHI 3KCHEPTOB CIELUATBHBIM Hay4dyHO-TeXHHUECKUM COBETOM IpHU
['ocatomuanzope PO npunumaetcs pemienue o Beigaue [lacmopra Ha mporpaMMHOE CpeaCTBO.

B nanHoil rimaBe paccMOTpUM BepU(HUKAIMIO MPOTPaMM Ha NMPHUMEpE MPE/ICTaBICHHBIX B
locaromuamzop P® BepuuKamOHHBIX MaTEpUANIOB, BOIIEAIINX B BEPHU(PHKAIMOHHBIA OTYET
nporpammuoro komiiekca PAJIYT'A-7.3 [39], [40], [41], [42]. IIpuBenem dparMeHTH BecbMa
00BEMHOTO BEpU(PHUKAIIMOHHOTO OTYETa, B HAMOONbIIEH CTENEHH XapaKTepusymllue o0beM
pacueToB, BBHINOJHAEMBIX TPU BepHU(PHUKALKMU MPOrpaMMbl pacdeTra JUHAMUKUA PEaKTOPHOM
YCTaHOBKH.
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5.1 IIpuMmepsl Bepu(pHMKALUM METOAUK IO OTACJbHBIM (PU3MYECKUM

AABJICHUAM.

5.1.1 Bepuduxkanusi MeTOAUKH pelleHHs] YPABHEHUH TeNJIONPOBOAHOCTH KOHEYHO-

Pa3HOCTHBIM METOAOM

W3noxxeHHas  Bblle  METOJMKAa  pealu30BaHa B IPOrPaMMHOM  KOMILIEKCE
"PAJAYI'A/RAINBOW" (28] nnis perieHust ypaBHEHUS TEIUIONPOBOAHOCTH B TEIJIOBBIICIISIOMINX
arieMeHTax. Bce Bepu(HUKalMOHHbBIE PAacyYeThl BBINOJHEHBI HEMOCPEICTBEHHO 10 IMPOrpaMMHOMY
kommiekcy "PAJIYI'A/RAINBOW". KoodduumeHTsl TEmnooTnaud pacCYUTHIBAINCH IO
nporpamme “AJIb®A”[43].
5.1.1.1 PacueT cTallHOHAPHOIO pacnpeaeeHUsi TEMIEPATYPbI B TBIJIe

Hcxonnple qaHHbIC 7151 TPOBEICHUSI IAHHOTO pacyeTa CIeayIolIue:

panuyc 3HeproBouiaestomero cepaeunnka - 0.015 m;

00BEMHOE YHEPTOBBIICIICHUE -71.1310° BT/M3;

TEIUIONPOBOAHOCTh CEpACYHUKA - 0.98 B1/(MmK);

TEMIEPaTypa TEIIOHOCUTENS - 6.0 °C;

KO3 PUITUEHT TETIO0TAAYN - 44120 Br/(m* K).

CornocTapjieHHe ¢ aHATUTHIECKUM PAacyeToOM NpHBeaeHo ke ( Temneparypa B °C ):

Pamuyc (M) 0.0 0.005 0.010 0.015
AHaJIUTUYECKUN pacyeT 4100.8 3647.2 2286.3 18.09
“PAIYI'A/RAINBOW” 4099.4 3646.0 2285.8 18.1

Kak crmenyer u3 TaOmuIel, OTAUYHE MEXAY AHAIUTHUYECKUM CTAllMOHAPHBIM PACUETOM M
pacdeToM MO CEeTOYHON MeTtomuke, peanuszoBanHor B T/K "PAJIYIA/RAINBOW", cocraBuser
BenuuuHy nopsaka 0.035% mia Bcex TodeKk, KpoMe NOrpaHudyHoOW. /[l morpaHu4HON TOYKH
ONPENIETUTh OTKJIOHEHUE HE MO3BOJISIET TOUHOCTh, C KOTOPOUM pe3ysbTaThl pacueTa BBIBOJSATCSA Ha
nevats. OmHako omubOka He 6oinee 0.1%.
5.1.1.2 Pacuer oxyia:KIeHUs] HWINHAPA NPH CTYNEHYATOM M3MEHEHUHU TeMIEPATYPhbl Cpeabl

PaccMoTpeHo oxnaxzaeHue Ui IBYX 3HAUYE€HUH TEIUIONPOBOAHOCTH LmiauHzapa: 980 m 98
B1/(MmK).

HcxonHble aHHBIE ClIEAYIOLIME:

IUIOTHOCTb LIMJIMHApA

TEIVIOEMKOCTb LIMJIMHAPA

HayvajibHas TeMIepaTypa IHINHIpa

- 7900 kr/m° ;

- 419.0 JIx/kr;

- 353 °C nnst mepsoro Bapuanta (980 Br/(MmK))
-248.4 °C nnsa Broporo Bapuanra (98 Br/(mK));

TemmepaTypa okpyxaroiueii cpeast (Tmin) - 6.2 °C;

KOA(PPUITUEHT TEIII00TAaYN -44120 BT/(M2 K).

PesymbraTel pacuera OXJaXKACHUS NHMIMHIApPAa C TeruonpoBoaHocTteio 980 Bt/(MK)
IpeJICTaBJICHBI Ha pHC. 5.1, ¢ TemmonpoBoHoCcTRIO 98 BT/(MK) - Ha puc. 5.2.

OTk/IOHEHHe B pacdyeTe BechbMa HE3HAYMTENbHO, IO3TOMY OTJIMYUTh Ha TIpadukax
aHAJIUTMYECKUI pacyeT OT CETOYHOro BechMa TpyJHO. Ha Bcex pucyHkax rpaduku Temieparypsl,
paccuuTaHHBIE IO CETOYHOM METOAMKE, PACIONIOKEHBl HUXKE AaHAIMTUYECKOTO pacyera. ITo
OTKJIOHEHUE OOBSACHSETCS TEM, YTO B Hadalle MEPEXOJHOTO IPOLEcca PacyeTHBIH KOA(PUIMECHT
TEIUIOOTAa4M ObUI HECKOJIBKO BBIIIE€ NMPHUHATOTO Ui aHAIMTUYECKOro pacueTa. TeM He MeHee,
MaKCUMAIIbHOE OTKJIOHEHHE B pacdyeTax OT aHAIMTHYECKOro He MpeBbickio 2 °C, 4To COCTABISET
BennuuHy nopsaka 0.8 % oT pazHOCTH MeXAy HauaJbHOM U KOHEYHOM TeMIIepaTypaMHu.
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OxnaxpgeHWe uMnMHgpa TennonposBogHocTbw 986 Br/ (m=*K). Max. oumbxa 2K

_R=B.8 m

295.8 3vA.8

228.8

145.8

\%

a.8 a.2 a.4 a.6 8.8 BpeHA. C
Puc. 5.1. Temneparypa uuunapa, °C

78.8

OxnaxpgeHwe umnMHgpa TennonposogHocTbw 98 Bt/ (M=K). Max. owumbxa 2K

R=8.8 n

278.8  368.8

R=0.818 m\\\\\\\

R=8.815 n K
8.8 Z.8 4.8 6.8 8.8 BpeMA, C

Puc. 5.2. Temneparypa uuaunapa, °C

188.8

98.8

a

5.1.1.3 Pacyer HarpeBaHMsi UMJIMHIPA TPH CTYNEHYATOM BKJIOYEHUH BHYTPEHHEr0
HCTOYHHUKA IHEProBbLICJICHHUS

HpI/I MOZACIIMPOBAHUHN JAHHOT'O PCIKUMA NMPUHATHI CICAYIOINEC NUCXOAHBIC JaHHBIC!:

TUIOTHOCTH IIVWJTHHIPA - 7900 kr/m’;
TEIIOEMKOCTb LIMJIMHAPA - 419.0 JIx/xr;
HayvaJpHas TeMIepaTypa IHINHIpa -6°C,
TEIUIONPOBOAHOCTh LIWJIMHAPA - 0.98 Bt/(MmK);
TeMmIieparypa okpysxkaroiiei cpeast (Tmin) - 6 °C;

KO3 PUITUEHT TETIO0TAAYN - 44120 Br/(m* K).

PesynbpTaThl pacuera mnpeAcTaBieHbl Ha  puc. S5.3. OTKIOHEHHE B pacyeTe CTOJb
HE3HAYUTENBHO, YTO OTJIMYUTH Ha rpaduKax aHATUTHYECKHA pacyeT OT CETOUYHOTO BeChbMa TPY/IHO.
Tem He MeHee, rpaduKy CETOYHOTO pacueTa HECKOJIbKO HIDKE Ipa)MKOB aHATUTHYECKOTO pacyeTa.
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® HarpesaHve uMNWHAPA BHYTPEHHHMM MCTOYHWKOM . Max. owmBxa SK
2 R=8.8 n
[¥a)
3] ,/
© /
o] R=8.885 n
=
I~
™ /
=
) [
=
=
==}
- /
R=8.6818 m

= //
=
=
=g}
®
=

8.8 68.8 128.8 188 .8 248.8  EBpeEMA, C

Puc. 5.3. Temneparypa uuunapa, °C
MakcuMaibHOE OTKIOHEHHE CETOYHOTO pacyera OT aHATMTHYECKOro coctasiser 5 °C, uto
OTHOCHTEIBHO M3MeHeHus Temieparypbl Ha 3600 °C cocrasiset 0.14%.
Takum oOpazom, ObUIO TOKa3aHO, 4YTO M 3ajad, MOJJAIONIIUXCA aHAIUTHYECKOMY
peLIEHNI0, TOYHOCTh pacyeTa TEMIIEPATYPHBIX MOJEH B TBAJIAX IO CETOYHOM IPOrpaMme He XyiKe
0.8% B nuHaMuueckux pexumax u He xyxe 0.1% ais ctarmonapHoro pacuera.

5.1.2 ComnocraBjieHHe CTAIIHOHAPHOIO PacyeTa yTeYKH HEHTPOHOB W3 peaKTopa C

AHAJIUTHYECCKUM

s BepuduKauu KOPPEKTHOCTH PEIICHUS ypaBHEHUs TEepeHOca HEHTPOHOB HAa TPAHHUIIC
AaKTUBHOHM 30HBI NPOBEIECHO COIOCTABJIEHUWE pacueTa KPUTHUYHOCTH akTUBHOW 30HbI. HanOoinee
TOYHO MOJAJAETCS aHAJUTHYECKOMY OMNHMCAHUIO LWIMHIpP, OKPYXEHHbIH BakyymoM. [Ipu sTom
TPaHUYHOE YCIIOBUE C BAKYYMOM HMEET BU/I;

DdF_ 1
Fdn "2°

JliMHa SKCTpanossiiuy B JaHHOM ciiy4ae paBHa 2D.

s BepuuKanmuu KOPPEKTHOCTH OIMMCAHUS TPAHWUYHBIX YCJIOBUH B TpOrpaMMe
11eJIeco00pa3Ho BHIOpAaTh AKTUBHYIO 30HY C BO3MOXHO OOJBINEH yTEUYKOWM HEHTPOHOB, T.C.
AKTHUBHYIO 30HY C BO3MO)KHO MEHBIIIMMU T€OMETPUUECKUMHU Pa3MEPAMHU.

B kadectBe mpOTOTUIIA TEOMETPHUECKUX W HEUTPOHHO-(DU3MUECKHX XapaKTEPUCTHK
AKTUBHOM 30HBI JUIS pELIEHMs] JaHHOW 3aJaud MCIOJb30BaHA PEUIETKAa W TOIUIMBO HUMITYJIbCHOIO
uccienoBarenbckoro peakropa NSRR [44].

AKTHBHas 30Ha B pacCMaTpUBAeMOM TECTOBOM 3amade coOpaHa w3 217 TOTUIMBHBIX SYEEK
(cm. puc. 5.4), paccTosiHEE MEXKIY IIEHTpaMH siueek - 4.17 cM, BbICOTa aKTHBHOM 30HBI - 38.1 cMm.
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OcHOBHbIE HEUTPOHHO-(M3MUECKHE M TEOMETPUYECKHE XapaKTEPUCTUKHU JTAHHOW 30HBI
CIICYIOLIHE:

3 PEeKTUBHBII paanyc 30HBI - 32.252 cwm;

s dexTuBHBIN pazmep “moa kg’ - 61.428 cwM;

OTHOIIeHHE TmepuMeTrpa 3(G(GEKTUBHOTO MIECTUTPAHHUKA K MepuUMeTpy 3PQPEeKTUBHOTO
uuuaapa: - 1.0501;

OCHOBHBIC HEUTPOHHO-(U3NIECKHE XapAaKTEPUCTHKH TOTUIMBHOW SIYCHKH, PAaCCUUTAHHBIE TI0
nporpamme WIMS-D4, npuBeaeHbl HUXE:

I'pynna D za szf
1 1.81639E+00 1.14404E-03 1.82391E-03
2 7.59313E-01 9.64851E-04 9.56463E-04
3 5.27311E-01 1.87073E-02 1.34648E-02
4 2.00359E-01 1.22469E-01 2.03343E-01
I'pynna > Y1 1/V
1 6.60728E-04 1.01607E-01 1.15379E-04
2 3.88750E-04 1.19647E-01 4.92863E-04
3 5.53126E-03 9.92421E-02 3.96938E-02
4 8.36660E-02 5.86723E-04 7.10843E-01

OmHOTpYNNOBBIC TAPAMETPHI:

- KBaApaT JJIMHBI MUTPALIMHA M?=25.141 840;

- ko3 dunment nuddyzun D= 0.823086.

Takum 00pa3om, SKCTpanoIrupoBaHHasl 100aBKa OTpasKaTes

& =1.646 cm.
baxnuaTr onpenensercs mo hopmyiie
G2 T
z  (H+2§)*°
2 2.405°
B = 7.
r (R+9)

Otkyna:
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2 2
B =5.7606" 103 B Z-M2 =0.144832;
2 2
B =5.03364 '10; B r-M2 = 0.126555;
C YYETOM MOMPaBKU Ha OTKJIIOHEHHE PeaIbHON MOBEPXHOCTH 30HBI OT IIUIUHIPUYECKOM:
2 2
B =5.28583 '10°; B r-M2 =0.132895;

B*M’=0.277727.
Conocrasnenue pe3ynbraroB pacuera 1o “PAJIYI'E” n aHaIuTHYECKOrO IPUBEICHO HUXKE:

[Tapamerp “PAIAYTA” AHanuTHyeckui Ommbka
pacuet
K, 1.490409 - -
Ka(bq)(Z) 1.302764 1.301858 +0.3%
2 0.144036 0.144832 -0.55%
B Z.Mz 0
KS(M) (R) 1.318454 1.315576 +0.9%
2, 0.130422 0.132895 -1.9%
B M
Kaqup 1.16650 1.16652 -0.01%
B*M’ 0.277676 0.277727 +0.02%

CnepgyeT OTMETHTb, 4YTO IOTPEIIHOCTh AHAIMTUYECKOM OLIEHKH pPaJualbHON YTEUYKHU
HGfITpOHOB HaxXoJUuTCsa Ha YPOBHC OTKJIOHCHHH MCXKAY aHAJIUTUYCCKHUM pacdyCTOM M pacyCTOM IIO
n/k “PAJIYT'A”, T.x. peasibHasi pajnaibHasi TOBEPXHOCTh 3HAYUTEIHLHO OTIWYAETCS HE TOJBKO OT
WIMHIPUYECKON, HO M OT LIeCTUrpaHHON. Takum 00pa3oM, ypaBHEHHsI MepeHOCa HEUTPOHOB AJIs
BHYTpPEHHEH pa3HOCTHOM CETKH, a TaKK€ Ha TpaHUlle, KaK C pagualibHbIM, TaK U C TOPLEBBIM
OTpa)KaTeJeM pEIIAIOTCS KOPPEKTHO, a TOTPEIIHOCTh ONPEACNICHUS YTEYKH HEUTPOHOB,
omnpeneneHHas mo nporpaMmmHomy komruiekcy “PAJIYI'A”, e npesbimaer 1%.

5.1.3 MogenupoBanue moJied 3JHEProBblIAeJeHUS TMPH 3HAYUTEJILHOM TpaJaUeHTe

k03 puunenta 1updy3un

PaccmarpuBanachk TecToBas 3ajada Mo ONPEAEICHHUIO MOLTHOCTH KAaCcCeT U PacHpeAeICHHIO
SHEProBBIJICNIEHUS B KacceTax Mo BbicoTe. [IpoBefeHO cpaBHEHHE pe3yJIbTaTOB PacdyeToB IO I/K
“PAIIYI'A” ¢ pacueramu no menkoceTouHoi mporpamme SP (96 pacdeTHBIX y3710B Ha KacceTy)
[45].

JlaHHBIN TECT COOTBETCTBYET M3MEHEHUIO IoTHOCTH TerutoHocuTenst B TBC ot 0.3 mo 0.7
r/em’.

Hcxonursle naHHLBIE TECTA:
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TecToBasi Bajada CO BHAYUTENBHEHM I'PalMeHTOM
kosdbdmumenra muddysmum Mexmy kKacceTamMm M IIO
nnuHe TBC

HcxonHsle IOaHHBIE

CxeMa BarpysKM BOHHI

Homep TBC 16
CopT TOnmIMEAa 1
13 14 15
1 1 1
8 9 10 11 12

2 3 1 1 1 1
BricoTa BOHSH - 0.5 M
llar Mexny LieHTpaMM KacceT - 0.185 M
OnuHa SKCTPAaroJIsILIAN
AJis1 paguanbHOro oTpaxaTrens - 0.04 M
AJIsI TOPLIEBOI'OC OTpaxaTens - 0.1073 M

Ina BamauM C HEOLHOPOXLHOM IIO BHICOTE aKTMBHOM S0HOM 0.3 M akTHMBHOM
BOHH BarpyXeHH B COOTBETCTBMUM C KapTOI'PaMMOM BarpysKM, BEepXHsIsI 4acTb
xaccer ( 0.2 M ) cocromT M3 KacceT copra 3

HelTPOHHO-MBUUECKME XAPAKTEPUCTUKUA KACCET

——————————————————————————— e e
! ! CopT TOnmIMBEAa !
H HammMeHoBaHMe t-————————- T---=———--- T---=——--- T----==--- +
H H 1 H 2 H 3 | PasmepH. |
et ettt e it dommm e domm - R et +
| Kosdd. mmddysmm 1 rpymnmem | 0.016328) 0.019332 | 0.024577] M !
o e e - - +
| Kosdd. mmddysmm 2 rpymnmer | 0.004141} 0.005136 | 0.007113; M !
et et T domm e e el - - +
| CeueHme BamMenJieHUsT 1 1.6704 | 1.1342 1 0.60822 | 1/m !
o e e o - +
| Ceuenme yBogma ms3 l-om rp.| 2.49153 | 1.91717 | 1.33522 | 1/m H
et ettt e e et domm - domm e +
| Ceuenme norsiomemms 2 rp. | 5.5994 | 5.2380 ! 4.69846 | 1/m !
o e et e - - +
| Ceuenme pemneruss 1 rpymnner | 0.22221 | 0.21542 | 0.20413 | 1/m H
et et Fomm e e it - e +
| Ceuenme gpenenust 2 rpynnet | 3.5187 | 3.3794 ! 3.1110 | 1/m !
o e et e o - +
| UcTouHmk HenTpoHOB 1 Tp. | 0.54151 | 0.52325 | 0.49286 | 1/m H
et et domm e e domm - domm - +
| UcTouHmk HenmTpoHOB 2 Tp. | 8.5857 | 8.2457 1 7.5908 | 1/m !
L ——mm e e e et - e
HpeﬂCTaBHeHLI pe3yJjibTaTbel pacu€Ta MOIIHOCTU KaCCCT U pacCIpCACICHUS MOIIHOCTHU II0

aKTUBHOH 30HE, BBINOJHEHHBIe 10 porpammaM SEZON (48, 12 u 3 pacuetHbIX y31a B 1/6 yactu
ceuenus kaccetsl), BUIIP-7, BUIIP-K u PAJ/IYT'A B cpaBHEHHH ¢ MEIKOCETOYHBIM PacUETOM IO
nporpamme SIP (96 pacueTHBIX y3710B B CEYCHUU KAacCETHI).



MEJIKOCETOUHBIM pacyeToM 1o nporpamme AP (96 pacyeTHBIX y3710B B CEUEHUH KacCEThl).

PE3VYJIbTATBI PACHETOB
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[IpencraBiensl pe3ynbTaThl pacyeTa MOIIHOCTU KacCeT M paclpeaeseHus MOIIHOCTH IO
aKTUBHOH 30He, BbIMONHEHHbIE 10 nporpammaM SEZON (48, 12 u 3 pacuetHsIx y3na B 1/6 wactu
ceuenus kaccerol), BHUIIP-7, BUIIP-K u PAIAYI'A-5 u PAJYI'A-7 B cpaBHeHHH C

()HHOpOﬂHaHIK)BHCOTG3OHLI3aHaqa

.776
.772
.770
.047
.761
.810
.785

oOoOoRrooo

ool WNR

.776

-0.
-0.
34.
-1.

N & ©wwoou o

sAP-96
S-48
S-12
s-3
BUINIP-7
BUIIP-K
PANYTA-5
PAIYTA-7
1
1.251
1.237
1.209
1.781
1.254
1.345
1.283
2
0.694
0.708 2.0
0.730 5.2
0.791 14.0
0.571-17.8
0.702 1.2
0.635 -8.5
0.710 0.7

Ko
0.999029
0.999081
0.999131
0.999203
1.011822
1.002200
0.997115
1.000778

1
1
1
1
1
1
1

8
.255 0.
-0.3 0.881
-1.4 0.912
-3.7 0.998
41.9 0.588
-0.1 0.874
7.2 0.752
2.2 0.878

3
1.340

.335 -0.4 1
.327 -1.0 1
.304 -2.7 1
.781 32.9 1
.345 0.41
.427 6.5 1
.364 1.81
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MakcumanbHOe OTKJIOHEHUE
nporpamme PAJIYT'A-5 cocrasnser 12.7 % B kxaccere No 9; nmo mporpamme PAIYI'A-7
cocrasiseT 2.2 % B kaccere No 8.
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.005
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.28
.317
.192
.175
1.
4 1.219
.9 1.217
3 1.208
2 1.144
5 1.218
.6 1.221
.1 1.209
1
1
1.481
1.477
1.466
1.542
1.478
1.510
1.478
1.
31.471
7 1.471
8 1.466
2 1.400
4 1.467
7 1.478
8 1.455

MOIIHOCTH KaCCCThI

OT MCJIKOCCTOYHOI'0O pacyeTa:

RbabdbRNMNADN
[eNeNoNoNoNoNo)

16
0.577
0.574 0.5
0.569 1.4
0.556 3.6
0.520 9.9
0.581 0.7
0.575 -0.3
0.573 -0.7
14 15
221 0.559
-0.2 0.556 -0.
-0.3 0.552 -1.
-1.1 0.539 -3.
-6.3 0.500-10.
-0.2 0.562 O.
0.0 0.554 -0.
-1.0 0.555 -0.
0 11
.484 1.165
-0.2 1.163 -0.
-0.5 1.160 -0.
-1.2 1.151 -1.
3.9 1.071 -8.
-0.4 1.160 -0.
1.8 1.160 -0.
-0.4 1.152 -1.
5 6
472 0.949
-0.1 0.946 -0.
-0.1 0.943 -0.
-0.4 0.931 -1.
-4.9 0.854-10.
-0.3 0.947 -0.
0.4 0.943 -0.
-1.2 0.937 -1.
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HeonHopoaHas 1o BBICOTE 30HBI 3a/1a49a

.953
.951
.949
.083
.957
.993
.973

OooProoo

odoUlbd WNPR

.954

-0.
-0.
-0.
13.

oORrWuULLUlWHRr

Ko AKo %
sIP-96 0.930187 -
S-48 0.930213 0.003
S-12 0.930220 0.004
sS-3 0.930120 -0.007
BUIIP-7 0.954084 2.569
EUIIP-K 0.934589 0.473
PAIIYTA-5 0.927231 -0.318
PAYTA-7 0.929386 -0.080
0.5
0.5
0.5
0.5
0.5
0.5
0.5
13 14
1.404 1.160
1.400 -0.3 1.159 -0.
1.394 -0.7 1.157 -0.
1.378 -1.9 1.149 -0.
1.551 10.5 1.124 -3.
1.406 0.1 1.157 -0.
1.435 2.2 1.156 -0.
1.402 -0.1 1.146 -1.
8 9 10
1.362 0.990 1.449
1.358 -0.3 1.008 1.8 1.446 -0.2 1
1.346 -1.2 1.034 4.4 1.443 -0.41
1.321 -3.0 1.107 11.8 1.434 -1.0 1
1.776 30.4 0.679-31.4 1.518 4.8 1
1.366 0.3 0.989 -0.1 1.445 -0.3 1
1.451 6.5 0.903 -8.8 1.468 1.3 1
1.395 2.4 1.011 2.1 1.441 -0.6 1
2 3 5
0.880 1.427 1.504 1.407
0.894 1.6 1.422 -0.4 1.500 -0.3 1.406 -0.
0.913 3.8 1.415 -0.8 1.495 -0.6 1.406 -0.
0.969 10.1 1.394 -2.3 1.481 -1.5 1.402 -0.
0.673-23.5 1.777 24.5 1.700 13.2 1.379 -2.
0.875 -0.6 1.431 0.3 1.501 -0.2 1.400 -0.
0.835 -5.1 1.511 5.9 1.549 3.0 1.408 O.
0.905 2.8 1.454 1.9 1.514 0.7 1.388 -1.

MakcumanbHOE OTKJIOHEHHE MOIIHOCTH KacCeTbl
nporpamme PAJIYI'A-S coctaBnsier 8.8 % B kaccere Ne 9, no nporpamme PAJIYI'A-7 cocrasisier
2.4 % B kaccere No 8.

OT MCJKOCECTOYHOI'0 pacyeTa:
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34 -1.3
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46 0.9
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35 -1.1
15
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9 0.504 -3.
1 0.489 -6.
3 0.527 1
3 0.516 -1.
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11
1.097
.095 -0.2 0
.093 -0.4 0
.085 -1.1 0
.050 -4.3 0
.094 -0.3 0
.088 -0.8 0
.082 -1.4 0
0.885
1 0.882 -0.
10.879 -0.
4 0.869 -1.
0 0.835 -5
50.886 O
10.876 -1.
4 0.870 -1.
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5.1.4 MopaeanpoBanne U3MeHEHHs] MOIIHOCTH PeaKTOpPa NMPHU CTYNEeHYATOM BHECEeHHH

PCAKTHBHOCTH U CPABHCHHUEC C AHAJIUTHYCCKUM PaACuIe€TOM

[Ipu mpoBeneHMH JaHHBIX pPAacyeTOB B KAauyeCTBE MCXOIHBIX JaHHBIX HCIHOJIH30BAIUCH
TeOMETPUYECKNE XapPaKTEPUCTUKH aKTUBHOW 30HBI yCTaHOBKH B-320 B XOJIOJHOM KPUTHYECKOM
HEOTPABJICHHOM COCTOSIHUU NP "HYJIEBOM" MONTHOCTH aKTUBHOM 30HBI M OJJHOPOJIHOW TOIJIMBHOM
3arpy3ke. PeakTHBHOCTP ~ BBOAWJIACH IIyTEeM HW3MEHEHMs AaKCHAJIbHOM YTEUKH HEUTPOHOB
(u3meHsach 3¢ (exkTuBHAs BBICOTA AKTUBHOW 30HBI). BenuunHa BBOIUMON pPEAKTUBHOCTH
onpenemsiach 1o nporpamme PAJIYT'A. Benuuwnnaa monu 3anma3apIBarolinx HEWTpoHOB (P) mpu
MPOBECHHUH TaHHBIX pacueToB npuHsTa paBHou 0.00697.

3aBHCHMOCTh MOIIIHOCTH pEaKTopa MpH BHECEHHH peakTuBHOCTH 31.95B (pasron peakropa
Ha "MTHOBEHHBIX" HEUTpOHAX) MpejcTaBicHa Ha puc. 5.5. Pe3ynbrarel pacuera pasroHa Ha
3ama3bpIBalolUX HeHTpoHax mpu peakTuBHOocTH  0.6963f mpencrtaBieHsl Ha puc. 5.6, mpH
peaktuBHOCTH 0.4184f - Ha puc. 5.7, npu peaktuBHOCcTH 0.2997fB - Ha puc. 5.8. Pe3ynbprarhl
pacueTa U3MEHEHHUs] MOLIHOCTH peakTopa MpU BHECEHHWU OTpHUIATeNbHOM peakTuBHOCTH -0.6099B
NpUBECHBI Ha pHUc. 5.9, -6.333 - Ha puc. 5.10.

MogenMpoBaHWME PA3ITrOHA PEAKTOPA HA MIHOEEHHHX HEATPOHAX
BEsegeHHAA PEAKTHWEHOCTE 31.95 5
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Ir:] AHANMMTHUYECKH]A pacuerT
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"PAAYTA"
e
;]
-
e
a.a 4.74-4 9.48-4 1.42-3 1.98-3 ©Bpema, c
Puc. 5.5. PeaktuBHocth 31.95
MogenMpoBaHWE pPasroHa PEAKTIOPA HA SaNA3AHBAHLUMK HERTPOHAX
= Beepgernaa peaxtuwsHocTe B.6963 §
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-
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b AHANMTHUYECGKKWA pacueT
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/ "PARYTA™
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-
Aa.Aa A.49 A.98 1.47 1.96 EPEMA, C

Puc. 5.6. Peaktunocts 0.6963



MogenMpoBaHWeE pasSroHA PEAKTOPA HA 3ANA3AHBAHUMX HEWTPOHAX
BEefeHHAA PEAKTHMBHOCTE B.4184 §

= AHANMTHYECGKHA pacuyerTr

TPAQYrA"

1.8

8.8 1.9886 3.9611 5.9417 79222 BPEMA, G
Puc. 5.7. PeaktuBnocts 0.4184

MogenupoBaHWe pPasroHa PEAKTOPA Ha SANaASAHEBANLUMX HEATPOHAX
BEepeHHaA peaxKTUBHocCTE BA.2997 §

u AHANMWMTUMUYECEKMA pacueTr

/

f//f//////x/r "PAMYTA™
, /

1

a.8a 3.8 6.8 9.8 1Z2.8 EPEMA, C
Puc. 5.8. PeaktuBHocts 0.2997 3

MogenuMpoBaHMe pasroHa pPeaxTopa Ha 3anNasguHBAWUMX HEWMTPOHAX
BeepeHHaA peaKTWBHoOCTE —B.6899 §

1

a.75

"PAQYMTA"

AHANMTHUHECKMH PacdeT

A.25

a.8 1.8881 2 .A883 3.A804 4. MHAH6 EBpewma, c

Puc. 5.9. PeaktuBHocts -0.6099 B



80

MogennpoBEaHWE pPasroHa PEAKTOPA HA MOCHOBEHHBX HEATPOHAaX
EsepgeHHaA peakTHEHOCTE —-6.333 §

®
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\ AHANWMTUMUYELKMA pacuer

5| vPapura”

#.8 8.6 1.2 1.8 2.4 BpPEMA, C

Puc. 5.10. PeaktuBHoctsh -6.333 B

[Ipn BBeneHHMH TOJOKUTENBHOM PEAKTHBHOCTH 3a PACCMOTPEHHbIE MHTEPBAIbl BPEMEHU
omunOKa B ONpEJEICHUH HEUTPOHHOM MOUIHOCTM B aKTUBHOM 30HE He MpeBbicwia 5% Kak mpu
BHECEHUH PEAaKTHUBHOCTU MEHEe [OJNM 3ama3fblBaloIUX HEUTPOHOB, TaK W TpPH  BHECEHUU
3HaYuTeNbHON peakTuBHOCTU (31.95B). Ilpn BHECceHMHM OTPHIIATENILHOW PEAKTUBHOCTH OIIMOKA B
ONpeIETICHUN HEUTPOHHON MOIIIHOCTH MeHee 1%.

JlaHHbIE pacdeThl MPOJEMOHCTPUPOBAIH, YTO HEUTPOHHO-(DU3UUECKUNA MOYJb MPOTPaMMBbI
KOPPEKTHO peElIaeT ypaBHEHHs KHMHETUKM IIpM pasroHe M ocTaHoBe peakTopa. OCHOBHas
HOTPEIIHOCTh HEUTPOHHO-(PU3NYECKUX pACUYETOB CBsI3aHA C KOPPEKTHOCTBIO OMNpEENICHUs
KOA((UIIMEHTOB PEAaKTUBHOCTH, T.€. KAYECTBOM MOATOTOBKH HEUTPOHHO-(PU3NUECKUX CEUCHUH.

5.1.5 Bepuduxauus ypaBHeHUsI ABUKEHUS

Jns Bepudukanuu ypaBHEHHUS COXpPaHEHMs HMITyJbca MPOBEJEH pacyeT MO aaromencs
aHAJTMTUYECKOMY pelieHuto 3amaun mno mnporpamme “TPP” (mpoBeneHuwe naHHOTO pacuera 0e3
nonymenuit 1o /k "PAJIYI'A" HEBO3MOXKHO).

YpaBHeHHE COXpaHEHHs UMITYJIbCa JIJIs KaHala

n

1 dG _
Zf dt
i=1

MOJET OBITh MPE0OpPa30BaHO K BUAY:

P, -P

BX ~ T BBIX + Pﬂac

o &
- I35 GIGI- peh

aG _ ., .
Ay =B -G,

rac:

=

1
o

n N
y_&
i=12pfz
PBX - PBI)IX + Pﬂac B pgh
n .
E—F’—
i=12pf2
JlanHOE ypaBHEHHE TIPH CTYNEHYATOM HM3MEHEHWH CyMMapHOrO Hamopa Ha KaHalle UMEeT
AHAJIUTUYCCKOC PCUICHUC:

-
1

A=

B’ =
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G=Bth(%t).

B namem npumepe paccMoTpeHa TecToBas 3ajaya pa3rOHa TEIUIOHOCUTENS B KaHale C
IIPOXO/IHBIM cedeHneM | M%, UIMHON | M, CyMMAapHBIM IHAPABIHYECKAM COPOTHBICHHEM E=1.0,
IUIOTHOCTERIO TerutoHocuteist 1000 KF/M3, CTYIIEHYaTO BO3HHUKAIOIIMM Ha KaHaJe IMepenaaoM 10°
I1a.

B sTrom cnyuae ko3 hUIMEHTHl ypaBHEHUSI IPUHUMAIOT CIIEIYIONINE 3HAUCHUS:

A =2000;
B=+2"10"

Ha rpaduke ( puc. 5.11) npuBeaeHo M3MEHEHHE pacxoja TEIUIOHOCHTENS BO BPEMEHHU.
[IockonpKky npHBECTM HAa OJHOM KPUBOM pACCUYMTAHHYIO IO IIpOrpaMMe M PacCUUTAHHYIO
AQHAJUTUYECKH KPHUBBIE HEBO3MOXHO (OHM CIIMBAIOTCA), Ha PHC. S5.12 mpHUBEACHO H3MEHEHHE
MOTpeIHOCTH pacueTa ( B % ) MO OTHOIICHUIO K AaHATUTHYECKOMY pacyery.

MakcumanbHass norpemHoctb 0.072% BO3HHMKaeT Ha MEPBOM IIAre MHTETPUPOBAHUS, UTO
CBSI3aHO C “MTHOBEHHBIM’ MEPEXO0JIOM OT HYJIEBOTO pacxoj/ia U HyJEBOM MPOU3BOJHON MO PacXomy
(HyJIeBBIM YCKOPEHHEM) B HaUaJIbHBII MOMEHT BPEMEHHU B MAaTEMaTUYECKOW MOJIEIN B CPAaBHEHUH C
“MTHOBEHHO” BO3HHUKAIOIIMM YCKOPEHHMEM B aHAJIUTHUYECKOM TecTe. K KOHIy mnepexoaHoro
mpoliecca MOrPEIIHOCTh CHUXKAETCS A0 YPOBHS 107 %, 4T0 HaxXOAWTCS Ha TPaHMIIE TOYHOCTH
YHUCJIEHHOT'O pacyera.

Pacxom uepesz xaman

14119,

P—

18589,

7859.5

3529.8

8.8

a.a B = = 3

Puc. 5.11. Pacxox 4yepe3 kaHaJ

MorpewHocCTs pacuUeTa pacxona 4dYepes KadHan ()

a.88

6.84

|
\
ﬁ
f

-8.84

l/_

5.2 TlpuMep CpaBHUTEJbHBIX BePpHU(PUKAIMOHHBIX PACYETOB C JAPYrHMH

-8.68

a a.1 a.2Z .3 -4

Puc. 5.12. IlorpemHocTh pacuera pacxoaa

IporpaMmMaMu

B 1994-1995 r.r. no ununmaruse OKb I'M/IPOITPECC Obina BBINIOJIHEHA CepuUsi pacueToB
no obocHoBaHuio Oe3omacHOCTH PY B-320 B MpOEKTHBIX aBapUHHBIX pEXHMax C HaJOKECHHEM
0TKa30B B pabote opranos CY3.
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Jl71s 1OCTOBEpHOCTH PE3yIbTATOB YHUCICHHOTO MOJECIUPOBAHMS TPeOOBAIOCH UCIIOIB30BATh
MPOrPaMMBbI ¢ TPOCTPAHCTBEHHON HEUTPOHHO-(PU3NIECKON MOJIETIBIO AKTUBHOM 30HBI.

Pacuersl mpoBOAMANCH C UCHOJIB30BAHUEM TE€OMETPUUECKUX U TEIIOTUIPABINYECKUX
JAHHBIX PEAaKTOpPHON ycTaHOBKM B-413 B coorBercTBuuM c [46] mo mporpammam “PAIAYI'A” u
“HOCTPA” [47], 48], [49], [50], [51], [52].

Pesynbrarel pacyeToB 1O mporpaMMaM OBUIM TIIATEIBHO MPOAHATU3UPOBAHBI U
cornacoBanbl cnenranmuctamu OKb I'MJIPOIIPECC, ADII, BHUMASC u MU®U.

K coxanenuto, He ObUIM JETAbHO COTJIACOBAHBI CIICHAPUU MOJEIHPYEMBIX aBapHii, B
YacTHOCTH, paboTa TypOOyCTaHOBKH, KO3()(PUIIMEHT TEIIONPOBOJHOCTH ra30BOT0O 3a30pa, CIoco0
BbIxoaa bPY-A u BPY-K B pexxum noanepxxanus nasienud B [1I°, 4To mpuBeno K pacxoXICHUIO B
KOHEYHOM COCTOSIHUH, K KOTOPOMY MepexoauT SAD0Y B HEKOTOPBIX peKUMax.

B nanHOM oT4eTe MPUBOIUTCS CpaBHEHHE TOJIBKO HaWOoliee BAXKHBIX MapaMETPOB, TAKUX
KaK:

- HEUTPOHHAS U TETJIOBasi MOIIHOCTH;

- PEaKTUBHOCTB;

- TeMIEpaTypa TEIUIOHOCUTEINS Ha BXOJI€ B aKTUBHYIO 30HY;

- MUHMMAJILHBIN 3armac 0 KpU3nca TeriooOMeHa.

Bonee neranpHO ¢ MaTepuazamMu pacdeToB MOKHO O3HAKOMHTHCS B paborax [47], [48], [49],
[501, [51], [52].

5.2.1 Pexum BbIOpoca peryaupymomero oprana CY3

Ha sTy aBapuio nOmMoMHUTENbHO HakiazbiBaeTcs obOectounBanue ADC U 3aMesieHHe
CKOPOCTH JIBUYKEHUS OTAeNIbHBIX opraHoB CY3 npu cpabaThIBaHUM aBapUIHON 3alUTHI.

[ToxpoOHOE onucaHue pexkrMa U UCXOIHBIX TAHHBIX TIPUBEICHO B paboTax [46], [47], [48].

MoaenupoBaicsi BeIOpoc perynupytomero oprana CY3 u3 KpaltHEro HUKHETO TMOJI0KEHUS
3a 0.1 c.

Pesynbrarsl pacuera HEUTPOHHOW M TEILUIOBOM MOIIHOCTH, U MAKCUMAJILHOM TEMIIEpaTyphl
000JIOYKH TB3JIOB Ha pUcyHKax 5.13 u 5.14.

OTHOCHMTENBHAR MOUHOCTE TEI'IﬂDBbIHEﬂEHMI:l

=+
-

"PAAYrA"

8
I
*
w| HOCTRA™
m
©
\\ "HOCTRA"

= %
S "PAAYT A"

0.8 4.8 8.8 1Z.8 6.8

Puc. 5.13. OTHOCHTEILHAS MOIITHOCTD
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. MakcuManeHaA TeMnepaTypa 0BONOYKM TE3Na
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a.8 4.8 8.8 12.8 6.8

Puc. 5.14. Temneparypa 0001049KH TB3J1a
5.2.2 PexxuM norepu HCTOYHUKOB NNEPEMEHHOI0 TOKA

[TonpoOHOE omKcaHue pekUMa U UCXOJHBIX JaHHBIX MPUBEACHO B padorax [49], [50].

MonenupoBanoch 1Ba BapuaHTa pexuMa Mpu cpadaTbIBAHUN aBapUHOMN 3aIIUTHI:

- CHMMETpHUYHas Herocaaka 9-oi rpynmsl opranoB CY3 (6 OP CVY3);

- HEMOCaJKa MATH PSAOM PaCIONOKEeHHbIX opraHoB CY 3.

PesynpraTtel pacuera pexxuma ¢ cummerpuyHod Hemocanakoit OP CVY3 npusenensl Ha
pucyHkax 5.15-5.20, ¢ HeCUMMETPUYHOM HEMOCAAKOU - HA pUCYHKaxX 5.21-5.25.

Puc. 5.15. OTHocuTEeILHAA MOUIHOCTH
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MakxcumaneHasn TEMNEPATUYUPA TONMWBA

T

S

®
=
=
=
35
-
=
=
e
©
2
=
S "HOCTPA"
=
]
n e 1
"PAJIVTA”
®
=
6.8 28.8 44.8 68.8 868.8
Puc. 5.17. MakcumanbHasi TeMnepaTypa TOILUINBA
= TemmepaTypa TeILTIOHOCHTEIA HA BX0/|¢ B AKTHBHYH) 30HY
S
m
2
g
m
s "PAAYIA®
g
m

©

=

[=x}

™~

"HOCTPA” T

|

o

=

&

a.a Z8.8 4A.8 6.8 88.8
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MUHHMMANEHHA 3anac A0 KPpHU3IMCa TENNooBMEHA
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Puc. 5.24. Temnepatypa TenJiOHOCHTEJISl HA BX0/J€ B AKTUBHYIO 30HY
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Puc. 5.25. MakcumajbHasi TeMIepaTypa 000J104KH TBIJIa

PesynpraTsl pacueTa pexxuma oTepyu UCTOYHUKOB IIEPEMEHHOTO TOKA KaK ¢ CHMMETPUYHOH,
TaKk U C HECUMMETPUYHOW Hemocaakod opraHoB CVY3, HecMOTps Ha 3aJaHu€ pPA3IUYHOTO
anroputma padotel BPY-A u BpeMeHH OTKIIIOUE€HHsI TypOoreHepaTopa, JeMOHCTPUPYIOT XOpOIlee

COBMaJieHUE pe3yabTaToB pacuera no nporpammam “PAJIYT'A” u “HOCTPA”.
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5.3 IIpumep cpaBHeHHS C IKCIIEPUMEHTAMH HA CTEHIAX

5.3.1 MoaeaupoBaHne MaJbIX Te4eil M3 NEPBOro KOHTYPAa PEaAKTOPHOH YCTAHOBKHM 110

pe3yJbTaTaM dKCIePUMEHTOB HA BeHrepckom crenae PMK-NVH

Bepudukanus ternoruapaBnuueckoro moxayns 1/k "PAIIYI'A" mpoBomunace Ha 0aze
JTAHHBIX, MOJYYEHHBIX Ha 3KcnepuMeHTanbHoll ycraHoBke PMK-NVH (Benrpus) (Mogenupyercs
onHa nemia ADC Ilakm c peakropom BBDOP-440). Ha 3Toil ycraHOBKE NpOBOAMIIACH CEpUs
HKCTIEPUMEHTOB JIJIsl BEpUPHUKAIMH [TPOrpamMMm, MpeTHa3HAuYCHHBIX I pacyeTa aBapuil "'Manas Tedb
u3 nepsoro konrypa'. [To n/k "PAJIYT'A" npoBeneHo MoeIMpOBaHKE IBYX PEKUMOB:

- SPE-2 - Teub U3 XOJOJHON HUTKU C y4E€TOM PabOThl OJHOM CHCTEMBI BIPBICKA BBICOKOTO

naBieHus: U aByx ruapoemkocteir CAO3, 5KBUBAJCHTHBIA JUaMETp Teuu coctaBisier 4,47 %1076
M2:

b
- SPE-3 - Teup M3 mepBOro KOHTypa BO BTOpPOW B pe3yibTaTe pa3pblBa HAIIOPHOTO
KOJJIEKTOpa MaporeHepaTopa ¢ yueToM paboThl IByX CHUCTEM BIIPBICKA BBICOKOTO JABJIECHMS U JBYX

ruapoeMkocteil CAO3, S5KBUBAJIEHTHBIM JUAMETP TEUU COCTABIAET 2,67 * 10-6 M2,

YcranoBka PMK-NVH [53] (puc. 5.26) cocTouT U3 cocyaa, IMUTHPYIOIIETo peakTop (A3)
¥ OIHOW mMeTnu, BKIouaroimeil kommeHcatop oobema (KO), mupkynsuuonssiii Hacoc (I'ILH) u
00beM, UMUTHPYIOLINHA OMyCKHOM ydacTok peakTopa (OY). AKTUBHAsI 30HA peakTopa UMUTHPYETCs
19 crepxkHsAMU, 00OTPEBAEMBIMH DSJICKTPHUSCTBOM. Y CTaHOBKAa CHA0XKCHAa CHCTEMOW BIPHICKA
BbICOKOTO naBieHus u AByMs ruapoemkoctssMu CAO3 (I'E1 u I'E2). OxHa ruipoeMKOCTh CBsI3aHa
C BEpXHUM 00BEMOM peakTopa, BTOpas - ¢ OMyCKHOW kamepoi. L{UpKyIsSIMOHHBIA HAacOC HMEET
OaiinacHyto nuHuto, BeiOer I'I[H Moxmenupyercst myTem 3akpbITHs 33JBH)KEK Ha JIMHUU HAcoca U
OTKPBITUEM 3aJIBMKKU Ha OalTIaCHOM JIMHUM MPY TOCTOSTHHBIX 000pOTax poTopa Hacoca.

N
2
Teur a a V—D:\[X]an
IEl EO
~ X

CEC or
MuratensHan
N BOAa
OnycEHOA X
A3 Faacrox 00XMAAHTEND
MoaoHTEA I'H
HKC .

Puc. 5.26. TennoBasi cxema crenga PMK-NVH
[Mockomeky B m/k "PAIIYI'A" momenupoBanwe OalIlacHON JTWMHWHM HE MPEIyCMOTPEHO,
XapaKTepUCTHKHU Hacoca 3aJaBajich MyTeM 1MoA0opa Harmopa Hacoca B 3aBUCUMOCTH OT BPEMEHHU.

5.3.2 MoaenupoBanue pexuma SPE-3

Pe3ynbTaThl MoaenupoBaHus pexxuMa CKOMIIEHCHUPOBAHHOW TEYM W3 MEPBOTO KOHTYypa BO
BTOPOM MPEJCTABICHBI HA PUCYHKAX 5.27-5.36. Ha puc. 5.27 npencraBieHo U3BMEHEHHUE AaBJICHUS B
MEpBOM KOHTYpE, Ha pHC. 5.28 - pacxojia TEIMJIOHOCUTENSI IEPBOTO KOHTYpa, Ha pHc. 5.29 - pacxon
T€YU U3 MEPBOrO0 KOHTypa BO BTOpoM, Ha puc. 5.30 u 5.31 - temnepaTyphl, COOTBETCTBEHHO, Ha
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BXO/JIE U BBIXOJIE U3 MaporeHepaTopa, Ha puc. 5.32 u 5.33 - nasnenue B ['El u I'E2, Ha pue. 5.34 u

5.35 - Macca BBUTMTOM BOJIBI M3 ATUX THAPOEMKOCTEH, HA pHUC. 5.36 - TaBieHUE B TapOreHEPATOPE.
SPE-3. [lasnenue B CHKC
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Puc. 5.27. /laBnenue B cOOPHOM KaMepe CMeELICHUSI
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Puc. 5.30. TemnepaTypa TenJioHOCHTeJIsI HA BXO/e B TeNJI000MEeHHUK

Puc. 5.31. Temnepartypa Temnio

SPE-3. [lasnenue B 1 rugpo

eMmrxocT (HKC)

HOCHUTEJIA HA BbIX0J€ U3
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SPE-3. [lagneHve BOo 2 rUgpoOeMKOCTH
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Puc. 5.34. O0bem Boabl, BBLIMTHIA U3 1-0ii THAPOEMKOCTH

SPE-3. BunuTo BOAW M3 2 ruapoeMxocTd (CHKC)
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Puc. 5.35. O0beM BoAbI, BBUINTHIH U3 2-0i THAPOEMKOCTH



SPE-3. [laBneHue B naporeHepaTtope

91

®
s
W
=
[==]
-+
®
]
oM
"PAfUTA" JKCMEPUMEHT

® “xxhahaxxhkﬁ“
5=}
=
. ‘HH“EEHHEEEEM%
=

a.a 2008.8 408 .8 648 .8 80B.8 EBpema, c

Puc. 5.36. /laBjieHue B maporeseparope
[Ipn monenupoBanuu npoueccos B pexume SPE-3 nonyueHo xopolee Kak KaueCTBEHHOE,
TaK U KOJMYECTBEHHOE COTJIAaCOBAHHE PACUYETHBIX PE3YJbTAaTOB C PE3yJIbTaTaMU SKCIIEPUMEHTA.
KoneuHnoe cocrosiHre, B KOTOpOE MEPEXOIUT IKCIEpUMEHTalbHas ycTtaHoBKa yepe3 1000 cexkyHn
nporecca, monenupyercss n/k "PAIYI'A" ¢ xopomeill creneHpto TouHOCTH. HabGmomaercs

oTkioHeHue Ha 5 OC Temmeparypbl Topsdero TpyOOonpoBoia, MPONOPIHOHATFHOE OTKIIOHCHHUIO B
oTmpeieNieHuu OOIIEKOHTYPHOTO pacxona. /laBieHue B mepBOM U BTOPOM KOHTYpE B IKCIEPUMEHTE

" pacCyCTC MPAKTHUICCKU UACHTUYHBI.

5.4 IIpuMepbl MoAeIMPOBAHMSA PeaIbHBIX IKCIIEPUMEHTOB Ha ADC

5.4.1 MoaenupoBaHue IKCIIEPUMEHTOB, NPoBeAeHHbIX HAa 0J10ke N3 PoBenckoit AJC

Ilenpr0 maHHOTO pacdeTa SBISUIACh JEeMOHCTparus Bo3MoxHocTed m/k “PAJIYI'A” npwm
MOJICJIMPOBAHUH IKCIUTYaTALMOHHBIX PEXKUMOB PEaKTOPHBIX yCTaHOBOK THMa B-320.

DHeproBbI/IeICHHE B aKTUBHOM 30HE PAcCUUTHIBAIOCH IYTEM DELICHHs JBYXIPYMIIOBOIO
T Py3HOHHOTO YpaBHEHUSI HEUTPOHHON KHHETHUKH.

OxcrniepumeHT Ha O1oke N3 Posenckoit ADC npoBoawics Ha MOMEHT 14.8 3¢ heKTUBHBIX
CYTOK BTOPOI TOIJIMBHOM 3arpy3KH JIByXI'OJMYHOI'O TOIUIMBHOTO LIUKJIA.

ComnocTaBneHre MoKacceTHOro mpoduis sHeproBbiieneHus Ha 15 u 235 s¢dexTHBHBIX
CYTOK IIEpBOM TOIIMBHOM 3arpy3Ku IpUBEAEHO HA puc. 5.37 u puc. 5.38.

YeraHoexa peaxTopHaa B-328. lNoxacceTHHA Npogpuns SHEProOBHAENEHWA
15 cyTok KamnaHWMM 1-0A TONAMBHOM 3ATCPYIKM Z—X TOOAWMUHOTO LMKAA
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Puc. 5.37. Hauajno kKaMmnanuu
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YecranHoeka peakTtopHaa B-328. lMoxacceTHWA NpoguMNes SHEProBbEeNEHWA
235 cyTox KamnaHuM 1-o0f TONAMEHOW 3arpyskd Z—x roguyHOro LHMEAa

“PAfYTA"
I - "BHnP-7v

1.5
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Puc. 5.38. Koneny kaMmnanuu

B kauecTBe MCXOAHBIX JAaHHBIX MPHU MPOBEACHUM JAHHOTO pacyeTa MPHUHSTHI MPOCKTHHIE
xapaktepuctuku PY B-320.

PaGora perymaropa pacxoma mapa Ha TypOOYyCTaHOBKY HWMHUTHpPOBajach 3aJaHUEM
3aBUCHMOCTH pacxoja mapa Ha TypOOyCTaHOBKY OT JaBJICHUS B OOIIEM MapOBOM KOJUIEKTOPE IS
COTJIACOBAHUS C pe3yIbTaTaMU IKCIIEPUMEHTA:

- npu gasieHuu B OIIK 64 aTm monarancsi HOMHHAJIBHBIA PacXo] mapa Ha TypOHHY;

- ipu cHkeHuu nasnenus B OIIK o 62 atm pacxox camxkaetcs 1o 700 kr/c.

BriOer oiHOTO Hacoca U3 YeThIpEX 3a/1aH MO MPOCKTHBIM JaHHBIM.

Pacxon muTaTenbHON BOIBI B MAPOTEHEPATOPHI OMPEACIISIICS MO YCIOBUIO OTKJIOHEHHUS OT
HOMHUHQJIBHOTO YypOBHSI JWHEWHO. [Ipum mnoBeimieHun ypoBHS Ha 150 MM 1O OTHOWIEHHIO K
HOMMHAJIFHOMY TIpeKpalianach mojiaya muTaTeIbHON BOJIBI.

5.4.2 Pexum odectounBanus oaHoro I'llH u3 yernipex padoraromux

[Tpu mpoBeaeHUN dKCIEpUMEHTA OJIOK OBLT Pa3rpy’keH ¢ HOMUHAIBHOTO YPOBHS MOIIHOCTH
10 ypoBHs mnopsinka 62% 3a 80 cekyHI. B cOOTBETCTBUU C 3THM, MpPHU pacyeTe JaHHOTO pexuMa
paboTa peryiasiTopa MOUIHOCTH MOJEIMPOBANIACh 33JaHUEM CHHKEHUS HEUTPOHHON MOIIHOCTH C
HOMUHAJIBHOTO 710 62% nuHelHo 3a 80 cekyH[ ¢ TOUHOCThIO 0.5%.

CHmKeHre MOIIHOCTH OCYIIECTBIISAJIOCH MyTeM BBeleHHS B 30HY 10-oif perynupyromeit
TPYIIBI CO CKOPOCTHIO 2 CM/C, €CITM TEKYIIH YPOBEHh MOIIHOCTH OTIUYAJICS OT 33JJaHHOTO OoJee
yeM Ha 0.5%.

Pabora perymstopa pacxoja nmapa Ha TypOMHY M PEryJisiTopa pacxoja MUTATEIbHON BOJbI
OTHcaHbI BhIlle. HUKaKuX qpyrux BO3MYIIAIONINX BO3IEHCTBUI Ha YCTAHOBKY HE MTPOU3BOIUIOCH.

Pacuer npoBoauiics 10 Hayaia BbIXO[Aa YCTAHOBKU B YCTAHOBUBIIMICS pexXuM. B peanbHOM
skcriepuMenTte mocie 160 cexyHabpl ocobeHHocTH padoTel ACY-TII mpuBenu k mociemyromen
pasrpy3ke Onoka. I[lockompky m/kx “PAJYTA-5" He conepXuT OJOK, MOICITHPYIOIIHIA
dbyukuuonupoBanue ACY TII, pacuer mns Bpemenu 6osnee 160 ¢ He mpousBoAmiIcs. Pe3yabTaTel
pacuera npeacTaBieHbl Ha pucyHkax 5.39-5.48.
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Puc. 5.39. OTHOCHTE/ILHASI HEHTPOHHASI MOIIIHOCTH
Pacxoa gepe3 AKTHBHVIO 30HY
AKCNEPHMEHT
"PAYTA’
6.8 72.8 144.96 Z16.8 Z88.8 Bpema, c
Puc. 5.40. Pacxox yepe3 aKTHBHYIO 30HY
Pacxon TennoHOCHTeNA NepBod (1) @ BTopo & meTnH (2)
SKCNEPHMEHT
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k "PANYTA"
IKCNEPHUMEHT 2
8.8 72.8 144.9 216.8 288.9 swpemna, c

Puc. 5.41. Pacxoa TenJIoHOCUTEJA 110 NETJIAM
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TermepaTypa CTEHEH HEPEOT0 YIACTEa FOpAYero TpyGoOpoEoda
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Puc. 5.42. Temneparypa cTeHKH ropsiuero Tpyoonposoaa 1-oit nersim
Termeparypa cTeHEH OepEOT0 ¥I4CTEA ropAdero Tpyioopoeoga
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Puc. 5.43. Temnepatypa cTeHKH ropsiuero TpyoonpoBoja 2-oi nerjiu

TeMOoeparypa cTEHEH ODOCAEAHET0 yI4cTEd X0A0AHOT0 TpyhonpoEoda
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Puc. 5.44. Temnepatypa CTeHKH X0J0AHOT0 TPpyOomnpoBoaa 1-oi nmerim
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TerMmepaTypa CTEHEH DOCAedHErD ¥IacTEa X0A0AHOT0 TpyGoOpoBoga
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Puc. 5.45. Temneparypa cTeHKH X0JI04HOr0 TPyOonpoBoaa 2-0ii neT/iu

flaBneHHe B NEPBOM KOHTYpe
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Puc. 5.46. /laBjieHue B nepBOM KOHTYpe
YpoEEeHE EOAW E MNAapOTEHEPATOPE MNEPEOHM MNETAM
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Puc. 5.47. YpoBeHnb Boabl B maporeneparope 1-oii metiu
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YpoBEHE BOANM B MAPOCEHEPATOPE ETOPOH MNETAH
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Puc. 5.48. YpoBeHb BoabI B maporeseparope 2-oi nerJiu
5.4.3 MoaeaupoBanne 3KCIEPUMEHTa MO BO30YKICHHI) AKCHAJBHBIX KCEHOHOBBIX

KoJyie0aHuii Ha 1 oM Os10ke Bosarogonckoii (PocroBcekoii) AIC

> B mpomecce MOATOTOBKH MPOrpaMMHOro kommiekca (m/k) PAIIYTA/RAINBOW-7.3 k
aTTecTalMy ObUIa BBINIOJIHEHA padoTa MO MOJEIMPOBAHUIO MEPEXOIHBIX MPOIECCOB, CBI3AHHBIX C
M3MEHEHHEM KOHICHTpAamun Xe' > MpH aKCHANbHBIX KCEHOHOBBIX KojieGaHmsx. IIpOBOIHMIOCH
CpaBHEHHUE C YKCIIEPUMEHTAJIbLHBIMU JaHHBIMH, IOJy4YeHHBIMU Ha 1-oM G11oke Bonromonckoit ADC.

[Tporpammuslii kommiuexke PAJIYI'A/RAINBOW-7.3 mpeaHa3HadeH A MOAEIMPOBAHHUS
JUHAMHYECKHX IIPOLECCOB B PEAKTOPHBIX YCTAaHOBKax C peakropamu Tuna BBOP ¢ yuerom
TPEXMEpPHON NBYXTPYIIIOBOW MOJETH akTHBHOH 30HBI peakropa. [1/k PAJIYI'A/RAINBOW-7.3
BXOJIUT B COCTaB MOJTHOMACIITA0OHOTO Mojenupyromiero kommiekca PAJIYI'A-DY, mo3Bosstomiero
POM3BOJUTH IMOJHOMACHITA0HOE MOJEIMPOBAaHUE KaK AMHAMUKHU 3Heproodioka ADC ¢ peakTopamu
tuna BBOP, Tak u auHaMuKu 3HEproOJIOKOB TEIJIOBBIX 3JeKTpocTaniuil. [logpoOHoe omucanue
CTPYKTYpbI porpaMmHoro komiuiekca PA/IYI'A-DV u BXoagumx B HETO MPOrpaMM IPUBEJIEHO B
[28].

Bo ®I'VII «AtomaHepronpoekt» B pamkax noarotoBku n/k PAJIYT'A-DVY k arrecranuu
OblTa co3MaHa MOJHOMAcIITa0Has MoJenb »Heprodnoka PoctoBckoii (Bomromonckoi) ADC,
BKJItOUarouasi B ce0s MOJENb PEaKTOPHON yCTaHOBKH, MOJIEJIb CUCTEM BOJOOOMEHA PEaKTOPHOIO
OTHENICHUs W MOJeNb TypOWHHOTO oTaeneHus, a Ttakke Mmozenb ACY TII peakropHOro u
TypOuHHOrO oOTneneHuil. bubnnoreka HEHTPOHHO-(DU3NYECKUX CEYEHMH MOArOTOBJEHA IO
arrectoBanHoMy ['AH P® mporpammuomy xomriiekcy CAIIDUP-95. PesynbraTsl Bepudukanuu
KayecTBa OMOIMOTEKH HEUTPOHHO-(PU3UYECKUX CEUCHHH TIPEICTaBICHBl B BEpUPUKAITMOHHOM
otuere [58] u OyayT MOOKEHBI HA TAaHHOM CEMHUHApE.

OKCIepUMEHTBl MO0 BO30Y)XKICHHIO «CBOOOJHBIX» AaKCHAJIbHBIX KCEHOHOBBIX KOJeOaHMH
Obun TpoBeneHbl Ha 1-om Onoke Bosrogonckoit ADC Ha 3Tame OMBITHO-IPOMBIIUICHHON
OKCIUTyaTaIluy MPH BEITOPAHUH TIEPBOI TOTTMBHOM 3arpy3ku 61,0...64,5 s dexTuBHBIX cyTOK [54].

[TapameTrpsl PY Ha MOMEHT Hauyano SKCIIEpUMEHTA MPUBOJATCS B Tadmuie S.1.

> JlamHBIA pasjen  sBIOSAETCS  JOKIAZOM, IpPEACTABICHHOM Ha cemuHape «Heirponnka-2004»:

«MogenupoBaHue SKCHEPHMEHTa 110 BO30YKAEHHIO aKCHAIBbHBIX KCEHOHOBBIX KojeOaHumii Ha 1-om Oioke
Bonromonckoit ADC». Asrtopsr: Kumemo J[.A., KaByn O.IO., CrepanoB A.A, XomakoBckuit B.B. - ®I'VII
«AtomdHepronpoek™, Kpsksun JI.B., Tepemonok B.A., [Tutunumor B.A. — OAO «BHUHNADCy
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Ta6muma 5.1 - [apamerps PY Ha MOMEHT Ha4aso SKCIiepuMeHTa

[TapameTtp 3HayeHne
T, add. cyr. 61,0...64,5
N, % Niow 73,51
Hio, % 81,5

B Tteuyenue 30-Tu MUHYT C MOMEHTa Hayaja SKCHEPUMEHTA MPU HEU3MEHHOW MOIIHOCTH
peakropa padouas rpynna OP CVY3 6bu1a norpyxena Ha riayouny H;;=60%. IIpu s3Tom nocrostHHas
MOIITHOCTh pPeaKkTopa obecreurnBagach ¢ MOMOIIBIO BBOJA B KOHTYpP YMCTOrO KoHzaeHcaTa. Ilocne
BBIZICP)KKH B TeueHue 4 dacoB B mosiokeHuu 60% 10-as rpynma OP CVY3 mpu HemsmMeHHOM
MOIIHOCTH peakTopa 3a Bpems | dac 15 muHyT Oblia u3BnedeHa 1o nojoxeHus 80%. Ilpu stom
MOCTOSTHHAs. MOIIHOCTh peakTopa obecredynBaiach ¢ MOMOIIBI0 BBOJA B MEPBBIH KOHTYP OOPHOTO
pactBopa. B nanbpHelimem B xoze skcnepumenTta nojoxxenue OP CY3 He usmensocs. MomHoOCTb
peakTopa mojaaepKuBaiach Ha ypoBHe 72+1%. OO0miee Bpems SKCIIEPUMEHTa COCTABIIIO TPHUMEPHO
114 gacos.

MonenupoBaHue KCEHOHOBBIX KOJICOAHHI BBIMOJHAJIOCH HA TMOJTHOMACIITA0OHOW MOJeNnu
nepBoro 0moka Pocrosckoit ADC mo n/k PAJIYT'A-DV (B coctaB Moaenu dHEpProdaoka BXOIWIN
MOJIETI PEaKTOPHOM yCTaHOBKM, CUCTEM BOJOOOMEHA MEPBOrO KOHTYypa M TypOOYCTaHOBKH) U B
KBa3ucTalMoHapHoM npubmmkerun mo nporpamme JJECHA-7.3 (HeUTpoHHO-PU3UYECKUI MOTYJIb
n/k PAIIYTA/RAINBOW-7.3). Cnenyetr nog4epKkHyTh, YTO THHAMUYECKHE U KBA3UCTAIMOHAPHBIC
pacueTsl ObUIM BBITMIOJIHEHBI [0 OJHOM M TOM K€ TPEXMEpHOI MporpaMMe paciyera akTUBHOM 30HBI C
COOMIOCHUEM NPAKTHUUECKU HIECHTUYHBIX I'PDAHUYHBIX YCJIOBHI M MCXOJHBIX JTAHHBIX, BKIIIOYas
OMOIMOTEKY HEUTPOHHO-(DU3NICCKUX CEUCHHH.

[TepBbie e pacyeTHbIE IKCHEPUMEHTHI MO MOJEIHPOBAHUIO «CBOOOJHBIX)» aKCHAIBHBIX
KCEHOHOBBIX KOJIeOaHM MMoKa3anu, 4To nepuo] Konedanuii akcuanbHoro odeera no n/k PAIAYTA-
OV cobmonaercs ¢ XOpoled TOYHOCTBIO, MPU ITOM HAOIIOAACTCS CYHIECTBEHHO OOJBIIHIA
JNEKPEMEHT 3aTyXaHHsI KoJIeOaHU, YeM B SKCIIEPUMEHTE.

MopnenupoBaHue TeX € MPOIECCOB B KBA3UCTAIMOHAPHOM MPUOIMKEHUU IO MpOrpaMMe
JECHA-7.3 BBIABWJIO, KpOME TOIO, 3HAaYUTEIBHOE PpACXOXAECHHE IIepHofa AaKCHAJIbHBIX
KCEHOHOBBIX KOJI€OAHMII B CpaBHEHHHM C OHKCIEPUMEHTOM U pe3yjbTaTaMHU pacyeToB IO
MOJITHOMACITaOHOM Mo1eu 3Heprodaoka ADC.

Ha pucynke 5.49 mnpencrtaBieHO COMOCTaBICHHE H3MEHEHHS aKcHalbHOTo odcera,
IIOJIyYEHHOT'O IPU IMPOEKTHBIX XapaKTEPUCTUKAaX aKTUBHOM 30HBI 1o mporpamMmaMm JJECHA-7.3 u
PAJIYI'A-DV B cpaBHEHUU C AKCIEPUMEHTaIbHBIMU JaHHBIMU. KpuBas 1 — sKkcriepuMeHTaIbHbIE
JaHHbIe, KpHWBas 2 — pacyeT [0 ToJIHOMAacmTaOHOW Mojenu »sHeprodioka ADC, 3 —
KBa3UCTallMOHApHBIN pacyet no nporpamme JJECHA-7.3.
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ARcHAONBEHHA ofcert
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Puc. 5.49

OcHOBHOE OTIIMYME MEXKIY OJKCIEPUMEHTAJIbHBIMU W PACUETHBIMH JAHHBIMH II0
MOJTHOMACIITAaOHOW MOJAENH 3aKII0YaeTCsl B CYIIECTBEHHOM pAa3IMYMU BEIMYUHBI aMIUTUTYIbl U
CKOpOCTH 3aTyXaHUs KOJIeOaHUH, TP ATOM TEPHO KOJIeOaHH XOPOIIIO COTIACYETCH.

B pacuerax B KBa3MCTallMOHApPHOM MpPHUONMKEHMM HAOIIOAAETCs, KpoMe TOro,
paccoriacoBaHue epuojia KojaeOaHui.

Jlist BBISIBIIGHUS] TIPUYMH PACXOXJICHUI Oblla BBINOJIHEHA CEPHUsl PacdyeToB, B KOTOPBIX
BapbUPOBAIKCH CIEAYIOLINE TAPAMETPHI:

- BEIMYMHA KO3 PUIMEHTA PEaKTUBHOCTH IO INIOTHOCTH TEINIOHOCHUTES;

- BeIMYMHA KO3 PUIMEHTa pEaKTUBHOCTH IO TEMIIepaType TOILUIMBA.

Jnis u3yueHust BIUSHHUS KOA(PQPHUIMEHTa PEaKTMBHOCTU IO IUIOTHOCTH TETJIOHOCHUTEINS Ha

KCEHOHOBBIE KOJICOaHMs, OTKJIOHEHUE IUIOTHOCTH TEIUIOHOCUTENSI OT CpPEIHEro TEKYILEro
pacyeTHOro 3HAYEeHUS B MPOrpaMMe ObLJIO MPEICTABICHO CIEIYIOIINM BhIPaKEHUEM:

-8.35

Ppacs =P + K (Prex - P)
rac
ppacq — IIJIOTHOCTB, I10 KOTOpOfI MMPOU3BOAUTCA pacHCT HeﬁTpOHHO-q)H3quCKHX CC‘ICHI/II\/’I;

p - CpCaHsd pacuCTHas IJIOTHOCTb TCIVIOHOCUTCIIA B aKTHUBHOM 30HC,;

pTeK — IUIOTHOCTB TCTIJIOHOCUTECIIA B TCKYIIEM paCYCTHOM Y3JIC aKTUBHOM 30HBbI,

k — ko3d¢dunmeHT, ¢ MOMOIIBI0 KOTOPOrO 3aJaeTCsi HEPAaBHOMEPHOCTh IUIOTHOCTH
terioHocutens (mpu K = 1 - ucnonb3yercss pealibHOE PacuyeTHOE pacHpeleieHHe IIIOTHOCTH
TEIUIOHOCUTEJII B aKTUBHOW 30HE, mpu K = 0 - BO BCeX y37ax aKTUBHOW 30HBI IUIOTHOCTH

TEIJIOHOCUTEJSI paBHSETCS €€ CpeIHEMY 3HAUEHUIO B aKTUBHOM 30HE).
Taxum o6pazom, npu k = 1 mpocTpaHCTBEHHBIN INIOTHOCTHOM KO3()()UIIMEHT peaKTUBHOCTH
B aKTUBHOM 30HE COOTBETCTBYET pealbHOMY PacyeTHOMY 3HadyeHHto, a mpu k = 0 - oH cTaHOBHUTCA
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paBHbBIM 0, T.€. HE BIHMIET HA KCEHOHOBBIE Koebanus. Ha pucynke 5.50 npencraBiieHbl pe3yabTaThl

pacueTa KCeHOHOBBIX Kojebanuit o nporpamme JIECHA-7.3 npu paznuvHbIx 3HaueHUsX K.

n ARCHaIBHHA ofcet
®

—A.85

N,

1.0 1.2

AN

—A.15

-A.25

-A.35

a.8 24.8 48.8 7Z2.8 96 .8 Bpema, u

Puc. 5.50

W3 pe3ynpTaToB MOJENMpPOBaHMS, NPEICTaBICHHbIX Ha pucyHke 5.50 cuemyer, 4TO
IUIOTHOCTHOW KOA()(UIIMEHT PEaKTHBHOCTH BIUSET HAa aMIUIATYIy M BEIMYHMHY 3aTyXaHUs
KCEHOHOBBIX KoJieOaHUM, oHaKo aaxke npu otcyTcTBUU (K = 0) mpocTpaHCTBEHHOM 3aBUCUMOCTHU
IUIOTHOCTHOT'O KO3()()UIIMEHTa PEAKTUBHOCTU BEJIMUYUHA 3aTyXaHUsI KCEHOHOBBIX KOJI€OaHUIl BBILIE,
YEM B 3KCIIEPUMEHTAJIBHBIX JaHHBIX, IPEICTAaBICHHBIX Ha PUCYHKE 5.49.

Jns u3ydeHus BIUSHUS KOX(PQHUIMEHTa pPEaKTUBHOCTH IO TEMIIEpaType TOIUIMBA Ha
KCEHOHOBBIE KOJI€OaHUs, OTKJIOHEHHUE TEMIIepaTypbl TOIUIMBA OT CPEAHET0 TEKYIIEro pacyeTHOIo
3HA4YEHUs B IIporpaMme ObLIO MPEACTABICHO CIEIYIOIINUM BbIPAKEHHEM:

Tpacu = T +k .(TTeK - T) 5

rac
Tpacu — TemmepaTypa TOIIHMBA, IO KOTOPOI MPOU3BOJUTCS PACYET HEUTPOHHO-(PU3MIECKUX
CEUCHM;

T - cpennss pacuernas TemMmeparypa TOIIMBA B AKTHBHOM 30HE;

T ex — TEMIIEpPaTypa TOILIMBA B TEKYIIIEM PACUYCTHOM Y3IIe aKTHBHOW 30HBI,

k — xo3¢p¢dunueHt, ¢ MOMOIIBI0 KOTOPOTO 3aJaeTCsi HEPaBHOMEPHOCTb TEMIIEpaTyphl
toruBa (mpu k =1 - ucnonb3yeTcs pealbHOE pacueTHOE paclpe/ielieHne TeMIepaTypbl TOIUIMBA
B aKTUBHOM 30HE, npu Kk =0 - BO Bcex y3iax akKTUBHOW 30HBI TEMIIEpaTypa TOIIMBA PaBHAETCS €€
CpelHEMY 3HAUYEHHUIO B aKTUBHOM 30HE).

Ha pucynke 5.51 mpencraBineHbl pe3ysbTaThl pacyeTa KCEHOHOBBIX KOJICOaHWH 110
nporpamme IECHA-7.3 npu k=1 unpu k=0.5.
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U3 pucynka 5.51 crmeayer, 4to u3aMeHeHrne ko GUIMEeHTa PEAKTHBHOCTH 110 TeMITepaType
TOMJIMBa B TMPOCTPAHCTBE AKTUBHON 30HBI CYIIECTBEHHBIM OOpa3oM BIHUSET HAa aMIUIUTYIY

KCEHOHOBBIX KOJICOaHUH.

IIpu k = 0.5, T.e. MpU CHUKEHUH NTPOCTPAHCTBEHHON 3aBUCHUMOCTH TEMIEPATypPHOTO
KO3 UIIMEeHTa PEaKTUBHOCTU MPUOIU3UTENHLHO B JIBA pa3a, KCEHOHOBbIE KOJeOaHUs CTAHOBATCS
PacXoAIIUMHUCS.

TakuM 00pa3oM, OCHOBHBIM (DAaKTOPOM, ONPEHEISIIONIMM 3aTyXaHWe KCCHOHOBBIX
Kosie0aHuM, SIBJISIETCS MPOCTPAHCTBEHHOE paclpe/ieieHne TEMIIEPaTyphbl TOIUIMBA B 3aBUCUMOCTH OT
JIOKaJIbHOM MOILHOCTH.

IIpy 3amaHHOM JIOKAJIBHOM MOLIHOCTH TEMIIEpaTypa TOILIMBA ONPEIEIAETCS, B OCHOBHOM,
IBYMs (haKTopamu:

- BEJIMYMHOM TEITONPOBOJHOCTH TOIUINBA;

- BEJIMYUHOW TPOBOJMMOCTH Ta30BOTO 3a30pa MEXIy TOIUTUBHOM TabmeTKol wu

000JIOYKO.

AHanu3 MOKa3aJl, 4TO B Pa3IMYHBIX JIUTEPATYPHBIX HMCTOYHHKAX pa3Opoc JaHHBIX O
TEIUIONPOBOAHOCTH TOIUIMBA OT TEMIIEPATyPhl U IIyOHUHBI BHITOPAHUS TOIIMBA HEBEIHK.

OpHako B TeX K€ MCTOYHMKAX MMEETCsI CYIIEeCTBEHHBIM pa30poc MAHHBIX MO BEIMYUHE
MPOBOJAMMOCTH Ta30BOTO 3a30pa B TBINMax. [IpoaHanm3upoBaB OMyOJMKOBAHHBIE JaHHBIC TIO
MPOBOJIMMOCTH Ta30BOTO 3a3opa B TBAMax peakropa BBDOP-1000, Obuto BBIMOIHEHO YETHIPE
BAapUaAHTa pacyeTa, B KOTOPBIX UCIIOJIb30BAIUCH Pa3IUYHbIE 3aBUCUMOCTH MPOBOAMMOCTH 3a30pa OT
JIMHEWHOM TENJIOBOM HArpy3KH Ha TBOIL.

B nepBoM u BO BTOPOM BapuaHTE pacuera MCIOJIb30BAINCH 3aBUCUMOCTH ITPOBOJUMOCTH
3a30pa, COOTBETCTBYIOLIEH MaKCHMaJbHOMY U CpPEIHEMY 3a30py U3 IOJIsS JIOMYCKOB pa3MepoB
TOIUTMBHOW TaOJICTKH, OT JIMHEHHOW TIJIOTHOCTH SHEPrOBBIJCICHHS, TpEACTaBIeHHBIE B [55].
Tperuil BapuaHT pacyeTa MNPOBOAWICS C HCIOJIb30BAHMEM [IaHHBIX, INPEICTaBICHHBIX B [56].
Januble 15 BapuaHTa 4 pyBEIEHbl B COOTBETCTBUU C [57].
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B Tabmume 5.2 mpuBENEHBI HCIOJIL30BABIIMECS B BapHaHTaX pacdeTra 3aBHCHUMOCTH
MPOBOJAMMOCTH 3a30pa OT JUHEHHOT O TETJIOBOTO MOTOKA.

Tabmuua 5.2 - 3aBUCUMOCTD TPOBOJIUMOCTH 3a30pa OT TEIIOBOT'O MOTOKA, Br/(m*°C)

Howmep JInHelHbIH TernoBoil notok, Br/cm
BaphaHTa 0,0 100,0 | 135,0 | 200,0 | 210,0 300, 396,0 | 400,0 | 450,0
1 1750,0 | 2240,0 | 2411,5 | 2730,0 | 2809,0 | 3520,0 | 4470,4 | 4510,0 | 5110,0
2 2657,1 | 2800,0 | 2850,0 | 3283,3 | 3350,0 | 4300,0 | 5350,0 | 5413,0 | 6200,0
3 2800,0 | 3400,0 | 3610,0 | 4000,0 | 4080,0 | 4800,0 | 5760,0 | 5800,0 | 6600,0
4 1900,0 | 2800,0 | 3150,0 | 3800,0 | 3940,0 | 5200,0 | 6928,0 | 7000,0 | 8400,0
[Ipumeuanue - Jlanuble A1 BapuaHTa 4 IpUBEACHBI AJIs CIIPaBKU COTaacHo [57].

Ha pucynke 5.52 mnpuBeaeHbl 3aBUCUMOCTH HM3MEPEHHOIO aKCHAIbHOTO odcera 110
BOCCTAHOBJIEHHOMY I10JIK0 SHEPTOBBIAEICHMS, a Takke paccuntannble 1o 11K «Panxyra-7.3».
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CpaBHEHHUE HKCIEPUMEHTAIBHBIX M PACUCTHBIX XAPAKTEPUCTUK KCEHOHOBBIX KOJeOaHUI
MPUBOAMTCS B Tabmuie 5.3.
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Tabmuma 5.3
XapakTepucTuKa
[epuon konebanmii, Tx.,q IlocTtosiHHas BpEMEHHU 3aTyXaHUs, Txe, U
OKCHEPUMEHT 27,5+0,5 56,3+2,74
Bapuanr 1 28,3 31,2
Bapuanr 2 28,0 43,8
Bapuanr 3 27,8 91,3
Bapuanr 4 27.9 171.8

Takum 00pa3oMm, MOKa3aHO OMPEEIIAIONIEE BIUSHUE HEONIPENETICHHOCTH UCXOAHBIX TAHHBIX
[0 TMPOBOJMMOCTH Ta30BOTO 3a30pa Ha XapaKTEPUCTUKU KCEHOHOBBIX Kosiebanuil. Ilpu sTom
9KCIIEPUMEHTAIFHO U3MEPEHHBIE XapaKTEPUCTUKU KCEHOHOBBIX KOJeOaHUN COOTBETCTBYIOT TaKUM
TerIo(QU3NIECKUM TapaMeTpaM TB3JIa, KOTOPhIE HAXOMATCS B CEPEIUHE TOJIsI HEONPEISICHHOCTH
IIPOBOJIMMOCTH €r0 I'a30BOT0 3a30pa.

[Tpuunny HabMIOHAIONIETOCS OTINYHS EpUOAa KCEHOHOBBIX KOJIEOaHMA, MTOIYyYEeHHOTO MPU
pacuerax Mo cTanuoHapHO# (35 yacoB) W HecTalMOHApHOW Mojenu (28 4acoB), MpearnoiaraeTcs
BBISICHUTD IIPU IPOBEICHUH JTaTbHEHUIITUX UCCIICIOBAaHUN.

[lo pesynbratam pabOThl IO MOJEIMPOBAHUIO «CBOOOIHBIX» AKCHAIBHBIX KCEHOHOBBIX
KOJIe0aHUI MOYKHO CJIeJIaTh CJIEIYIOIINE BHIBOIBI:

- OmnpenenstomyiM - (pakTOPOM, BIHAIOIIMM Ha 3aTyXaHHE aKCHaJbHBIX KCEHOHOBBIX
KOJICOAHUH SIBJISETCS MPOCTPAHCTBEHHBIN 3((EKT peaKTUBHOCTH 10 TeMIepaType TOILIHBA.

- IlokazaHo omnpenenswoIlee BIUSHUE HEONPEACICHHOCTH HCXOAHBIX JAHHBIX 10
MIPOBOAMMOCTH ra30BOT0 3a30pa Ha XapaKTEPUCTUKH KCEHOHOBBIX KOJICOaHHH.

- DKCHEepUMEHTHI MO BO30YXKICHUIO «CBOOOJHBIX» KCEHOHOBBIX KOJ€OaHUN MOTYT OBITh
MCIIOJIb30BaHBbI ISl OLIEHKHU BEJIMYMHBI POBOAUMOCTH ra30BOro 3a30pa.

- IlpuMeHeHME TB3JOB C MOBBIIIEHHOW TEIUIOMPOBOAHOCTHIO TOIUIMBA M C BBICOKOHU
MIPOBOJAMMOCTBIO Ta30BOTO 3a30pa MOKET MPUBECTH K MpoOsieMaM, CBSI3aHHBIM C IOJABJICHHUEM
KCEHOHOBBIX KOJIeOaHUH.

- OcraeTcsi HEBBIICHEHHOW NPUYMHA OTJIMYUS TEPHUOAAa KCEHOHOBBIX KOJEOAHUH Tmpu
pacuerax 1o KBa3uCTalMOHAPHOW U HECTALIMOHAPHOW METOIMKAM.

Kakoii 7ke 0CHOBHOI BBIBOJ MOHO €/1eJ1aTh U3 MPeICTABJIEeHHbIX Bepu(pruKalHOHHBIX
npuMepos?

1. CoBpeMeHHbBIE TPOTrPAMMHBIE KOMILIEKCHI TTO3BOJISIIOT BIIOJIHE KOPPEKTHO MOJEIUPOBATH
JTUHAMHUYECKHE TPOIecChl B 000pyaoBanuu DY B qomycTuMon st HUX 00J1aCTH TPUMEHEHUS.

2. Kak mpaBuio, mporpaMMHbIE MPOAYKTHI, MPEAHA3HAUYEHHBIC IS MOJEIHPOBAHUS
MPOIIECCOB B OM3KUX 00JIACTAX MPUMEHEHUS, IO3BOJISIOT MOJTYYUTh BEChbMa OJU3KHE PE3yIbTaThI.

3. IlorpemHocTs (TOYHEE OTKIOHEHHE) pE3YyJIbTATOB, TMOJYYEHHAs [0 pPa3IuYHbIM
mporpaMmaM, Kak TPaBWIO, MEHBIIE, YeM OTKJIOHEHHE pacYeTHBIX PpE3yJIbTaTOB  OT
9KCIIEPUMEHTAIBHBIX JaHHBIX.

3T0 00YCIIOBJICHO TEM, YTO pELICHHE COOCTBEHHO CHUCTEM TU(epeHINaIbHbIX YPaBHEHUH,
OIHMCHIBAIONINX (PU3NICCKUE TMPOIECChI B 000PYIOBAHUM, BBITIONHSACTCS JOCTATOYHO TOYHO (ITO
BHUJIHO W3 paszjena BepuUKaIuu, A€ NPOU3BOAMTCS CPaBHEHHWE PACUYETOB IO IporpamMmaM ¢
AHAIUTUYECKUM perieHreM). OCHOBHas MOTPEITHOCTh MPU MEPEHOCE ITUX PAaCcUeTOB Ha peajibHbIe
OOBEKTHI 3aKIIOYaeTcss HE B TOM, YTO BHOCUTCS TIOTPEUIHOCTh TMPH TEpexoje OT
i GepeHIMATBPHBIX K  KOHEYHO-PA3HOCTHBIM  YPaBHCHHSIM, a B MOTPEIIHOCTH CaMHX
nudpepeHIHATBHBIX YPABHEHHH, TOIBKO MPHOIUKEHHO OMUCHIBAIOIINX PEATBHBIN MTPOIIECC.
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[ToaToMy, BO-TIEPBBIX, HENB3SI IPUMEHITH IPOrPaMMBbI B TOH 00JIaCTH, AJIsi KOTOPOH OHHU HE
BEpU(UIIMPOBAHBI, U BO-BTOPHIX — OTHOCHTHCSI BEChbMa KPUTHYECKH K IMOJYYEHHBIM DPAaCUETHBIM
pesynbTataM U 00s3aTeNbHO MBITATHCS COOTHOCUTH MPUMEHHMOCTH 3aJI0KEHHBIX B MpOrpaMMax
bU3HYEeCKUX MOJIETIEH K MOACIUPYEMBIM MPOIIECCaM.

5.5 IIpumep marpuibl BepupuKamumu

[Ipu arrectanuu nporpaMm K BepU(PUKAIIMOHHOMY OTYETYy IMPUJIaraeTcsl Tak Has3blBaeMas
mMampuya eepugurayuu.

Martpuna Bepudukanuum — 3TO CBOAHAs TabmuIa, B KOTOPOM YyKa3bIBA€TCS CIIHMCOK
(GU3NUECKUX SIBICHUH, MOJICITUPYEMBIX B IPOTpaMMe, M CIIMCOK MOAX00B, KOTOPHIE HCIIOIb30BaHbI
npy Bepu(UKAITUHN IPOTPAMMHOTO CPE/ICTBA.

PaccmoTpum maTpuily Bepudukanuu nporpaMmaoro komruiekca PAJIYT'A-7 [42].

B Tabnune B cTpokax mepeuncieHsl Bepuduuupyemoie GU3HMUecKue sIBICHUS, a B CTOIOIax
— CIocoObl, KOTOpbIE TNPHUMEHSJIMCH I BepU(UKAIMHM: AHAINTUYECKUE PpEIICHUs, TECTHI,
CpPaBHEHME C JIpyTUMH IpOrpaMMaMH, CPaBHEHHE C SKCIIEPUMEHTAMM Ha CTEHJAaX U Ha pealibHbIX
00bekTax. 3HAYKOM «+» 0003HAYE€HO, YTO JIaHHOE (PU3WYECKOE SIBJIICHHE MPOBEPEHO HAa JTAHHOM
TECTe, 3HAYKOM «-» - HE MPOBEPEHO, 3HaUKOM «O» - YTO JaHHOE SBIIEHWE HAa JAHHOM TECTe
IIPOBEPEHO IO KOCBEHHBIM NPU3HAKAM.

[IpuBenenHas Hke MaTpulla BepupuKanuu i nporpammuoro komiuiekca PAJIYT'A-7 ue
ABIIsI€TCS OJHOU. PeanbHasg MaTpulia BeprUpHUKAIUU B JEHCTBUTEIILHOCTH COJIEPKUT 3HAYUTEIHHO
Oosbliee YUCIO BepUPUKALMOHHBIX TECTOB W MPOBEPOK, KOTOPbIE OBLIM BBINOJHEHBI MpU
nonroroBke n/k PAIIYI'A-7 x arrecraiuu. Ho u u3 mpuBeneHHOW TaOMUIBI SICHO, YTO IMPOIIECC
Bepu(UKAUU OTPACIIEBOI MMPOTPaMMBI — 3TO BECbMa TPYI0EMKHIA IpoIiecc.

CoOCTBEeHHO TPOBEICHHE MpoLeaypbl BepuUKALMM U TOATOTOBKU MPOrPaMMHOTO
MPOAYKTa K aTTeCTallui 3aHUMAET HECKOJBKO JIET U COIMPSHKEHO CO 3HAYUTEIBHBIMH JIIOJICKUMH U
MaTepHalbHBIMU pecypcamu. Bepudukanus arrecropannoro B 1996 r. n/k PAIAYI'A-5 3ansna
okoso msatu jer. Bepudpukauus xommuexkca TPAII-97 (OKb «I'mapomnpeccy») mmnach Takxke He
MEHE€ ISITH JIeT.

Jlns mpoBeneHus: MpoIeaypbl aTTecTalluu MporpaMMHbBIX cpeAcTB B ['ocatomuamzope PD
Ha3Ha4yaeTcsl KOMMCCHUS DOKCIIEPTOB, KOTOpPBIE BCECTOPOHHE U3y4alOT mporpammy. OnbiT
IPOBEJEHUS SKCIEPTU3bI IPOrPaMMHBIX IPOAYKTOB MOKa3aj, YTO 3Ta MPOLEeypa 3aHUMAET TaKKe
OYEeHb JJIUTENbHBIN nepuol. IHOrAa oH UIUTCS JOCTaTOYHO JIOJIT0, OT OJHOTO roja u bosee.

[Ipy »TOM YacTO B MPOrPAaMMHOM CpPEICTBE SKCIEepTaMH OOHAPYKUBAIOTCS OIIMOKH,
KOTOpBIE aBTOPAMU UCTIPABIISIOTCA.

Kak moxazana mpakThka aTTecTallid IMPOrpaMM, KauyecTBO aTTECTyEMBIX HMPOrPaMMHBIX
CPEJICTB TOcje MPOoBeIeHus Mpoleaypsbl 3kcnepTusbl B ['ocaromuanzope P® nosblmaercs, HHOTAA
— CYIIECTBEHHO.

B HacToAmuMi MOMEHT aTTECTOBAHO HECKOJIBKO COT IPOrPaMMHBIX IPOAYKTOB,
NpUMEHSIEMBIX BO BceX c(epax KOHCTPYHPOBAHUS, MPOCKTHPOBAHUS M JKCILTyaTallMH SIECPHBIX
SHEPreTUYECKUX yCTaHOBOK Poccuiickon @enepaunn u ctpan CHI'.
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SAKVIIOYEHUE

JlanHasi KHWTa HE SBISETCS WHCTPYKIHMEHW MO pa3pabOTKe W IKCIUTyaTallMd MPOrpaMMm
HEUTPOHHO-(U3NIECKOTO U TeTuTopu3nueckoro pacuera SA2Y.

[lenb, KOTOpast cTaBMWJIach B M3JI0KEHHOM Kypce, 3aKJIIOUaeTcsi B TOM, YTOOBI OyIyIIHux
WH)XCHEPOB-KOHCTPYKTOPOB IOV TNO3HAaKOMHTH C OCHOBHBIMH MpoOJieMaMHd H TEKYIIUM
COCTOSIHHEM JIEJ1 B OTPACIIU, CBA3aHHBIM C YUCIEHHBIM MOJIETMPOBAaHUEM Tpo1ieccoB B DY,

[Ipu pa3paboTke HaHHOTO Kypca JISKIUHA HE CTaBWJIACh 3a/lada TIyOOKOTO O3HAKOMIICHUS
CTYJIEHTOB C TmpoOsieMaMu pa3pabOTKH MOAETUPYIOIIUX MPOrPaMMHBIX KOMIUIEKCOB IS
o0ocHOBaHuUs sepHOI Oe3omacHocTH DY .

YcrnenrHo 0CBOMBIINE JICKITMOHHBIN KypC M BBIITOJHUBIIUE IPAKTHYECKHUE PAOOTHI MOJIOIbIC
CHEIHAIMCTBI CMOTYT B JTaJbHEHINIEM BIOJHE KBAIM(DUIMPOBAHHO SKCILTyaTHPOBATh U T'PAMOTHO
OCMBICIIMBATh PACUETHBIE PE3YJIbTAThl, MOJYYEHHBIC MPU YHUCIECHHOM MOJCIUPOBAHUM, HE TOJIBKO
TeX MporpaMMmamM, ¢ KOTOPHIMH OHM IMO3HAKOMWJIMCH B Tpolecce oO0yueHus, HO U padboTaTh C
MOJABIISIIONIUM  YUCJIOM MPOTPAaMMHBIX MPOAYKTOB, MPUMEHSEMbIM B SIJIEPHOM IHEPreTUKE
Poccuiickoit @enepanuu.



106

JINTEPATYPA

1. A6arsn JLII., Anekcee H.U., bpenramos B.M. u np. "llporpamma MCU-REA c¢
oubmmorekoi suepHbix JaHHbIXx DLC/MCUDAT-2.1", oruer PHII KU1 unB. N36/5-98, M. 1998.

2. Briesmeister J.G. MCNP-A General Monte Carlo Code for Neutron, Photon and
Electron Transport. Version 3A/3B/4. LA-7396-M, LANL, 1968, Rev. 1988 and 1991.

3. Rose P.F. ENDF-201. ENDF/B-VI Summery documentation. (4th edition) BNL-NCS-
17541, N.-Y., 1991.

4. Cunmopenko B.Jl., Kanemommn B.A. ®usnyeckue OCHOBbI W HWHCTPYKIUSA IS
nposeneHus pacuetoB no nporpamMe "YHUPACOC": Otuer o HUP / MUAD um. U.B. Kypuatosa.
PykoBogurens: I'.JI. Jlynun. MuB. N32/156780. -M.,1980. -38c.

5. Askew J.R. et al. A General Description of the Lattice Code WIMS //Journal of British
Nuclear Energy Society, Octouber, 1966. D. 564-585.

6. "CAII®UP-95" IIporpamma i HEUTPOHHO-(PU3UUECKOTO pacyeTa TEMJIOBBIX SIEPHBIX
peaxtopoB", r. CocHoBblit 60p, PI'YIT "HUTU um A.Il. Anexcangposa", JIKBII 95.301.00.00-02
31 01.C-IlerepOypr, 2002. —74 c.

7. A.N. Novikov et al. Problem of VVERSs in-core fuel management. Kurchatov Institute of
Atomic Energy, Moscow, USSR, Report IEAE 622-13-TC-676.3 5.2, 1989.

8. V.D. Sidorenko et al. Spectral Code TVS-M for Calculation of Characteristics of Cells,
Supercells and Fuel Assemblies of VVER-Type Reactors. 5-th Symposium of the AER,
DOBOGOKO, Hungary, (October 15-20, 1995).

9. Honos B.C. IIporpamma "HM-7000" s pacdyera NOTOKAa HEHTPOHOB Pa3HOCTHBIM
METOZOM B YETBIPEXTPYIIIOBOM HpUOIMKEHUHU st cekTopa 30 TpaaycoB MONEPEUHOro CEYCHHUs
peaktopa/ Otduer o HUP HUAD um. U.B. KypuaroBa. PykoBomurens: ['.JIJIynun. WHB.
N15/172172.-M.:1972. -126c¢.

10. [Iporpamma BUIIP-7. WuHctpykums ans  monb3oBatens: Otuer o HUP /MAD
uM.J.B.Kypuatosa. PykoBonurens: I'.JI.JIynun. Per. No ¥31108. -M., 1989. -20 c.

11. Kasyn O.1O., TapanoB I'.C. Ilporpammusiii komiuiekc “PAJIYI'A” ¢ TpexmepHoit
JIBYXIPYHIIOBOM MOJIENIbI0 AaKTMBHOW 30HBI, MOJEIUPYIOMIMN JUHAMUYECKHE Ipouecchl B PY
BBOP, u pe3ynbrarsl BepupuKauu HeHTPOHHO-(PU3MUECKOT0 MOTYyJIs// AATOPUTMBI M IPOTPaMMBbI
JUIS HEHTPOHHO-(M3MUECKMX pPacuyeToB sjepHeX peakTopos HEMTPOHUKA-95: C6. Tpynos
cemuHapa MAD P®. -O6nuHCK, 1997 1. -C.41-47.

12. Bepuduxanus KOMILJIEKCa MporpamMm TETUIOTUAPABINYECKUX pacyueToB
HecTalMoHapHbeIX pexumoB SOV ¢ BBOP “TPAII-97”: Ortuer o HUP/ OKBb “T'mapompecc.
PykoBoaurens: He ykaszan. /13-108. OKb I'TI, -M., 1998. -538 c.

13. MbicenkoB A.MI. MOCT-7 - mporpamma Juisl pacdyera HECTAlMOHAPHBIX DPEKUMOB
AIIITY ¢ BBOP/ [Ipenpunt MAD N3088. -M., 1979. -42C.

14. IIporpamma PACHAP. Onucanue npumenenus: Otuer o HUP/ OKBM. PykoBoauTens:
He yk. HB. Ne787829. — H. Hosropox, 1993.

15. Kommnieke mporpaMM TEMJIOTHAPABIMYECKUX PAcueTOB HECTALMOHAPHBIX PEKUMOB.
Meroauka pacdera rnmapaMmeTpoB | KOHTypa mpu aBapuiHBIX paspbiBax TpyoOorpoBomoB. "TEYb-
M"/ B-604, T'KAD OKB "TUAPOIIPECC". -M, 1983. -78C.

16. KOPCAP/B1.1. TemnoruapaBianueckuii pacyeTHbI koxa. BepudukaruoHHBINH OTYeT.
Towm 1. HUTU um. A.I1. Anexcanaposa. CocHoBbiii bop. 2001.

17. Ransom V.H. et. all. RELAP5/MOD2 Code Manual. Volume 1 //Nureg/CR -U312,
EGG-2396, Revision 1, April 1987. -New York, 1987. -P. 20-45.



107

18. TRAC-PF1/MOD1: An Advanced Best-Estimate Computer Program for Pressurized
Water Reactor Thermal-hydraulic Analysis/ Los Alamos National Laboratory, Draft report,
December 1983. -P.428.

19. Burwell M.J., Lerchl G., et al. The Thermaldydroulic Code ATHLET for Analysis of
PWR and BWR Systems// NURETH-4, Proc. Fourth Int. Topical Meeting on Nuclear Reactor
Thermal Hydraulics, v.2. -Karlsruhe, 1989. -P.1234-1240.

20. CATHARE code - Development and assessment methodologiies/J.C. Micaelli, F. Barre,
D. Bestion//ANS winter Meeting, -San Francisco, 1995. -P.1-15.

21. BemtynoB M.C., Kucenes A.E., CrtpwxoB B.®., Ilaker nporpamm CBEYA -
MOJIEJIMPOBAHUE IPOLIECCOB pa3pyLICHUs NIEMEHTOB KoHcTpykuuid PY BBOP-1000 Ha
BHYTPHKOPIYCHOH (haze 3ampoekTHoi aBapuu, COOPHHUK TPyJ0B HAYYHO-TIIPAKTHUECKOTO CEMUHapa
«Bompocer 6e3omacnoctt ADC ¢ BBOP. Tom. 1. HMccnenoBanusi mpoueccoB MpH 3apOEKTHBIX
aBapusxX C pa3pylieHueM akTUBHOM 30HBD, C-IleTepOypr, 2000 r., cTp. 67-86.

22. [Iporpamma “TPP” nna MopaenupoBaHUsT HECTAUMOHAPHBIX W YCTAHOBHMBIIMXCA
nporeccoB B sHepretudueckom obopynoBanmu TIOLl: Otuer o HUP/ HIII “ITPUOPUTET” wuns.
NeHTOO001/1997. PykoBonuTens: He yK. -M., 1997. -46 c.

23. Ilporpammubiii komruieke THUI'P — 1. Pacuer HecTaumoHapHBIX mporeccoB B ADY ¢
peakTtopamu tHna BBOP. Onucanne marematnueckor monenu. Otuer PHI[ KM u OKBM, uHs.
Ne8880/000T, 2000.

24. Kommuieke  ATHLET/BUITIPSKH. Kparkoe omnucaHne METOIUKHM  HEHTPOHHO-
¢usmdeckoro pacdera muporpammbl BUIIPSKH wu B3ammonelicTBus mporpaMM B KOMILIEKCE
ATHLET/BUITP8KH: Otwer o HWP/ PHI[ “KypuaroBckuii Huctutyr”. PykoBoauTelns:
I".JI.JIynun. UuB. Ne32/1-134-97 ot 30.06.97. -Mocksa, 1997. -30 c.

25. Maiinanuk B.M. Mertoauka co3gaHusi MaTeMaTHYECKUX MOJCNICH TPOIEeCCOB H
obopynoBanuss ADC miia MoTHOMACIITaOHBIX TpeHaxepoB//VIHTErpupoBaHHBIE MaTEMaTUYECKUE
MOJIEJI ¥ MIPOTPaMMHBIE KOMIUIEKCHI B SIZICPHOM dHepreTuke: Te3uchl JeKIU U JOKIaJ0B MIKOJBI-
cemunapa cexkuuu “Iunamukun” HTC MAD P®. -M.;1998. -C.44-47.

26. AHaTM3aTOPHl U MOJACITUPYIONINE KOMITJICKCHI JIJIsl IPOCKTAHTOB M KOHCTPYKTOpOB/ A.Jl.
3enkoB, C.JI. Mankun, U.JI. Pakutun u np. //MIaTerpupoBaHHbIE MaTEMaTHYECKHE MOJEITH H
MpOrpaMMHBIE KOMIUIEKCHI B SACPHON SHEpreTHKe: Te3uchl JEeKIHUi U TOKIaJ0B IIKOJIbI-CEMUHApa
cexkmuu “/maamuxu” HTC MAD P®. -M.,1998. -C.218-221.

27. llanennnoB A.A. CucuremMa aBTOMATHU3alUU pPa3pabOTKH U CONPOBOKICHUS
(GYHKIIMOHALHOTO U MPOTPaMMHOTO o0ecredeHus: TpeHaxepoB u aHaims3aTtopoB ADY (TEPMUT-
1) // NuTterpupoBaHHbIE MaTeMaTHYE€CKHE MOJENH M MPOrPaMMHBIE KOMIUJIEKCHI B SIACPHOM
sHepreTuke: Te3ucel JeKUni U AOKIAJ0B MKOoIbl-ceMuHapa cexuuu “Iunamuku” HTC MAD PO. -
M.,1998. -C.138-165.

28.Kaeyn O.IO0. Meroguka MOJIeIUpOBaHUS TUHAMUKHA SHEProOIoKa ADC,
peanu3oBaHHas B mporpaMMHoM komiiekce PAJIYI'A-DVY// Bonpockl aTOMHOM HayKu U TEXHHKH.
Cep.: ®uszuka saepHbix peakTopoB (-M.). -1999. -Bem.2. -C.17-39.

29. KoznoB O.C., Xopmaxockuii B.B, KonmakoB JI.E. IIporpamMMHbBIIi KOMIUIEKC
“MopenupoBaHrue B TEXHUYECKHX YCTpoicTBax‘// Poccuiickoe areHTCTBO 1O IMPaBOBOM OXpaHE
nporpamMm Juis OBM, 06a3 naHHBIX W TONOJOTMM HHTerpaidbHbIX MukKpocxeM (PocAllO).
CunerenbctBo Ne970053 ot 10 despans 1997 r.

30. IIporpamma ans [I9BM. Pacuer TemmepaTypHbIX MOJE€H B y3JaX 3HEPreTUYECKOTO
obopynosanus TEMII. Meroauka pacuera. 8624607.00516-01 90 01, OKb "TUAPOIIPECC", -
M.:2001. -56 c.

31. Kasyn O.1O., I'puroppeB M.M.. O npumeHEHUHM METOJa KOHEUHBIX pPa3HOCTEH B
peaktopHbIx pacuerax //CO. tpymo 'HUIIKUU “Atomduepromnpoekt” (-M.). -2001. -Bpm.2. -
C.92-108.



108

32. Tpounkuit B.A. u np. Unxenepusie pacuetsl Ha D9BM. -M.: MammnocTtpoenue, 1979. -
286 c.

33. T'aneB 1.X. ®usuka u pacuet peakropa. -M.: Dueprouznart,1981. -352 c.

34.Tananun A.Jl. BBeneHre B TEOPHIO SIIEPHBIX PEAKTOPOB HA TEIJIOBBIX HEHUTpOHaX.-M.:
Oneproaromusaar, 1984. -348 c.

35. IIporpammusiii kommueke PAJIYT'A ¢ Oubanorexoil HEUTPOHHO-PU3MUECKUX CEYCHUN
cepuitHoro peaktopa BBOP-1000// ®enepanbublii Ham3op Poccun mo saepHON W paaualiioHHON
0e30MmacHOCTH: ATTECTalLlMOHHBIN MacnopT Ha mporpamMmHoe cpeactBo Ne62 ot 17.10.1996. - M.,
1996 . - 7 c.

36. Binaissa Baggoura and W.R.Martin. Transient analysis of the TMI-2 pressurrizer system
// Nuclear Tecnology. Vol.6. N2, August 1983. -P.389-402.

37.1leryxoB b.C. u gap. TemnooOMeH B SAEpHBIX HSHEPreTHUECKUX YCTAaHOBKaX. -M.:
Arommzpgar, 1974. -406 C.

38. AHanu3 u 00OOIIEHUE ONBITHBIX JAHHBIX IO MEPEMEIINBAHUIO BOJbI B OIyCKHOM
kanasie peakropa: Otuer o HUP/ 'KAD OKB "TUIPOITPECC" Ne345-0-007. -M.,1985: -28 c.

39. OtueT 0 Hay4HO-HUCCIIEOBaTENbCKON padore. IloaroToBka mporpaMMHOIO KOMIUIEKCA
«PAIYT'A-DVY» k arrecranmu. Onucanue nporpamMmMmHoro komruiekca «PAJIYT'A-7.3». ®T'VII
«ATtomaHepronpoekT. Apx. Ne 240/HUP, Mocksa, 2003 r.

40. Otyer 0 Hay4YHO-HMCCIEIOBaTENbCKOM padoTe. IloAroroBka mMporpaMMHOIO KOMILIEKCA
«PAIYT'A-DY» x arrecranmu. OnucaHne MaTeMaTHYECKOM MOICIM MPOrpPaMMHOTO KOMILIEKCa
«PAIYT A-7.3». ®I'VII «Atomdnepronpoekt». Apx. Ne 239/HUP, Mocksa, 2003 T.

41. Otyer 0 Hay4yHO-McCienOBaTeNbCcKOM padoTe. IloAroroBka MporpaMMHOIO KOMILIEKCa
«PAIIYI'A-DY» k arrectauuu. PyKoBOACTBO IOJIb30BaTENsl IPOrPAMMHOIO  KOMILIEKCa
«PAAYT A-7.3». ®T'VII «Atomaueprompoekt. Apx. Ne 238/HUP, Mocksa, 2003 T.

42. OtueT 0 Hay4YHO-HUCCIEA0BATENbCKOM padoTe. [loaroroBka mporpaMMHOTO KOMILIEKCA
«PAZIYTA-DY» k artecranuu. Bepudukarus nporpammuoro komiuviekca «PAJIYT'A-7.3». Kuura
1 - 4. ®I'VII «Atomdnepronpoekt». Apx. Ne 249.1/HUP, Mocksa, 2003 r.

43. Ilporpamma st OBM BDOCM-6. Omnpenencane KOI(PPHUIMEHTOB TEIIOOTBOJA U
ruapasimueckoro conporusieHus "AJIbOA" / TKAD OKb "TUAPOITPECC" b-077, -M, 1973. -
24 c.

44. Analysis of Shadowing Effect Produced by Irregularity Positioned Transient Rods
during Combined Pulse Operation on NSRR/ Takehiko NAKAMURA, Ryuji HOSOYAMADA,
Shigeyasu YACHI and Kiyomi ISHIJIMA// JAERI-M 91-185, Department of Fuel Safety
Research, Tokai Research Establishment, Japan Atomic Energy Research Institute. Tokai-mura,
Naka-gun, Ibaraki-ken, October 1991.-98 p.

45. bono6os I1.A., bonsmarun C.H. TectoBble 3aiaun 171 mporpamMm MpOCTPaHCTBEHHOTO
pacueta sHeprowiencHuss peaktopoB BBOP // Marepuanst XVIII cummosumyma criennanvucToB
BMK 1o ¢uzuke BBOP. -M., 1993. -C.1-7.

46. YcranoBka peaktopHas B-413. IlepeueHr HamOosiee Ba)KHBIX UCXOAHBIX JAHHBIX IS
pacueToB, oTHOcsAMXCs K peakTopHOi yctanoBke/ 'KAD OKB "T'mppomnpecc", U-413-I1TP-001. -
M., 1991. -63c.

47. UccnenoBanue aBapuilHoro pexuma c¢ BbiOpocom OP CVY3 B BBDP-1000 mnpu
3ameieHnu nepementenus otaenbubix OP CY3 aBapuiinoit 3ammuTel o nporpamme “HOCTPA” :
Otuer 0 HUP/ CoBm. otu. MU®U u BHUNADC, PykoBoaurens: He K., -M., 1994, -25 c.

48. PacueTHbIll aHAJIU3 MPOILIECCOB B aKTUBHOW 30HE MPHU CHUIXKEHHH CKOPOCTH JBUKECHHS
opranoB CY3 B pexume BbIOpoca ogHOro peryiupymomero oprana CY3 ¢ oJHOBpeMEHHOU
norepeil UICTOUHUKOB nepemenHoro toka Ha ADC ¢ PY B-338: Ortuer o HUP/ CoBMm. otuer OKbB
“I'MAPOIIPECC” u THUUIIKUN “ATOMOBOHEPI'OITPOEKT”, Apx. No 156, PykoBonutens: He
yK., -M., 1994. -26 c.



109

49. UccnenoBanue aBapuiiHOTO pekuma obOectounBanuss BBOP-1000 mpu 3actpeBanum
oraensHbix OP CVY3 mno mnporpamme “HOCTPA”: Otuer o HHUP /CoBm. otu. OKbB
“TT'MAPOITPECC”, MU®U u BHUNADSC, PykoBoautens: He K., -M., 1995. -23 c.

50. UccnenoBanne mo mnporpaMMHoMy Komiuiekcy “PAJIVI'A” aBapuifHOro pexxuma
obectounBaHus Ha cepuitHoMm peaktope BBOP-1000 npu 3actpeBannu HECKOJIBKUX opraHoB CVY3:
Otuer o HUP/ Com. otuer OKB “T'MIPOITPECC” u THUUIIKHN “ATOMBDHEPI'OITPOEKT”,
PykoBoaurens: He yk., -M., 1995. -13 c.

51. UccrnenoBanme aBapuitHOTO peXHMMa HEYNPaBIIEMOro IBWXKEHUs paboueil rpymmsr OP
CVY3 B BBOP-1000 npu 3actpeBanuu otaenbHbix OP CY3 no nporpamme “HOCTPA”: Otuer o
HUP / Cosm. otu. OKb “I'MIPOITIPECC”, MU®U u BHUMNADC, PykoBogurens: HE yK., -M.,
1995. -25 c.

52. UccnenoBanne mo mnporpaMMHoMy Komiuiekcy “PAJIVI'A” aBapuifHOro pexxuma
HEYIPAaBJSIEMOIO0 M3BJICUCHUS] PEryJMpyromel rpynmnsl opraHoB CY3 Ha CcepuiiHOM peakTope
BBOP-1000 mpu 3actpeBanun Heckoiabkux opraHoB CVY3: Ortuer o HUP/ Cosm. otuer OKB
“TUAPOITPECC” u THUUIIKU “ATOMBHEPI'OIIPOEKT”, PykoBoaurens: He yK., -M., 1995. -
11c.

53. G.Ezsol, L.Szabados. Comparison of PMK-NVH experimental results in the event of
7.4% cold and hot leg breaks// Proceedings of a technical committee/workshop. Computer aided
safety analysis 1989. TAEA-TC-560.03, -Vienna, 1990. -P.79-97.

54. Akt Ne 01.05B/YC.K.0.A-281 ot 31.08 2001. DxcnepuMeHTanbHOE ONpEACTICHHE
XapaKTePUCTUK «CBOOOJTHBIX)» aKCHAJIBHBIX KCEHOHOBBIX KOJeOaHWN NMpPU BHITOPAHUU TOILTUBHOM
3arpy3ku 61,0 - 64,5 s¢pdpextuBHbIX cyTOK. POADC. briok Nel. Bonrogonck, 2001.

55. PeaktopHas ycranoBka B-413. [lepedenp HanOoliee Ba)KHBIX UCXOMHBIX JAaHHBIX IS
pacyeToB, OTHOCSIIMXCS K peakTopHoi yctaHoBke. M-413-1TP-001. OKb «['uapomnpeccy.

56. ADC «Kynankynamy. TexHudeckuil mpoekT. Y craHoBka peaktopHasi B-412. Ilepeuenb
MCXOJIHBIX TaHHBIX A Teroruapasiaudyeckux pacueroB. KK.UJA.0.TM.ID.PRO12. 412 J{13. OKb
«I'mpponpeccy. [lononsck, 2003.

57. ADC «Kynankynamy». [IpeaBapuTenbHbI OTYET IO 0OOCHOBAHUIO Oe30macHOCTH. [ 1aBa
4. Peaxtop. KK.0 UJA.0.00.PSAR.PROO1. 412-I1p-140. OKb «I'uaponpeccr. [Togonsck, 2002.

58. OtueT 0 Hay4YHO-HUCCIIENOBAaTEeNbCKOM padore. [loAroToBKa MPOrpaMMHOIO KOMILIEKCA
«PAZIYTA-DY» x arrecranuu. Bepudukanus HEHTPOHHO-PHU3MUECKOTO MOAYJS MPOTPAMMHOIO
komiuiekca «PAJIYT'A-7.3» 1o JaHHBIM HM3MEPEHMH, BBIOJIHEHHBIX Ha JIEWCTBYIOLINX
sneproonokax ADC (momomuutenbHb). DPI'YII «Atomdueprompoekt. Apx. Ne 300/HUP,
Mocksa, 2004 r.

59. Onucanne mporpammbl KPOB-1 pacuera auHaMuKuM BTOPOrO KOHTypa 3HEproOioka
ADC ¢ BBOP: Oruer o HUP/ PHII "KypuatoBckuii munctutyt", PykoBomutens: Kprokos C.A.
uHB.Ne32/1-39-95 |, -M., 1995.-26¢.



