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OBLIASA XAPAKTEPUCTHKA UCCJIEJOBAHUSA

AKTYyaJIbHOCTh TeMbl Jauccepranuu. CTpoUTENbCTBO M 3KCIUIyaTalds TUIAPOTEXHUYECKUX
COOpPY)KEHHH,  pPACHOJIOKCHHbIE  BBICOKOTOPBAX B  YCIOBHSAX  BEYHOH  MeEp3JOThl,  TpeOyer
CHEeLMATU3UPOBAHHBIX HAYYHbBIX ¥ IPUKIIQJHBIX UCCIIEJOBAHUH, CBA3aHHBIE C 0€30IIaCHOCTHIO COOPYKEHHH.
OpHUM U3 TIaBHBIX (PAKTOPOB BIHSIOMINX Ha 0€30IaCHOCTh COOPYKEHUH SABISETCS TEMIIEPATYPHBIN PEKUM.
HccnenoBanue TeMIEPAaTypHOTO peXHMMa T'MAPOTEXHUYECKHX COOPYKEHUH, CBSI3aHO HE TOJBKO
0€30MaCHOCTBIO COOPY)KEHUH, HO M C JKOJOTHYECKOH 0e30MacHOCThIO, OXpaHbl OKpyKaromien cpeabl. B
YaCTHOCTH TassHUE MEP3JI0r0 IPYHTA 10l OCHOBAHUEM XBOCTOXPAHWIHILA U I10J OCHOBAHUEM TEJIO IUIOTUHBI
30JI0TOPYAHOTO KOMOMHATA MOXET MPUBOAMT K (DMIIBTPALIUHU [IMAHUCTOH KUAKOCTH B OKPYKAIOIIYIO CPeLy
3arpsi3HAs NOJ3€MHbIE, TPYHTOBBIE U ITOBEPXHOCTHBIE BOJIbL TAKXKe MPUBOAUTH K Ae(OopMalMi OCHOBAHUS
COOPYXKEHHM M NOTEepe YCTOMYMBOCTU T.€. K pa3pylICHHIO, YTO BJEUET 3a COOOW KOJIOCCAJIbHBIN
9KOHOMHYECKUH yIiepO U K uesoBeuecKuM xkepTBaM. [loaTomy HccieroBaHHe TEMIEPATYpPHOrO pekuma
TUAPOTEXHUYECKUX COOPYKEHUH, PACIIOIOKEHHBIE B YCIIOBUSAX BEUHON MEP3JI0THI aKTYaJIbHO.

JanHass paGoTa MOCBSINEHA MCCIICJOBAHUIO AHATMTUKO-YMCICHHBIMH METOJAaMH TIpOLecca TasHHS
MEp3JIOro TPyHTa. AHAIUTHKO-YHUCIICHHBIN MOIXO0]] TIO3BOJISET c031aTh YP(EKTHBHBII MOIX0/] K PEIICHUIO
JIOJITOCPOYHBIX MPOTHO3HBIX 33/1a4, OMPEACISATh BPeMs IEPEX0/ia B CTAIIMOHAPHBINA PEKUM, HAXOIUTh ITyTeM
UICHTU(UKAIIMY HEU3BECTHBIC MapaMeTphl MATEMAaTHYeCKOW MOIEIH TaKue Kak KOd((HIUCHT
TEMIIEPaTypOIPOBOAHOCTEN, KOI()(OUIIMEHTHI TEIIIOOOMEHA.

CBsi3b TeMbl [IHCCEPTALMH € HAYYHBIMHM MPOrpaMMaMH WJIM HAYYHO-HCCJIeJ0BATEeIbCKHUMH
padorammu.

e «Marematuyeckoe  MOJEIMPOBAHME  IPOLIECCOB  MACCOTEILIONEpeHOca U METOAbl  UX
pemenusi»,2012— 2014rr. [poekt no nmuanu enapramenra Hayku MOH KP.

e «MaremMaTu4eckoe MOJCIMPOBAHHE OMOJ3HEBBIX MPOIECCOB B  CYMNIMHUCTBIX TPYHTaX
Keipreizcranay, 2021-2022rr. Ipoext no nuaun Jlenapramenta Hayku MOH KP.

e OTtyeT 0 Hay4yHO-UCCIIEAOBATENBCKOM paboTe «VHHOBAllMOHHBIE TEXHOJIOTUM pELIeHUs (HU3MKO-
TEXHUUYECKUX MpoOJeM B mpombiluieHHOCTH Kbipreizckoit Peciyonuku», 2013 r.

e MexnayHapoausnii HaydHbId poekT PODU Ne 14-05-90116 (coBmecTHO ¢ MHCTHTYTOM TOPHOTO
nena COPAH, HoBocubupck), 2014-2015rr.

Lenbo auccepranmoHHONW PadoThI SIBJSIETCHA CO3/IaHUE 3¢ (deKTUBHOrO MOJIX0Ja K
IIOCTPOCHHIO AHAIUTUYECKHUX DPEIIEHUH MaTEeMAaTHYECKUX MOJEJIEH TEIUIONEPEeHOca M Ha OCHOBE
YHCIIEHHOT0 aHaJIW3a peleHni (opMHUpOBaTh BBIBOJbL, IPEAJIOKEHNUS, PEKOMEH IallUH CIIEUaINCTaM,
MHXXEHEPaM M COOTBETCTBYIOLIUM OPTraHU3ALHSIM.

B cooTBeTcTBHE € MOCTaBIEHHOH 1ENbIO CHOPMYITHPOBAHbI
CJIELYIOIE OCHOBHBIE 3a/1a4M UCCIIEI0BAHU:

e 3amaua 1. Pa3paboTka METOAMKHM  OIpeNeNeHHs  TeMIeparypbl, Ko3(pQHUIHEHTOB
TEMIIEPATYPOIPOBOJIHOCTH U TEIIOOOMEHA YHCIEHHO-aHAIMTUYECKHUM CIIOCOOOM Kak pelieHne
MaTeMaTHYeCKOM MOJIENIM, HCIIONIb3Ysl JIaHHBbIE HATypHBIX HAOMIOJCHUN TeMIieparypsl. B
MpakTUKe OTH  KOADOUIMEHTHI  OMPENCISIFOTCS  DKCIIEPUMEHTaIbHO € OONBIIMMH
MOTPEIIHOCTSIMH.

e 3anauva 2. AHaIW3 pelICHUs 3a/1a4M TassHUS MEP3JIOro TPYHTA € yueToM U 0e3 yuera GuiabTpanuu
M10J1 OCHOBAHHEM BOJI0EMA aHATUTUKO-YUCIEHHBIM METOJIOM.

e 3agaua 3. [locTpoeHHe aHATUTHUYECKOTO PEIIEHUE MATEMATHUYECKONW MOJEIN KOHBEKTHBHOIO
TEIUIONEPeHOca B MEP3JIBIX TPYHTaX MPH Pa3INYHBIX BUAAX IpaHUYHOrO ycnoBus. ['paduuecku
YCTaHOBUTH BpeMsI IIepeXo/ia B CTAIMOHAPHBINA PEKUM U TIIyOMHY TasHUS 32 3TO BPEMsl.
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e 3anaya 4. Ha ocHOBe YHMCIEHHOTO aHAJIM3a AaHAJTUTUYECKUX PEIICHUI MaTeMaTuueCKOW MO
mpoliiecca TasHUE MEP3J0ro TPyHTa ClieJaTh BBIBOJ O BIMSHUW WM HE BIMSHUU HA4YaJbHOIO
YCJIOBHUS Ha MPOIIECC EPEX0/Ia B CTAIMOHAPHBINA PEKUM TasTHUSA MEP3JI0Tr0 IPYHTA.

e 3agaua 5. AHanu3 peuieHus 3aJadyd TasHUS MEP3JIOr0 TPyHTa MaTEMAaTHYECKUX MOJCIEH,
YUUTBIBAIONINH (pa30BbIii Iepexo/1 Ha TpaHuLIe TastHuE Kak 3a1a4a Credana u 6e3 ydyera hazoBoro
nepexona. ['panunia TasHue HaXOAUTCS MECTOIOJIOKEHUEM HYJIEBOM U30TEPMbl KOHBEKTHBHOIO
TEIJIONEePeHoca.

HayuyHasi HOBH3HA IOJIyYeHHBIX Pe3yJIbTATOB.

1. Pa3paboraH aHAMTUKO-YMCICHHBIN MOJIXO/ K PEIICHUIO 33/1a4 TEIIONEePeHOCa, OCHOBAHHBIN HA Hee
METO/a KOHEUHBIX 37emMenToB (MKD).

2. IlpennmokeHa MeETOIMKA OIpENelCHHE TIYOWHBI TasHUS © HWACHTUUKANUKA Kol duimueHTta
TEMIIEPaTypOIIPOBOIHOCTH, KaK PEIICHUE MaTEMAaTUUECKOW MOJENH TEILIONEPEHOCA C UCIIOIb30BAHUEM
JAHHBIX HAOJIOCHUN TeMIIepaTyphl TPYHTA.

3. TlocTpoeHue aHATUTUYECKOTO pEIICHWE MaTeMaTHYeCKONW MOJeNH TasHHE MEp3Joro TpyHTa TOJ
OCHOBAaHHMEM XBOCTOXPAaHWJIMIIA W OIPEICICHUE BPEMEHHU MEPEXOJIa K CTALMOHAPHOMY PEXUMY U
rIIyOUHY TasiHUS 32 3TO BPEMH.

4. BbIBOJ 0 HE BIUSHUY HAYAIBHOTO YCIOBHS Ha TNIYOMHY TasHUE TIPH TOJITOCPOYHOM MTPOTHO3€ HA OCHOBE
YUCJIEHHOT'O 3KCIIEPUMEHTA.

5. AHanu3 aHaTUTUYECKUX PEIICHHM pPa3HBIX MAaTeMaTHUYECKHX MOJIEJeH mpoliecca TassHUE MEp3JI0To
TPYHTa U PEKOMEHAIUs BRIOOpa MAaTEeMAaTUYECKOM MOJIEINH;

IIpakTnyeckasi 3HAYUMOCTh IMOJYYEHHBIX Pe3yJbTaToB. [IpemioxKeHHbI MOAX0A U AJTOPUTM MOTYT

CIYXUTb OCHOBOM [UIsl PELICHHUs NPUKIAAHBIX 3a/ad TEMIIEPATypHOIO PpPEKHUMA COOPYKEHUH,

PACTIONIOKEHHBIC B 30HE MEP3JIOTO TPYHTA C YYETOM DPA3IMYHBIX KIUMATHUYECKUX (PaKTOPOB, KOTOpAs

ABJISIETCSI OCHOBOM IIPU MPOEKTHUPOBAHUM, CTPOUTENBCTBE U KCIUTyaTallud COOPY>KEHHH U 3JaHUI B 30HE

BEYHOU MEP3JIOTHI.

Taxxe mosyueHHbIE Pe3yabTaThl MOXKHO HCIOJIb30BaTh B yU4eOHOM MpOIECCE B KAYE€CTBE CIEIHMAIBLHOTO

Kypca JUisl CTapUIMX KypCOB, MaruCTPaHTOB M ACMHPAHTOB COOTBETCTBYIOUIMX HAIPAaBJICHHH, a TakKkKe

WCIIOJIb30BaTh B U3YYEHUU IUCLUIUIMHBI «Marematudyeckoe monaenupoBanue», «lIpukiannsie 3agaun B

MAaTEeMaTUKE.

OcHOBHBIE 10J102KeHHS] TNCCEPTALMU, BLIHOCUMbIC HA 3ALINTY:

- AHAJIMTUKO-YHMCIEHHBIA MTOIX0/I, OCHOBAaHHBLIN Ha COUYETAHMN aHAIIMTHYECKOro MeToa U nuaen MKO;

- Mertoauka ompeseneHus TemrepaTypsl, Kod(h(UIIMEHTOB TEeMIEpaTyponpoOBOAHOCTEN U TEIiooOMeHa

MEp3JIOro TPYHTA;

- PexoMenmanuss 0 He BIMSHMM HAYaJbHOTO YCIOBHS Ha TAyOMHY TasHUS MpPU JOJITOCPOYHOM

MPOTHO3UPOBAHHH.

JocToBepHOCTH HAYYHBIX I0JI0KEHUH, BLIBOA0B U PEKOMEHIALMI I0KA3bIBACTCA HA OCHOBE aHAJIN3A U

OLCHKM AHAINTHYECKUX HYHMCICHHBIX  PEIICHUA MaTEeMaTHUYEeCKOM MOJIENU, a TaKXKe MPOBEPSIETCA

COTIOCTABJICHUEM IIOJIYY€HHBIX PE3yNbTaTOB C Pe3yabTaTaMH JaHHBIX U3 HAOIIOJaTeNbHBIX CKBAXKWH, a

TAKXeE C PE3YyJIbTaTaMH APYTUX aBTOPOB.

JIMYHBIA BKJIAJ COMCKATEJsl 3aKJIIOYaeTCs B MCIHOJIB30BAHUU IPEIIIOKEHHOM METOJUKHA B PELIEHUU

pa3IMYHBIX 3a7a4 TEIUIONEPEeHOCa, MPOBEACHUHM HWCCIENOBAaHUW, aHAMW3€ TOJYYEHHBIX JaHHBIX,

GbopMyITUPOBKE BBIBOJAOB U MyOJMKAIIMM CTaTel; B YCTAHOBIEHWU BPEMEHHU TEPEX0Jla B CTAIIMOHAPHBIM

PEKHUM; Ha OCHOBE aHAJIN3a AHATUTUYECKUX PEIICHUIN pa3IUYHbIX MATEMATUUYECKUX MOJIEIEH U YUCIICHHBIX

pe3ynbTaToB B POPMUPOBAHUHU PEKOMEHIAINH O BBIOOpE Oosiee MPOCTOM MaTeMaTHUECKONH MOJIEITH.

Anpodanusi pe3yJibTaTOB Hccae0BaHuA. [loaydeHHbIE B XO/1€ BBIITOJIHEHUS JAHHOM TUCCEPTALMOHHON

paboThI pe3yNbTaThl JOKJIAIBIBAIUCH HA CIEAYIOMIUX MEXKIYHAPOIHBIX, PECTyOIHKAHCKUX KOH(EPEHIIHSIX

Y CEMHUHapax:

- Hayuno-nmpaktuueckue koHpepennun Keipreizckoro ['ocynapCTBEHHOTO TEXHHUYECKOrO yHHMBepcuteTra um. H.
Pa3zakoBa, bumkek, 2010, 2012, 2016, 2019, 2020 rr.;

4



- MexayHapoaHas HayIHO-TEXHHUYECKas KOH(GEPEHIHS MOJIOABIX YYCHBIX «VHHOBAIUS-BEKTOP IS MOJIOICIKI)
KBIprBI3cKOT0 TOCYIapCTBEHHOTO TEXHUIECKOTO YHHBepcuTeTa uM. M.Pa3zakosa (KI'TY), r.bumkek, 2014 1.,

- Mexc,uyHapo,uHa;I HAaYYHO-TIPAKTHYCCKasd KOH(l)CpCHLH/ISI «COBpCMeHHLIe HpO6J'I€MI)I MCXaHWKHU CIUIOIIHBIX CPCI»
WuctutyTa reomexanuku u ocsoenus Henp HAH KP, r.bumkek,2012,2024 rr.

- MexaynapoaHasi HaydHO-TIpakTHueckast KoHpepenuus «Hayunble ocHOBBI ctpaTerun pa3utus AITK»,
Bonarorpan 2014r.,

- MexnaynapoaHas Hay4dHo-TpakTrdeckas koHpepennuu KI'TY, mocBsmeHHON 65-1eTHI0 YHUBEPCUTETA,
r.bumxkek, 2019 T.

- Hayunsle uccnenoBanust B Keipreisckoir PecnyOnuke (MexnyHapoauslii Hay4Hblid Gopym “MupoBas
HayKa U COBPEMEHHBIC BBI30OBHI B 310Xy Iiobanu3anuu u nudposoi Tpanchopmanuu”) r.bumkek, 2023r;

- VII BcemupHBIii KOHIpecC MaTeMaTUKOB TIOpKCKoro mupa. r.Typkucran, 2023r;

- Mexxaynapoanas - HayuHast KoHpepeHus «V bopybaesckue ureHusi»r. bumkek 2024r;

- XIVMexayHapoaasiii HayuHbiid popym «llepcriekTuBHBIE 3a1a4 HH)KEHEpHOH Hayku» MockBa 2023r.

- Ha paCcIIUPEHHOM 3ace/laHu HayYHO-TEXHUYECKOT0 ceMuHapa kadenpsl 2024r.

IHos1HOTa OTpaKeHUs Pe3yJbTATOB IMCCEPTALMHU B IyOJIMKANMAX:

OcHOBHbIE pE3yJIbTAaThl UCCIIEIOBAaHUM OMYOJIMKOBAaHbI B 12 HAay4HBIX CTaThsiX, B TOM YHCIIE B
HAYYHBIX JKypHajax 3a npenenamu Kolpreizckoit PecyOnnku, KOTopbie BXOAAT B 0a3bl JaHHBIX Scopus (1),
PUHII (10).

CrpykTypa u 00beM auccepranuu. JluccepramnuonHas padoTa COCTOMT M3 BBeleHUs, 4 TIiaB,
BBIBOJIOB, CIIMCKA MCIIOJIb30BAaHHOMN JINTEPATYPHhI, NpUII0KeHUH, conepkut 101 cTpanun tekcra, 6 Tabnui,
25 pUCYHKOB, CITUCOK MCTOJIb30BaHHBIX HCTOYHUKOB U3 141 HaMMEHOBaHUI.

OCHOBHOE COAEPKXAHME PABOTbI

B BBeieHMH 0OOCHOBBIBACTCS aKTyalbHOCTH NMPOOJIEMBI, ONPENENICHBl LEIH M 3a/1a4d, a TaKkKe
OCHOBHBIE IT0JIO’KEHUS TUCCEPTALIMOHHON paboThl, BBIHOCUMBIE Ha 3aIllUTY.

B raase 1 - [IpoBenén 0030p nuTepaTypbl METOAAM MOJEIMPOBAHUS TEMIIEPATypHOrO peKHUMa
TUAPOTEXHUYECKUX COOPY)KEHUH, pAaCIOJIOKEHHbIE B YCIOBUSX BEYHOW Mep3ioTel. M3MmeHeHue
TEMIEPATYPHOTO pEXUMa NPUBOAUTH K MPOTAUBAHUIO TPYHTOB, YTO CBSI3aHO C 0€30MaCHOCTHIO
THJIPOTEXHUYECKUX COOPYKEHUH B CBA3M Aedopmaneil pyHIaMEeHTOB U OCHOBAHUIN COOPYKEHUH, a TaKxkKe
BO3HHUKHOBEHUIO (PMIIbTpALMM >KUJIKOCTEH. B pe3ynpTaTe MOKET M3MEHUTh SKOJOTHYECKYI0 OOCTaHOBKY,
NOBBIIIAsT ONMACHOCTh 3arpsi3HEHUs OKpYyXKarollel cpenbl. McciaenoBaHueM Takux BOINPOCOB 3aHUMANIKChH
MHorue yueHsle Coboinb C.B., busnos I'.®., Kynepman B.JI., Makcumos U.A., Tpynak H.I'., Yxan P.B. u
MHOTHUE JpYyTHE.

Bonpocam  MopenupoBaHMA ~— TeIJIOMAaccolepeHoca B KPYIMHOMACIITAOHBIX — MPHUPOJIHBIX
00BEKTaX,pacloN0KEHHBIX ~ Ha  TEPPUTOPUM  PACIpPOCTPAHEHHs ~ MHOTOJETHEMEP3NIbIX  IOpOJ,
paccMatpuBaiuch B padorax GoyL, FabreD, BenseV.F, Wkan P.B, 1pioun A.M. MHKxeHepHbIE METOBI
OLICHKM  TEPMOTMAPOJMHAMMYECKMX M  OMIMPUYECKUX  COOTHOUIEHMH  MEXIy  IapaMeTpamu
paccmarpuBanuch @enpaman ['M., Cobons C.B, Tomupauapo C.B, Komapo U.A, LprtoBuu H.A. u
apyrue. MccnenoBaHMsMHM TEMIPEAaTypHOTO pEXHMMa XBOCTOXPAHWIMIL B KPUOJIUT30HE 3aHUMAJIUCh
byiickux A.A, Anuckun H.A, Hazapos JI.A., Hazaposa JI.A, I>xaman6aeB M.J/[x, UbsinpiOaeB M.K. u
JIpyTHe.

B raase 2 — MeTtopoJiorusi 1 MeToabl HCC/IeIOBAHUS.

PaccMmoTpeHsl mpUMeHsieMble METOJbI, a TaKKe MPOAaHAIM3UPOBAaH (U3NYECKUN IMPOIECC, CBA3AHHBIA C
TEMIEPATYpPHbIM pPEXUMOM oOBekTa. Ocoboe BHHMMAHHUE YAENEHO BBIOOPY HKCIEPUMEHTAIBHBIX U
pacyeTHBIX MOX0/10B, 00ECIIEUYNBAIOIINX JOCTOBEPHOCTH MOJIyYE€HHBIX PE3YJIbTATOB.

B rnase 3 PaccmarpuBaercsi o6ocHOBaHHE HOBOM 3()(QEKTUBHOM METOAMKHU pEIIeHUs 3a7auu
TEIUIONEPEHOCA, OCHOBAHHAs HA COYETAHMM AHAIUTUYECKOTO PEIICHHUsS MAaTEMaTHUECKON MOJENHN ¢ Uaeen
MeTo/a KoHEeUHBIX 37eMeHTOB (MKD). Takoil moaxoa cHUMaeT BOMPOCHI, CBI3aHHBIE C TUCKpPETHU3AIUEH
BPEMEHM U INPOCTPAHCTBA IPHU PELIEHUM NPHUKIAIHBIX 33Ja4 U MO3BOJIAET peIlaTh 3a7add ONpPENEICHUS
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TEeMITepaTypbl TPyHTa, KOA(D(PUIIMEHTOB TEMITEPaTyPOBOJHOCTEH U TEIUIOOOMEHA ITyTeM HACHTHU(UKAIIIT
AHATUTUYECKOTO PEIICHUSI C JaHHBIMU HATYpHBIX HaOmroneHuid. Takue 3amauu ISl IPAKTUKU SIBISTFOTCS
BaXHBIMU TaK KakK 3TH KOI(PPUIMEHTHI OMPEENIIOTCS YKCIEPUMEHTAIbHO B J1a00OpaTOPHBIX YCIOBUSX C
OTIpeIeIEHHBIMU TOTPEITHOCTIMH.

O0BeKT HccIe0OBAHNA:

MpOoIIeCC TasHUS MEP3IIOr0 IPYHTA 101 OCHOBAaHUEM XBOCTOXPAHUIIHILA, PACTIOTI0KEHHAS B YCIIOBHIX
BEYHOU MEP3JIOTHI.

MOCTPOCHHE AHATUTHYECKUX PEIICHWH MaTeMaTH4YecKHX MOJENel Mpolecca MepeHoca Teria B
TPYHTE [0/ BIUSHUEM KJIMMATHYECKUX U TEXHOTCHHBIX (PAKTOPOB.

IIpeameToM mcciienoBaHus sBJseTC pa3paboTKa aHATUTUKO-YUCICHHOTO MOAX0/1a K PEUICHUIO
3a]1a4 TassHUSI MEP3JIOro TPYHTA, M03BoIIsIIoNIee 3 PEeKTUBHO penaTh 3a7auu 110 ONPEACTICHUIO TEMIIEPATYPhI
rpyHTa, KO3 PUIMEHTOB TEMIIEPATYPOIPOBOJHOCTEH U TEIII000MEHa.

B ueTBepToii ri1aBe paccMaTpuBaeTCs MaTeMaTHYECKasi MOJIEIb TAsTHUSI MEP3JIOTO IPYHTA B OTIIUYHE
OT MaTeMaTHYECKOW MOJENH, PAaCCMOTPEHHOW B TPEThEW IJiaBe, Iie MPOIecC TassHUS MEp3JIOr0 IPyHTa
MOJIETIUPYETCs OTIIEIbHO JJISl TaJIOM 30HBI B BUI€ HaUaIbHO-KPaeBOil 3a/1a4 U OTJEJIBHO JUIsl MEP3JI0M 30HbI
3agaua 4.1 MerogoM HICHTUPUKANWN AHATMTHYECKOTO PCIICHUS MaTEeMaTHYeCKOH  MOJeTn
TEIUIONEPEHOCa OMpPeNeanTh KOI()PHUIIMEHTH TeMIepaTypoIpOBOJHOCTEH MEpP3JbIX U TalbIX TPYHTOB, a
TaK)Ke 3HAUCHUS TEMIIEPATYPhI TPYHTA, HCIIOJIB3Ys JJAHHBIC HATYPHBIX HAOIIOEHUI TeMIIepaTyphl TPYHTA.
B kauectBe mpumMepa paccCMOTpPEHBI JaHHbIE HAOII0IEHUsI TEMIIEPAaTyphl B CKBaKUHE B pailone Kymtop Ha
ypoBae 3800M. rimyounoit 30m. (BH93-12 ot 23 utons 1993 1.)

Metoauka pemenusi. PazpabotaHa aHaTIMTUKO-UYMCICHHBIN MOJIXOJl, OCHOBaHHAas Ha COYETAHHUH
AQHAJTUTUYECKOTO METO/Ia ¢ METOAOM KOHEUHBIX 3eMeHTOB (MKD). CyniHOCTh KOTOPOTO 3aKII0YAETCS B
TOM, YTO MPHUOIUKEHHOE PEUICHHE MAaTeMaTH4YEeCKOW MOJENN CTPOUTCS HE C MOMOIIBIO MPOU3BOJIBHBIX
OasucHbIx QyHkMi kak B MKD, a ncnonp3yrorcs IMHEHMHO-HE3aBUCHMBbIE YAaCTHBIE PELLIEHUS! YPAaBHEHUS
TEIUIONPOBOAHOCTH. B pe3ynbrare monydaercss aHAIMTUYECKOE PellIeHHEe YPaBHEHUH TEIJIONPOBOJHOCTH,
YIIOBJICTBOPSIIOIIEE HAYAIbHO-KPAaeBBIM YCIOBHSIM 3aJadd it ofgHOro osieMeHTta. C  MOMOIIBIO
MOCTPOCHHOTO AHATUTHYECKON peIIeHUs, U3 HA4YaJbHOTO YCIOBUS 3ajauu, ornpeneisercs kodhduineHt
TEMIIEPaTypOIPOBOAHOCTH, KaK PEIICHHE TPAHCIICHACHTHOTO YPaBHEHUSI.

Matematuueckasi MOJIeIb TIpoIlecca MepeHoca Teria B TaIbIX U B MEP3JIbIX TPYHTaX B OJHOMEPHOH
MMOCTAaHOBKE OMUCKHIBAETCS CiienyromuM oopasom (Penpaman. .., Tomupaunapo...)

2
aL=aTaT2T,OSX£h
ot x2 . )
it =ay, aTg” h<x<L
ot OX
t=0; x€[0,h]; Tr="f(x); x€[h,L], Tm = f2(X). (2)

XZO, TT: TB, 5 X:h, T’r = TM = TO 5 X:L, TM: T]_ (3)

rae h — rmyouna tasaus;L — 0061acTh Mep3/10ro rpyHTa 3a KOTOPOH HAYMHACTCS BEYHAst MEP3JI0Ta;
cooTBeTCcTBEHHO - 7o , 71, T,Temmeparypa TasHHs MEp3JIOro TpyHTa, TeMIepaTypa BEYHOM Mep3JIOTHI,
TeMITepaTypa OKpyKaroIiei cpesibl; cooTBeTcTBeHHO -f1(X), f2(X) HavanbHbIC YCIOBHS /IS TAJIOW M MEP3JIOH
30HBI, aT,anK03(POHUIMEHTH TEMIIEPATYPOIIPOBOIHOCTH TaJIOTO U MEP3JI0T0 IPyHTA.

HewsBecTHass moONBWMXKHAs TpaHUIA TasHUS MEP3JIOTO TPYHTAa ONpeAeNseTcs dYepe3 ycIOoBHe
COIPSDKEHUS Ha TPaHMILIE TaJoro U MEp3JIoro rpyHTa ypaBHeHueM Credana:



oT, or oh
L -2 s =QW—, 4
ax | e | BW (4)

ﬂ’T

rae Tr — TeMriepaTrypa 30HbBI TaJIOTO TPYHTA; [y - TEMIepaTypa 30HbI MEP3JIOro rpyHra. s ynpouieHus
3aJlaud CUMTAETCs, 4YTO TeMIlepaTypa BOJbl W TIpPyHTAa Ha OCHOBaHME IpyJa IpU JOJITOCPOYHOM
IPOTHO3UPOBAHUN CUUTAETCS OJJMHAKOBBIMU, AT, AM — KOA(PPHUIHUEHTHI TEIIONPOBOIHOCTH TAJIOr0 U MEp3-
JIOTO TPYHTa; W - KOJMYECTBO JIbJ]a B IPYHTE; (o - TEIJIOTA IJIABJIEHUS JIbAA.

J1J1s IOCTPOCHHUST aHATMTHKO-YMCIICHHOTO pelieH s TaHHou 3aaayn (1) — (4) cornacHo uaee MKO B
KayecTBe Oa3uMCHBIX (YHKIMI BbIOMpAaeTCs JMHEHHO-HE3aBUCUMBIC YACTHbIE pELICHHUsS YypaBHEHUU
TeruIonepeHoca. By yacTHOro penieHus BEIOUpaeTcst He MPOU3BOJIBHO, a TaK, YTOOBI OHA COOTBETCTBOBAJIA
¢du3uke mporecca, T.€. 10 IIIyOrHe TeMuepaTypa rpyHTa yObIBaeT, a 10 BpEMEHU NEPUOANYECKH U3MEHAETCS

2T
Ti(x,t,a) =e \/: xcos( \/%X-Ml’t)
21T

To(x,t,a) =e ‘/;xsin( %nx-4rrt) (5)

PaccmarpuBaemass o0iacTe pa30MBaeTcss Ha KOHEUHbIE 3JIEMEHTHI COIVIACHO TEMIIEPaTypHOI'o
pexuma TpyHTa, T.€, IJIe U3MEHEHHE TeMIEepaTypbl IPOUCXOAUTH ObICTpee, pa30MBaeTCsi Ha MEJKHE
3JIEMEHTBI, a I'/Ie U3MEHEHHE TeMIIEPATyphl IPOUCXOIUTh MEUIEHHEE, Pa30MBAETCsl HA KPYIIHBIE SJIEMEHTBHI.
B kaxx10M 311€MeHTe aHAIMTUYECKOE pelleHre cTpouTcs no ananoruu MKD cienyromum odpazom

Tr(x,t,a) = N} (x,t,@) * T, + N} (x, t,a) * T,

Tu(x,t,a) = N3(x,t,a) * Ty + sz (x,t,a) * Ty, (6)
Kk _ T, (xjt,a)«T; (x,t,a)-T,(x ,t,a)*Ty(xjta)
rae N; (x, ta) = Ty (xjt,a)+Ty (xjt,a) -T2 (x;t,a)+Ty (xj.t,a) '
Njk (x’ ta) _ To(x t,a)«Ti(x;t,a)-To(x;t,a)*T1(x ,ta) (7)

Ty (xjt,a)+Ty (xjt,a) -T2 (x;t,a)+Ty (xj.t,a)

ananoru ¢yHkiuu Gopmbr MKD, k — Homep anementa. KoadduumeHTsl TeMnepaTyponpoBOJHOCTH «a»
KQKIOr0 DJJEMEHTa HaxOoIATCS KaK pelIeHUWEe TPaHCUEHTACHTHOTO YypaBHeHUs (6), yaoBieTBOpss
HayalbHOMY ycJoBHUIO (2). Jlns HaxoXKAeHUs MOJsl TEMIEpaTypsl TpyHTa B J1I000€ JIpyroe Bpems, 37ech
MOJIy4aeTCsl HE PELIEHUEM CUCTEMBl JIMHEHHBIX anredpandyeckux ypaBHeHui kak B MKDO, a HaxoguTcs u3
YCIIOBUS CUIMBAHUS PELICHUH MEXly KOHEUHBIMHU 3JIeMEeHTaMu o0jacTu. B kauecTBe yclioBHe CUIMBaHUS B
MKD ucnonb3yroTcsi yclioBUE HEMPEPHIBHOCTH TEIUIONEpeHoca. B maHHON paboTe B KauecTBE YCIOBHS
CIIMBAaHUS  PacCMOTPEHO YCJIOBHME TEIUIOOOMEHa MeX1y 3JeMEeHTaMu 00JacTd T.e. KOHBEKTHUBHBIN
TeruionepeHoc. TpyaHOCTh TaKOro MOAX0/1a 3aKJtoyaniach B HEU3BECTHOCTH Kod((ullMeHTa TernaooOMeHa
MEXIy OKpY)Karollel cperoil U rpyHTOM Ha JHEBHOM MOBEPXHOCTH, a TAaKXKe aHaloru Kod(QuimeHTta
TEIJI000MEHa MEXAYy Pa3sHOPOAHBIMH TPYHTAMU T.€. MEXay dsJeMeHTamu obnactu. KosdduimeHTs
TEIIO0OMEHA Ha CThIKE 3JEMEHTOB OyIyT pa3sHbIMH M OHM 3aBHUCST OT BEJIMUYMHBI TEIJIOBBIX MOTOKOB,
UAYIIMX C Pa3HbIX CTOPOH 3jieMeHTa. lcrnomnb3ys HayalbHOE yCIIOBHME M aHAJIUTHUYECKHE PELICHHs s
TEMIIepaTypbl U3 YpaBHEHUS TPAHUYHOTO YCIOBUS TPETHETO pojia T.€. U3 YCIOBHH TEIIOOOMEHA HaXOIATCS
K03 UIIMEHTHI TEII000MEHa.

[Tocne onpenenenus Kod3PpPHUIUEHTOB TEMIIEPATYPOIPOBOAHOCTEN U TEIUIOOOMEHA, TEMIIEPAaTypHOe
1oJie TPYHTA JUISl MOCIIEYIOIINX BPEMEH HaXOATCS U3 YCIOBUS pa3HOCTH TEMIIEPATYPHBIX TOTOKOB MEXY
aJeMeHTaMu o6sacTu. BpemeHHo# mar 6epercs He oueHb OONBIINM, a BRIOMpaeTcs u3 (GU3MKU Tpoliecca
TakK, 4TOObl M3MEHEHHE TEeMIEepaTypbl I'pPyHTAa ObUla HE3HAUUTEIbHOW. 3aTeM BBIYMCICHHBbIE 3HAUEHUS
TEMIEPATYypbl TPYHTa B JIPYrOM BPEMEHHOM IIare, MCIOJb3ys MX KaK HAa4aJbHOE YCJIOBHME M IPOLECC
onpezaeneHuss Kod3()PUIMEHTOB TEeMIEpaTypONpOBOJAHOCTEH, TemooOMeHa W TeMIlepaTypbl TIpyHTa
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MOBTOPSIETCS] 3aHOBO IO M3JIOKEHHOMY alropuTMy. Ha CThIKax TpaHuIl WM JIEMEHTOB 00JIACTH CTABUTCS
JIBA YCIIOBUS TETUIOOOMEHA T.€. HA OCHOBAHHH TPy Ia CTABUTCS JIBA YCIOBUS JUIS TETJIOBOTO MOTOKA, MIYIIUAN
CO CTOPOHBI NPy U CO CTOPOHBI TPYHTA

0T, _

2=y (T, —T;), x0. 8)
oT:

Loy (T -T), x=0.  (9)

3nech ycnoBue (8) 03HavaeT MOTOK TeIlla, WAYIIUNA CO CTOPOHBI OKPY)KAIOIICH Cpeibl WK OT Mpy/ia,
a ycioBue (9) MOTOK Teria co CTOPOHBI TPYHTa OCHOBaHUSI XBOCTOXpaHWIMIIA, Ty - TeMreparypa BOAbI
npylna Wi TeMIIeparypa OKPYKAIOLIeH Cpeibl; T, — Temmeparypa TrpyHTa OCHOBaHUS IpyAa HIU
TeMIIpepaTypa TPyHTa Ha AHEBHOW moBepxHoctw; Tr = T*(x,t,a) = Nl-k (x,t,a) *T; + Njk (x,t,a) = T},
AHAJTMTHYECKOE PEIICHHE TeMIlepaTypa rpyHTa B K- OM 3JIeMEHTa, ¢ MOMOIIBI0 KOTOPOW HAaXOMSTCS
K03 (QHUIMEHTHl TEMIEPATYPOIPOAHOCTEN Ul KaXkIOro 3JEMEHTa; Y1 ,¥; - aHanoruko>dQuuueHTa
TETIO00MEHA MEXKIY BOJIOWM(OKpYKAIOIICH CPeiibl) U TPYHTOM, TPYHTOM U BOJIOW (OKPYKAIOIICH CPelbl).
KoadhdunmenTs! TemmooOMeHa HaXOAsTCs, UCIIOIb3YsI HAa9adbHbIC YCIOBHS TEMIICPATyPhl M BEIYUCICHHBIC
K03 GUIMEeHTH! TemMIepaTyponpoBogHocTe mpu fo = 0.
Y. oTy/ox V+ aTy/0x (10)

1= T©_ ) 1= ©_1©

I/ICHOHBBYH Haﬁ,[[eHHBIe 3HAa4YCHUA KOB(I)(bI/II_[I/IeHTOB TCHJ’IOO6M€H3, HaxXoIdATCd 3HAUCHUA TCEMIICPATYPHI B
MOoCJICAYIOIMEC MOMCHTBI BPEMCHHU IJIA IICPBOr0 3JICMCHTA «1»

) _vi,ome N
(Tgyy —0T3/0%) y{ 0x 0dx

T, =—"—"— T,= L 11
1 yi 12 ON;/ox (11)

TemmnepaTypa rpyHTa Ui MOCJIEAYIOMIKX JIEMEHTOB HaXOIATCS U3 YCIIOBUS CIIMBAHMUS, T.€. U3 ypaBHEHUS,
XapaKTEePU3UPYIOIIEEe Pa3HOCTh TEMIIEPATYPHBIX MOTOKOB Ha CThIKAX 3JIeMEeHTOB. Ha cThike anemeHToB «1»
U «2» UMeeM ypaBHEHUE

T oT®

0x 0x

= y; (T, —=T3) — vy (T, — Ty)
WIn

W Hn@
— aT,
_ V3T ¥s (Ta=T)——5—+—5-—T;

vy —ONJ(.Z) /ox
Ananorn xko>pQUIUEHTOB TermmooOMeHa Y5 ,¥;  HaXOIATCA U3 YCJIOBHS TEIUIOOOMEHA, MCIIONb3Yys
HA4aJIbHOE YCIIOBUE JJIsl TEMIIEPATYpPBI

T3 (12)

(13)

_ ar®Max + otP/ax
Y2 = Tgo)—TgO) o V2= Tgo)_Tgo)

[loBTOpsIE OSTOT aIrOPpUTM HAXOAATCS TOCIEAYIOIIME 3HA4eHMsI TemrepaTypsl rpyHTa. CormacHo
U3JI0)KEHHOMY aJrOpUTMY pelIeHa 3ajjaua Ha OCHOBE JAaHHBIX HAONIO/IEHUS TEMIIEpaTypbl B CKBa)KHHE
(BH93-12 ot 23 uronst 1993 r.) rimybunoii 30 M. onpeneneHsl K03 GUIMEHTHI TeMIIepaTypoIpOBOHOCTEH
U 3HAYEHHUS TeMIepaTyphl B pa3Hble MOMEHTHI. J[OCTOBEPHOCTh MOJYyYEHHBIX PE3yJbTAaTOB MPOBEPSIIACDH
CpaBHEHHEM C JaHHBIMM HaOJIOJEHUI TemmepaTypbl 3TOM CckBakMHBI. CpaBHEHHE IOKa3aHO Ha puc.2.l
['myObuHa CKBaKWHBI TIO/Ipa3iesieHa Ha 17 3JIeMEeHTOB.
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Puc. 3.1. Temneparypa rpyHTa.

B Tabn. 3.1npuBeneHs! pe3yabTaThl ONpeAeIeHUs KOdPPHUIUEHTa TeMIepaTypOIpOBOAHOCTH JUIS
Tajnoro (70 2M.) ¥ Mep3J10ro rpyHTra (0osee 2 M.), Kak pelIeHHs TPaHCLUEHACHTHBIX ypaBHeHUN. B nepBoit
CTpPOKE NPHUBEICHBI HOMEPA 3JIEMEHTOB, BO BTOPOH CTPOKE COOTBETCTBYIOIIAs TTIyOWHA IPYHTA, B TPEThEH
CTPOKE COOTBETCTBYIOIIEE 3HAYeHHE Kod(hduimenta Temmeparyponposognoct a’= k/cp. Menkoe
pa3OueHne MpoBOIMIACh B 30HE aKTUBHOTO CJIOS, I/Ie M3MEHEHHE TeMIepaTypbl IPOUCXOIUT 3aMETHEE U
Oonee KpymHOE pa30MEeHHE B 30HE BEYHOM MEp3JIOTHI, TAe H3MEHEHHE TEeMIIepaTypbl POHCXOIUT
HE3HAYHUTEIBHO.

Tabmuua 3.1
3HavyeHus K03 PuimeHTa TemMnepaTypornpoBOIHOCTH
1 2 3 4 S
X(m)[05-15(15-25 25-35 35-45 [|45-65
0.272 0.145 *10% | 0.247*10* |0.107*10" | 0.500*10*
az *10-4 4
6 7 8 9 10
X(m)[65-85(85-10.5 |10.5-125 |125 -1145-16.5
14.5
0.143*1 | 0.339*10* | 0.107*10* |0.107*10" | 0.164*10*
3.2 0—4 4
1 12 13 14 15
1
X(m)[165 -]185-20.5 |20.5-225 225 -124.5-26.5
185 24.5
0.107*1 |0.209*10* |0.240*10* |0.196*10 | 0.259*10*
22 04 4

Crnenyer OTMETUTH OJIHY OCOOCHHOCTH MPEMIOKEHHOTO moaxoaa. [Ipyu momydeHun pe3yninbTaToB
pacueTa He UCTIOTb30Banach mpsiMasi uHGopmaus o Kod(hGUIMEHTE TETIIONPOBOJHOCTH, a UCTIOIL30BAIACH
KOCBeHHas WH(pOpMaIHsI-TaHHbBIC HAOMIOICHNUs TeMIiepaTyphbl. TakoW MOAX0J B OTIWYHE OT OOBIYHBIX
YHCIEHHBIX METOAOB, AUCKpETU3alus 00JacTH MPOU3BOJUTCS Ha MPOU3BOJBHBIE Pa3MEphl SJIEMEHTOB B
3aBUCUMOCTH OT (DU3HKH CTPOCHHE CpeIbl M HE MPOBOJUTCA  PEUICHHWE CHUCTEMBI alreOpanvecKux
yYpaBHEHUM, T.e. HET OMNepaluii MPUOIMKEHHOTO BBIYUCICHUS TPOU3BOIAHBIX W HMHTETPATIOB, & OHU
BBIYHCIISTFOTCSI aHATUTHYECKU. B TakoM ciydae n30aBisieMcst OT BBIYMCITUTENBHBIX TTOTPEITHOCTEH.
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3agaua 3.2 CorjacHO U3JIOKEHHOMY aJIrOpUTMy paccMaTpuBaeTcs 3afada OIpefelieHne
K03(PPHUIIMEHTOB TEMIIEPAaTypPOIPOBOTHOCTEH, TEIII0O0OMEHAa MEXK Ty DJIEMEHTaMHU M 3HAUEHUS TEMIIEPaTyphbl
B pa3Hble MOMEHTHI BPEMEHHU.

B kauecTBe mpumepa paccMaTpuBaeTCs JaHHbBIE APYTroi HAOII0AaTeIbHON CKBAKUHBI TITYOUHOM 20M.
HcxoaupIMy TaHHBIMU SIBJIIFOTCSI 3HAYCHUSI TEMIIEpaTyphl IPYHTA MO TI1yOHMHE CKBa)KUHBI, MOJYyYCHHbBIC U3
TEPMUCTOPOB. 31ech 001acTh ¢ pasMepHoOcThio 20M. pa3zdbuBaercsi HepaBHOMepHO Ha 10 smemeHToB. B
TabJ1.2.2 npuBeeHO 3HaYEHUS KO3PPUIIMEHTOB TEMIIEPAaTypOIPOBOIHOCTEN MO ITyOMHAM, HaliIeHHbIE KaK
pelIeHHs TPAHCIECHASHTHOTO ypaBHeHUs (6) ¢ TounocThio € =0.002. Kak BugHO M3 Tabm.2.2 3HAYCHUS
K02(pPHULIMEHTOB TEMIIEPATypOIIPOBOAHOCTEN 10 TIyOHHBI 7.53M. mocTosHHBI U paBHbI 0.2765, a oT 7.53M.
10 20M. Takke MocTosTHHBI ¥ paBHbBI 4.402. B 1a6:1.2.3 npuBeaeHbl 3Ha4eHUs KOO PHUITMEHTOR TEIII000MeHa
Ha CTBIKAX JIEMEHTOB, BBIUUCIICHHBIE IO (hopmyite (13).

Tabnmuma 3.2.
3HaueHus KO3()PHUIMEHTOB TEMIIEPATYPOITPOBOIHOCTEM
5.53- 6.53- 7.53- 8.53- 9.53- 11.53- | 14.53-
X | 4.53-5.53 | 6.53 7.53 8.53 9.53 11.53 14.53 19.53
a | 0,2765501 | 0,27655 | 0,27655 | 4,40155 | 4,40155 | 4,40155 | 4,40155 | 4,40155

Tab6muna.3.3
3HaueHus1 KO3 GUIIMCHTOB TEINI00OMEHA Ha CThIKaX JIEMEHTOB
X 4,53 5,53 6,53 7,53 8,53 9,53 11,53 14,53

M[k] | 0,5380083 | 17,85291 | 9,311128 | 100,3299 | 54,04002 | 5,554611 | 17,77161 | 5,358785

M1[k] | 0,0721688 | 19,10033 | 52,69399 | 25,18457 | 3,698798 | 25,88969 | -3,78001 | 10,96662

T —+—MoKaZaTENN HATYPHLEX HAGMIRASHNIA

—— pe3yNETATE PACYETOE

-14 -1,2 -1 -0.8 -0.6 0.4 -0.2

| —S—

n

Puc.3.2 Temneparypa rpyHra

Bropas crpoka 1a6:51.3.3 cooTBeTCTBYET KO3(h(PUIIMEHTaM TEII000MEHa, XapaKTepU3YIOIIUNA MMOTOK Teria,
UAYIIMA CO CTOPOHBI C JHEBHOW MOBEPXHOCTH WJIM C JIHA MpyJa, a TPeThs CTPOKAa COOTBETCTBYET
Ko dunreHTaM TerI000MeHa, XapaKTepHU3yIOLIMi MOTOK Teria WAYIIEH cO CTOPOHBI BEYHOW MEp3IIOTHI.
Hcnonp3ys HaliieHHbIE TEIIOPU3NYECKHE MapaMeTphl, OMpPE/elIeHbl 3HAauU€HUsl TeMIlepaTypbl IpYHTa B
pa3Hble BpeMeHa U B pa3HbIX riyouHax 1o ¢opmyne (12) u (13). Ha puc.3.2 nokazaHsl rpaQuKy 3HAUSHHS
TEMIEPATYPbI, BBIYMCIEHHbIE TEOPETUYECKUM CIIOCOOOM U JaHHbIE U3 HATypHBIX HaOmoneHuid. Kak BugHO
U3 Tpaduka OHM OYTH COBMAAIOT. DTO MOATBEPIKIAET MPABUIBHOCTD MOJIX0/A U aJIrOpUTMa ONpeAeTICHUS
TEMIEPATYpPbl TPYHTA, KO3(PPUIIMEHTOB TEMIIEPATYPOIIPOBOJHOCTEN U TEIJIO0OMEHA.
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3anava 3.3. BogoxpaHuiuiine HamoJIHIETCS OTXOaMH U ITMaHUCTOM BOJIOM 30J10TOPYIHOM (hadbpuKH,
pacIoyioxKeHHask B YCJIOBUSIX BEUHOUM Mep3Ji0ThI. [1o/1 BIUsSHUEM ILTF0COBOM TEMIIEPATyphl BOJbl HAUMHAETCS
TasiHUsL OCHOBaHUsA npyzaa. Tpedyercs onpenenuTs KO3QGUIMEHT TeMIIepaTypOpOBOAHOCTEHN U IBUXKEHUE
¢poHTa TasHUS MeEp3JOro IpyHTa MOJ OCHOBAaHMEM IMIpy/Aa, KaK pEUICHHE HadalbHO-KPAaeBOW 3a1auu
TEeIUIONEepeHoca.

Metoanka pemenus. O61acte pemeHuI0y1eMpacCMaTPUBATh KaK COCTOSIIAS U3 JIBYX HJIEMEHTOB
HE3aBUCUMO OT pazMepa obsacTu. [lepBblii ameMeHT OyeT 30HOH Tayoro rpyHTa. BTopoi aieMeHT - 30HOH
mepanoro rpyHra. [Ipuyem pasmepsl 000MX 3JIEMEHTOB H3MEHATCS C TCUCHHEM BPEMEHHM H3-3a TastHUA
MEp3JIOro IPyHTA MOJ BIUSHUEM TeMIlepaTypbl BOAbI B Ipyae. Marematudyeckas MOJIesb Ipolecca TastHUs
Mmep3ioro rpyHTa oyzaer (1)-(4). TlocTpoeHne aHATUTHYECKOTO PEIICHUsI TaKOW MaTeMaTUYeCKOW MOICITH
paccMaTpuBaiach B MPEAbLAYIINX 3aa4ax.

B navanie 3amosnHeHus Bojoema JUIMHA MEPBOTO dJeMEHTa (30Ha TasiHUE) OyJIeT MajeHbKOW IO
CpaBHEHUIO cO BTOpoi. C TeueHHeM BpEMEHU ATOT 3JIEeMEHT Oy/leT YBEeIM4YUBATHCA T.€. OyJIeT MPOUCXOTUT
TasHUSI MEP3JIOTO TPYHTA MO/1 BIUSHUEM IUTIOCOBOM TEeMIIepaTyphbl BOJBI B IIPYAE, @ BTOPOM 3JIEMEHT OyJeT
ymenbinatcs. [logBukHas Touka ((POHT TasHUS) HAXOJUTCS YHUCIEHHO, PEIIEHHEM OOBIKHOBEHHOTO
muddepeHaIbHOr0 ypaBHeHUs nepBoro mnopsiaka (4), merogom Pynre-Kyrra ypaBuenmm Credana.
Oco0eHHOCTh JaHHOTO MOJXOJa 3aKI0YaeTcss B TOM, YTO BCE BPEMsl HCIIOJIB3YeTCS TPU 3aJaHHbIC
IOCTOSIHHBIE TEMIIEpPATypbl: HA OCHOBAHUH TIPYJa MOAEPKUBAETCS [TOCTOSIHHAS TeMIleparypa BoJsl Ts, Ha
rpanune TasHus nocrosuHas To =+0.01C° koTtopas mBuraercs BMecTe ¢ (PPOHTOM TAsHMS M Ha KOHIIE
ri1younsl L 3a koTopo#t nojiep:kuBaeTcs NOCTOsIHHAs MUHYCOBas Temieparypa (BeuHas mepsnora) T1 = -
1.86C°. Mcronb3ys naHHBIE TEMIIEPATYPhI B KaXKIble MOMEHTHI BpEMEHH KaK HauallbHOE YCIOBHE Ha KAXKIOM
DJIEMEHTE  YHCJICHHO  HAXOHATCA  KOX(PQHUIMEHTHl  TEMIIEPaTypOIPOBOJHOCTEH  Kak  pEICHHE
TPaHIIEHIEHTHOTO ypaBHEHUs (6)

N} (x,t,a) * T, + N (x,t,a) * Ty=T,
N7 (x,t,a) * Ty + NF (x,t,a)  T;=T",

rae T, T™ cpenuue 3HaYeHNS TeMIepaTyphl B CEPEMHE KAKIOTO HIEMEHTA.

PesyabTaTel uncciaegoBanumil.  JlaHHBIH aJropuT™M anpoOMpOBaH Ha KOHKPETHOM IpHUMEpE,
TIpesrnonaras TeMIIepaTypy BOJBI Ha JHE MPyJe XBOCTOXPAHUINIIA TTOCTOsHHO# paBHoit +4C°, +6C°, +8C°,
+10C° Ha MepHOA OZHOTO ToAa MPOU3BEAEHBI PACUETHI COTTACHOM3IOKEHHOTO AJITOPUTMA. PesymabTaThl
YHCIIEHHOTO YKCIIEPHMEHTA IpUBeieHk! Ha puc.2.3. Kak BuaHo npu Temmeparype Bozs +4C° B Teuenuu rona
rIIyOMHA TasHUS AOCTUTaeT 3,65M., a mpu +6C° nocturaer 4,48M.

[TonydeHHbIe pe3ysbTaThl COTNACYIOTCS ¢ JaHHBIMU NOJy4yeHHBIMU B paboTax (Hazapos JL.A.,
Hazapona JI.A.(2015),Boctpuxos B.M.(2015), yTo moaTBep:k1aeT TO0CTOBEPHOCTDH AITOPUTMA peaTn3alun
MaTeMaTUYeCKON MOJENIN MPEII0KEHHBIM MTOIX0JOM.

=
—10Ce

]
s

]

a

e

Ty

=

E

o 10 zo =0 a0 so so

Hmenena

Puc. 3.3 I'myOnHa TassHUSI OCHOBaHUE XBOCTOXPAHWIIAIIA B 3aBUCUMOCTH TEMIIEPATYpPhI BOIBI.

3apaya 3.4. TpeOyercs ompenenuts IIyOWHY TasHUS MEP3JIOTO TPYHTA, PACHOJIOXKEHHbIE B
YCIOBUSAX BEYHON MEP3JI0THI O] BIUSHUEM TEMIEpaTyphl OKPYKaOIIEH cpesibl 3a TEIJIbIA MeproJ roja ¢
uaeHTuGUKanmen ko3dduimenta TemnepaTypornpoBoHOCTH.
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3amaun U3y4yeHUsl TasHUS BEYHOM MEp3JIOTHI MOJ BIMSHHUEM TEMIEPaTypbl OKpYKalolleH Cpeibl
SIBIISIETCS OAHUM M3 BAXKHBIX BOIIPOCOB B M3YyYEHUHM YCTOMYMBOCTH TMIPOTEXHUYECKHX COOPYKEHHH,
pacrosoKeHHbIE B YCIOBHUSIX BEYHOW MEP3JIOTHL, a TAKKE€ B M3YYEHHH BOIPOCOB MOTEIUICHUs Kiaumara. B
KauecTBE MpHUMEpa PacCMaTPUBAETCA TPYHTHI, pacnoyiokeHHble Ha ypoBHE 4000M. B yCIOBHUSIX BEYHOM
MEp3JIOThl. 3HAYEHUS TEeMIIepaTyphl OKpYXKalolleil cpeabl HCHOJIb30BAINCH W3 JAHHBIX HAOIIOJICHUI
meteoctanii Kymropa. Terisiii mepro JUIMTCs MOYTH 10 MATH MECSIEB HAYMHAsL C Masi 10 CEHTSOpSI.

Mertoauka pemeHusi. Ha ocHOoBe mMareMaTH4yecKoll MOJENU TEIUIONPOBOJAHOCTH B TaJIbIX U B
Mep3ibix rpyHTax (1)—(4) cormacHO BBIMICU3JIOKEHHOMY aITOPUTMY OINpPENENsieTCs 3HAYCHUS
KOA(p(UIIMEHTOB TEeMIIepaTypOIPOBOJHOCTE M3 HAYaJIbHOTO yCiIoBHS Monenu (2). 3areM cTpoutcs
AQHAIUTUYECKOE PEIICHUE 33Ja4l TEIUIONPOBOJHOCTU OTIENBHO I 30HbI TassHUA U JUI1 MEp3J10i 30HBI (6).
Hcnone3ysl 3TH aHATMTUYECKHE PEIEHUs, YUCICHHO HAXOJIATCS TIIyOMHAa TasHUS MEp3JIOr0 IpyHTa IMOA
BIMSHUEM TEMIIEpATypbl OKPYXAlOLIEW cpeabl U3 YCIOBUS CONPSIKEHUS TEMIIEpaTypHBbIX NOTOKOB Ha
TpaHuUILe 30HbI TAJIOTO ¥ MEP3JIOTo rpyHTa penieHueM ypaBHenue Credana (4).

Pe3yabTaThl ucciaenoBaHuil. J{aHHBIA aJIrOpuTM anpoOMpOBaH Ha MpUMEpE, UMHUTHPYIOIICEe
ycinoBue KyMmropa T.e. MCMOJIb30BaHa TeMIEepaTypa OKpyKarolieil cpenbl 3a Teribii nepuoa 2011 rona,
IpyHT rayOuHOH 20M. ¥ 32 KOTOPOi HAYMHAETCS BEUHAs MEP3JI0Ta, TeMIepaTypa KoTopoii pasHa -1.86C°,
TEIJIOPU3NYCCKUE XAPAKTEPUCTUKH AT, Am, W, (o IPHHHMAIACh MPEATONOKHUTEIBHO paBHOUW At =1.21
kkan/(a-m-°C), Am=1.54 kxan/(a-m-°C), w=0.11, go=650. B pesynsTaTe pacueTa Ha Ka)JIOM IIIare BPeMEHH
yTeM HICHTU()UKALNY aHATUTUIECKOTO PEIICHHUS C HATYPHBIMHU TaHHBIMHU OIPEEIISUTHCh KOO PHUIIUEHTHI
TEMIEPATYPONPOBOIHOCTEH, IJS TAlIOro U Mep3noro rpyHTa. OHU MOYTH HE M3MEHSUIUCH C TEYEHHUEM
BpeMeHH U paBHANHCH a=1.893 M?/u. PesynpTaThl pacdera MO OHpEJENEHHIO TIyOHHBI TASHUS BEUHOM
MEP3JIOTHI MO/ BIUSHUEM TeMIIepaTypbl OKPYXKAIOILIEH cpeAbl 3a TEIUIbI Mepuo]] Toa MpeacTaBIeHbl Ha
puc. 2.4

TemnepaTtypa 3a Tenablii nepuog, roga

16 397

14

12

TayGuna
=
¥
».

=—t—TemnepaTypa
0,8

06

: 104
/—z—erﬁ;’
0,4 85

0.2

o Hepens

mai HHOHb WO asrycr CeHTADPL
Puc. 3.4. I'myOuHa TasiHEEe BEYHOI MEP3JIOTHI 3a TEIUIBINA EPUO/ roja.

Kak BunHO u3 puc.3.4 riyOuHa TassHUS B TEUCHUM 5 MECSIEB ¢ Mas 110 CEHTAOpb Mecs1bl INyOuHa TassHUs
Mep370To TpyHTa qocTturaet 1o 1.8M. HarypHubie HaOmroaeHus 3a TITyOnHOM TastHUS Ha TeppuTopun Kymropa
KoJsiebneTcs B npenenax 1.78 m. 10 2.6 M., 4TO MOATBEPKIAET JOCTOBEPHOCTDH MOIYUYEHHBIX PE3yJIbTaToOB, a
TaKKe MPEUIOKEHHOTO OIX0A.

3agaya 3.5 PaccmarpuBaercsi mpolecc TasHHE Mep3Joro TpyHTa IO OCHOBAaHHEM BOJOEMa
rinyounoit H noa BiusiHueM QuIIbTpaiyu 1 TeMnepaTtypsl Bojibl. TemnepaTypHo-(GUIbTpalluoOHHBIN Mpoliecce
10/ OCHOBaHHUEM BOJOEMA PaCCMATPUBAJICA KaK OJHOMEPHBIN IIpoLecc.

MaremaTtudeckasi Mmoaeab. Cuuras, 4TO TeMIeparypa TpyHTa U Temreparypa (uibTpyomencs
BOJIbI OJIMHAKOBBIMH, T.e. ImpuHUMaercs mozaenb dypwe-Kupxroda (Penpaman...Tomuapmo..). B 3one
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TaJoro rpyHTa YYUTHIBaeTCs (UIIbTpALlvs BOABI U3 BOJOEMA, a B 30HE MEP3JIOro rpyHTa (QUiIbTpalus He
yauTbiBaeTcs. Maremarrueckasi MOJiesIb TAKOTO MPOIECca UMEET BU/I:

oT; 02T, 0Ty

= — < x<h.
gt Ty Vg 0=xsh (35.1)
Ty, 92T,
T ay 922 h<x<L J (3.5.2)

HaanBHO-FpaHHqHBIe YCJIOBUSA UMCIOT BUA!

t=0; x€[0,L]; Twm=f(X).
x=0, T:=Ts;,
X=h, TT = TM = TO

x=L, Tw=T1, (3.5.3)
A€ COOTBCTCTBCHHO — TB, To , T1 TEMIICpATypa BOJAbBI B IIPYAC, TEMIICpATypa TAAHUA MCP3JIOTO I'PYHTA U
TEeMIEpaTypa BEYHOM MEp3NOThL.  YCJIOBHE CONPSUKEHUS HAa TPAHMIE Tajloro M MEP3JIOro TIpPYHTa
OIMUCBIBACTCA YPABHCHUCM:

oT oT oh
A —L -1 M =0, Wy — 3.54
T|: ox l—h M|: Oox l—h Aot ot ( )

roe  Tr — TeMmmeparypa 30HBI TalOro TIPyHTa, [y - TeMIepaTypa MEp3Joro TPYHTa, SBIISIOLIHECS
peleHreM HadaiabHO-KpaeBoil 3amaun (3.5.1) - (3.5.2); Ty - Temmeparypa aHa mpyna; ar, aw, Ar, Aw -
K03()(DUIMEHTHI TEMITEPATYPOIPOBOIHOCTH U TEIIONPOBOAHOCTH IPYHTA B TAJIBIX M MEP3JIbIX TpyHTaX; h -
IyOWHA TassHUS, W - KOJHYECTBO JIbJIa B TPYHTE; (o - TEIIOTA TUIABJICHUS JIbJA,Y - yICIbHBINA BEC TPYyHTA,
V — CKOpOCTh (PUIIBTPAIIMU BOJIBI U3 BOJOEMA.

Metoauka pemenusi. CTpOWTCS aHAIMTUKO-YHUCICHHOE pPEIICHHE HAYalbHO-KPAeBOW 3ajaud
(3.5.1)-(3.5.3), yaosneTBopsifolice HavyaIbHBIM M TPAHHYHBIM YCIOBHUSM 3a1a4d OTAEIBHO IS TAJON 30HBI
U 118 Mep3nol 30Hbl. B kauecTBe OasuCHBIX (YHKUMH A7 Tajloll 30HBI HCIOJIB3YIOTCS JIMHEMHO-
HE3aBHCHUMBbIE YACTHBIC PEIIEHUs ypaBHEHHUsS TEIUIONPOBOAHOCTH (3.5.1), a Ass 30HBI MEp3NOro rpyHTa
ypaBHeHuH (3.5.2). JIns mocTpoeHNEe aHATUTHYECKOTO PEIICHHUS JIJIS TAJION 30HBI ¢ YI€TOM (HIIBTPAITUH U3
BOJ/IOEMA HCTIONB3YeTCs Mpeo0pa3oBaHue BUIA

v(x—-vt)

T(x,t,a) =e za U(x,t,a) (3.5.5)

KOTOpOE Mpeodpa3yeT UCXOTHOE YpaBHEHUE K BUILY
ou _  0%Uu
E = aﬁ, (356)
rne  U(X.t,a) — HoBas Hem3BecTHast pyHkimsA. OHA HAXOAMUTCS KaK pelleHHe COOTBETCTBYIONICH HAYaIbHO-
KpaeBoW 3amaun uepe3 mnpeobOpazoBanue (3.5.5), a—KodpHUIMEHT TemIepaTypornpoBoIHOCTH. Toraa
AQHAJMTUYECKOE PEIlICHUEe HayalbHO-KpaeBoii 3aaaqn (2.5.1)-(2.5.3) sanumercs

v(x—vt

)
Tr(x,t,a) = e za (Ni(x,t,a)Ui+Nj(x,t,a)Uj), (3.5.7)

=vi(x;=v;t) “vixi—vit)
rac Ui = Tie 2a , U] = Tje 2a
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HauanpHas o6nacTs Mep3ioro rpyHTa JinHoW L pazouBaeTcst Ha 1Ba anemeHTa. [lepBblil 2eMeHT
HAYMHAETCS OT JTHEBHOM MOBEPXHOCTHU N0 (DPOHTA TasiHUS, KOTOPAs SBISETCS HEU3BECTHOM U MOJBMKHOM.
Bropoii anemeHT HaunHaeTcs OT PpoHTa TasHUS 0 BEUHON MEp3JI0ThI IITyOHHBI L BKOTOpPOIl OTCYTCTBYET
¢mbTpanus Boasl. C TeYeHHEM BPEMEHH Pa3Mephl 3JIEMEHTOB OYyAyT U3MEHSTCS T.€. IPOUCXOAAT TasHUE
MEp3JIOro rpyHTa IO/ BIUSHUEM TeMIepaTypbl U GuiIbTpanuu BoAbl U3 BojoeMme. [loaBmkHas rpaHuna
(poHT TasiHMA) HAXOAWTCS YUCIEHHO pEIICHHEM OOBIKHOBEHHOTO IU((EpeHINaTbHOI0 YpaBHEHUU
Credana (3.5.4) meromom Pynre-Kyrra. Illar mo BpemMeHHM nprHUMAaIach PaBHOM OJHOM CYTKH. PacueTsl
IPOBOAMJIMCH HA IEPHOJ OJHOTO roja. TemmepaTypa Ha JHE BOJOEMa IOJAJEP/KUBAETCS MOCTOSHHOM
PaBHOI! TeMIIepaTyphl BOJIbI, Ha PPOHTE TASHUS - OCTOSIHHAS TeMmieparypa paBHoii +0.01C° (temnepatypa
IUIaBJICHHUS JIbJ1a), KOTOpast IBUTAETCsl BMecTe ¢ (PPOHTOM TasiHUS U Ha KOHIIE TIyOuHbI L moanepxuBaercs
TIOCTOSIHHAs MHHYCOBas TeMmreparypa (Beunas Mepsnota) -1.86C° Mcmone3ys maHHBIE TeMIepaTyphl B
KaX/Ible MOMEHTHI BPEMEHHM Ha KaXJOM JJIEMEHTE YHWCIEHHO HaxXomiaTcs Kod((UIMEHTHI
TEMIEPATYPONPOBOIHOCTH KaK PellIeHUE TPAHCIICHIEHTHBIX YPaBHEHHIA

NP (e, t,b) + Ty + NP (x, £, b) + Ty=T",
Y (1) _

e za (N;7(x,t,a)*Up+ N; 7" (x, t,a) Uy )=T ",
rae T', T cpeanue 3HaYEHHs TEMIIEPATYPhl B CEPEIMHE KAKIOTO IEMEHTA.

JUig uiutrocTpauuy BAUSHUS (UIbTPALUU BOABI U3 BOJOEMA Ha INIYOMHY TasHUS OCHOBAaHME NpyJa
pPaccMOTPEHO pa3IMyHble BApUAHTHI pellIeHHe 3aJaun: 0e3 yueTa u ¢ yueToM (QUIbTpaluu U3 BOJOeMa.

Bapuant 1. Ilpomecc mporamBaHHMs IOJ OCHOBAaHHMEM BOJIOEMa paccMaTpuBaercs 0Oe3 ydera
¢GuIbTpaluy BOJbl U3 BOJOEMA T.€. YPOBEHb BOJBI B BOJJOEME HE YUUTHIBAIACh, & YUUTHIBAIACh TOJIBKO €€
temmeparypa. icxolHbIe JaHHBIE CUMTATUCH paBHBIMU. At = 1.24, Ay = 1.54. L = 21m. Temneparypa
BOJIBI HA JHE BoJoeMa cuuTanach paBHO# +6°C. Pe3yabTaThl IOKA3bIBAIOT, YTO B TEUEHHH OJHOTO rOJA
rIyOMHa mpoTauBaHus gocturaet 4.51m.

Bapuant 2. [Ipouecc nporauBaHue noj OCHOBaHUEM BOJI0EMA PACCMAaTPUBAETCS C yUETOM INTyOUHBI
BojioeMa paBHOoi H=8mM. u ¢punbrpanuu Boasl u3 Bogoema. KoapduuneHnt puibrpanuu cuutaiach paBHbIM
kf=0.0312, mopucrocts mp=0.22. CkopocTh HUIbTpaIiK BEIMHCIISLIIACK 110 popmyiie Japcu. B atom ciiydae
ryOMHa IpoTauBaHUE B T€YEHUH roja gocturia 1o 6.45m. ['paduk pe3ynpTaToB pacueTa NpHUBEIEHBI Ha
puc.2.5.1.
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Puc. 3.5 FJ'IY6I/IHa TassHUS OCHOBAHNEC XBOCTOXPAHUJIUIIBI B 3aBUCUMOCTHU OT YPOBHS BOJBI B IIPYAC.

Bapuant 3. PaccmarpuBaeTcs 3TOT k€ CiIydaii, HO ITyOMHA BOJABI BOJOEMa HA JBa MeTpa OoJblie, T.e.
riryouHa cunrtaiachk paBHoi 10M. B 3ToM cirydae ckopocTh (uibTparuu Oyaer O0bIe 9eM B IPEIbIIyIeM
BapHaHTE U II1yOMHa MPOTauBaHUE JOCTUTAET 3a OJUH roj A0 8.58M. YBenuueHue ypoBHs BOJBI B IIPyJIe Ha
JIBa METpa C y4eTOM (QHIBTPAIIMU TIPUBOANT K YBEIIMUCHUIO 30HBI TASTHUS MEP3JIOTO rpyHTa Ha 2.13M.

W3 BBIYMCIUTENBHOTO SKCIEPUMEHTa CJeNyeT, YTO MIyOWHa MpPOTauBaHMUS  IOJ OCHOBAaHHEM
BOJIOEMA 3HAYUTEIILHO 3aBHCUT OT YPOBHSI BOJIBI B IIPYJIE WIIH OT CKOPOCTH (DUIIBTPAIIMU BOABI U3 BOJIOCMA
T.€. YeM BBIIIE YPOBEHb BOJIbI B BOAOEME, TEM OOJbIIE pa3Mephbl 30HBI TasHUS MEP3JIOro IpyHTa MOJ
ocHoBaHueM. [Ipu »SKcrulyaTaluu XBOCTOXpPAHWIMINA W B IEJISIX SKOJOTUYECKOW Oe30MacHOCTH
OKpYKarolllel Cpepl CIelyeT yuecTh BO BHUMaHHE YPOBEHb BOJABI B BOJOEME B cilydae (GUIbTPALUU MO
OCHOBAaHHMEM XBOCTOXPaHUIUIIA.

B ueTrBepToOii ry1aBe paccMaTpUBaEeTCs MaTeMAaTHUECKasi MOJENb TassHUSI MEP3JI0T0 IPyHTa B OTJIUYHNE
OT MaTeMaTU4YeCKON MOJENH, PACCMOTPEHHOM B TPEThEW TJlaBe, IJIe MPOLECC TasHUS MEP3JIOro IpyHTa
MOJIEIIUPYETCS OTAEIBHO AJIS TaJOU 30HbI B BUJ/I€ HAYAJIbHO-KPAEBOM 3a/1a4u M OTAEJIBHO AJI1 MEP3JI0i 30HbI
B Bujie (1) - (3). HeusBecTHas moaBuKHasi TpaHUIla HAXOAUTCS Kak pernieHue ypaBHenue Credana (4). B
JTAHHOM TJ1aBe MPOLECC TasHUS MEP3JI0T0 TPYHTA MOJACIIUPYETCSI OAHUM YPAaBHEHHEM C HAYaJIbHO-KPAE€BbIMU
ycnoBusamu. HenszBecTHast MOABMKHAS TPAHUIIA HAXOJAUTCS MECTOMOJIOKEHUEM HYJIEBOU U30TEpMblL. Takon
MOJXOJ MO3BOJsAET d(P(PEeKTUBHO HAXOAUTH BpeMs MepexoJa B CTAIIMOHAPHBIN PEXHUM, aHAIW3UPOBAThH
CTEMNEeHb BIMSHUE HAYAIBHOTO U TPAHUYHBIX YCIIOBUM Ha MPOIIECC TASTHUS.

IHocranoBka 3agaun. Bapuanr 1. [Iporecc TasHust Mep310ro rpyHTa paccCMaTpPUBAETCs KAk 3a1a4ya
nepeHoca Teria B OJHOW 00JacTH MO/ BIMSHUEM W3MEHEHHUs BUA TPAaHUYHOTO W HAYaJbHOTO YCIIOBHSL.
@pOoHT TassHUS HAXOJUTCA MECTOIOJIOKEHUEM HYJIEBOM M30TepMbl. Maremarnuecku 3ajaaya
dbopmyupyercs CAeAYIONMMH YPAaBHEHUSIMU B YACTHBIX TTPOU3BOIHBIX:

2
oT (x,t) _ g2 0 T(ch,t)’ 0<x<L, t>0
> . (4.1)

" 'paHUYHBIMHA YCIIOBUSAMHA

TO,)=T,, T(L,t)=T, (4.2)

HagansHoe YCJIOBUC TCMIICPATYPhbI I'PYHTA 110 OCHOBAHUCM CTPOUTCA HAa OCHOBC JAHHBIX Ha6J110,Z[eHHI>i.
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— T(x.0)

i

Puc.41. HauansHoe ycioBuE TeMIIEpaTypsl

AHAIMTHYECKU HAYAJIbHOE YCIIOBUE alTPOKCUMHUPOBAIIOCH B BUJIC OJTHOW BETBH 1apaboJIbl
T(x,0)=@(x) = ax’ +bx+c(4 3)
ITocrostHHbIe KO3()HUIUECHTHI a, b, ¢ — ONPEAESAIOTCS U3 JaHHBIX HAOJII0ICHUI TEMIICpATyPhl TPyHTa

MCTOJOM HAUMCHBIINX KBAAPATOB.
AHanmuTHdeckoe pPEICHUE 3ala4r CTPOUTCA B BUJC IBYX CllaracMbIX

T =T () + T (1) (4.4)

rie  T.(X) - cranMoHapHas 4YacTh PEIIEHHUS, KOTOpas CTPOUTCS HAa OCHOBE HEOJHOPOJIHBIX
rpaHu4HbIX ycioBul, T, (X,t) — HecTanmonapHas yacth perieHus. OHa CTPOUTCS HA OCHOBE HAYAJILHOTO U
OJIHOPOJIHBIX TPAHUYHBIX YCIOBUH U UMEIOT BUI:

X no o _mn?oa,  MN
Ta(X) =Ax+B = (T, =T)7+Ty, Tu(X,0) = Z bne 1= "sin (Tx)'
i
b _2a L3 1n+2L3 Iy ) +2(b A) LZ( oy 1)
n=7 "D — (=D I *1 — (1 :

- x
o(x) =ax2+bx+c—(T2—T1)Z+T1

AHanuTHyeckoe PCUICHHUC I[aHHOﬁ KpaeBoﬁ 3aladi  YAOBJICTBOPAOMIUE HAYAJIbHO-KPACBbIM
YCJIOBUSAM 3alIIICTCA

T(xt)=T,, (x) +(x.7) =(T2—Tl)%+71+ib”e{%l) sin(”T*ix) (4.5)

C mnomomiplo aHanuTHueckoro pemieHust (4.5) maremarudeckod moxenu (4.1) - (4.3) paccMoTpeHBbI
CIIEAYIOLIME 3a1a4u:

3AJJAYA 4.1. HayanpHoe yciOBHE TeMIepaTypbl TpyHTa IOJI OCHOBAHHMEM BOJOEMa HMENU
3Hadenue B Toukax 1. x1=0m., T1%=+2°C. 2. x,=1.7m., To°=0°C. 3. x3=L=30m, T.° = -2°C. I'pynT nox
OCHOBAHMEM BOJOEMA CUNUTAETCS ECYAHHUKOM, KO3()(HUIIUEHT TEMIIEpaTypOIPOBOIHOCTH, KOTOPOTO PaBEH
0.004283% m?/uac. 3aTeM BOIOEM 3aMONHSETCS BOJIOH, TeMmepaTypa koToporo papHa T1= +8°C. Ha rmy6une
L = 30 m. HaxomuTCA BeuHass MeP3NoTa, TeMIeparypa kKotopoii papaa Tz = -2°C. TpebyeTcs onpenenuTs,
gepe3 KOTOPOE BPEMSI IPOLIECC TasHHSI MEP3JIOTO TPYHTAa OCTAHOBUTCS U TIEPEHIET B CTAIlMOHAPHBIA PEXKHM,
a TaKKe OMPEeAETUTh MPeNeNbHYIO0 TIYOUHY TassHUsS MEP3JI0ro IpyHTa 3a 3TO Bpems. [ pemeHus ranHon
3a/1aud U3 yCIOoBUs cXoauMocTH psaa (4.5) ¢ touroctbio 0.0003 HaXOIWUTCS KOJMYECTBO WICHOB M OHA
paBHsmach N = 25. HauvanbHoe ycioBHE aNMpOKCHMHUPOBAIOCH OJHOW BETBBIO MapaboJibl ¢ MOMOIIBIO
3aJJaHHBIX 3HAYEHUH TeMIepaTyphl B TPEX TOYKaX

o(x) = 0.036859737x2-1.2391325435x+2

Pe3ynbratel pacuera, IpoBeJeHHBIE C MOMOIIBIO aHAIMTUYECKOro peuieHus (4.5), mpuBeaeHbl Ha
puc.4.2 a), 6). Ha puc. 4.2 a) noka3zaHo, KOTJa poIecc TasHUS eIle He YCTaHOBWIICA 3a 3.5 roja U 3a 3To
BpeMs r1yOuHa TasiHUsI JocTuriia 15 MeTpos.
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Puc.4.2. 3nauenus TEMIIEPATYPHI I'PYHTA IO OCHOBAHUEM BOAOEMA B Pa3JIMUHbIC MOMCHTBLI BDEMEHHU

W3 rpaduka Ha puc. 4.2. 6) BUAHO, 4TO /715 IECUaHHUKA TeIJIoNEepeHoc ycTaHapauBaercs nocie 70080
4acoB, UYTO MPUMEPHO COOTBETCTBYET 8.06 rogam. 3a 3TO BpeMs MPOIIECC TasTHUS JOXOAUT J0 TIYyOUHBI 23.2
MeTpa. DTO yKa3blBaeT Ha TO, YTO HECTALMOHAPHBIM MpoLEcC MEepPexXoJuT K CTAllMOHAPHOMY IpoLEecCy
npuMepHO yepes 8.06 JIeT u 3aTeM He U3MEHSETCs, YTO COOTBETCTBYET (PU3NIECKUM CBOWCTBAM IPOIIECCa.

3areM MPUBOAMTCS YUCIEHHBIN aHAN3 pEIIeHUH, MTO3BOISIONINE ONPEIENATh CTENeHb BIUSHUS Ha
rIIyOuHY TasHUS MEP3JIOTO TPYHTA TEMITEpaTyphl BOBI B ipyne. Ha Puc.4.2 moka3aHbl pe3ynbpTaThl pacueTa
IS CIydasi, KoT/ia TeMmepaTypa Bobl B Bogoeme +6°C. Ha Puc. 4.3 mokasaHbl pe3y/ibTaThl pacueTa, KOraa
TeMIIepaTypa BOJBI B BojoeMe pasHstach +10°C. Kak BHIHO W3 pe3yibTaToB pacuera 3a BpeMs, PaBHOE
30240 yacoB M IpUMepHo 3.5 rozia, rIy6HHA TasHUS IpH Temmepatype +6°C moxomuT 10 13 MeTpoB, mpu
+8°C moxomut 10 15Mm., ipu +10°C goxomuT 10 17 MetpoB. OTCIoAa CIeayeT, 9YTO H3MEHEHHE TEMIIEPATYPh
BOJIbI HA JIBa Tpajlyca BieUeT U3MEHEHHEe IITyOrHbI TassHus Ha 2 MeTpa 3a 3.5 roza.
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Puc.4.3 3na4yeHus TemMneparypsl B pa3Hble MOMEHTBI BpEMEHU 110 TI1yOnHe
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Puc.4.4 3nayenus TeMiiepatypbl B pa3Hble MOMEHTBI BpEMEHHU 110 TITyOnHe

B cnenyroieit 3agaue paccMaTpuBaeTCs BIUSHUE U3MEHEHUS BU/1a TPAHUYHOTO YCIIOBHS Ha MPOLECC
TasiHUSL Mep3TIoro rpyHTa. Ha HUKHEH rpaHulle cTaBUTCS YCIOBHE TEIIOOOMEHA T.€., TPAaHUYHOE YCIIOBHE
TPETHETO POJIA, XaPAKTEPUIYIOIIECE XOJOAHBIN MOTOK, UAYIIHN CO CTOPOHBI BEYHON MEP3JIOTHI.

3agaua 4.2. Marematudeckasi MOJIENb TaKOH 3a7]a4i UMEET BHI:

2
x50 _ 420 T(f’t), 0<x<L, t>0
ot ox (4.2.1)
T(0,t) = g.(t)
e, 0+ 10,9 = 60 (422
T(x,0) = @p(x),
rae g,(t), g,(t) - 3amaHHbIe 3HAYECHUS TEMIIEPATYPHI HAa KOHIAX 00JAaCTH.
AHaJIMTHYECKOE PEIICHUE CTPOUTCS AHAJIOTMYHO KAk B MPEABIIYIIEM CiIydyae B BHJE JIBYX
cllaraeMbix.

T(xt)=S(xt)+U (xt)= A(l‘)(l—%j-l-B(t)[%j+U(x,t), (4.2.3)
rae A(t),B(t) naxomsrcst U3 rpaHUYHBIX YCIOBUI
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Ty+LhTY,

A(t) =T, B(t) =—— (4.2.4)
Heussectnoe ciaraemoe U(x,t) CTpoUTCS KakK peElICHHE HEOIHOPOJHOIO ypaBHEHHS C
OIHOPOJAHBIMHA I'PAHUYHBIMHA YCIIOBUAMUA

Uc(x,t) = a’U,, — Si(x,t) (4.2.5)
U(o,t) =0,
U.(L,t) + hU(L,t) =0 (4.2.6)

U HAYaJIbBHBIM yCJIOBI/IeM BHUIa
U(x,0) = @(x) —S(x,0) =

=ax’+bx+c—T, (1 — JL—C) — % (%) (4.2.7) AHaJTUTHYECKOE PEIICHHE

MateMatnueckor mozaenu (2.11) — (2.13) umeer Bux
1242 .
Ux,t) = b e %t sin(4; x),
rae A; ompenenseTcs Kak pelieHue TPAaHCIICHIGHTHOTO YPaBHCHHUS

tg(L*ﬂ,,):—%, (4.2.8)

OOmiee aHaMTHYECKOE pelieHne OyaeT UMETh BUJ
Ty+LAT, 22a%t

T(x,t)=T, (1 — ’L—C) ﬁ(?) + Y% b e 4 %t sin(A; x) (4.2.9)

PesynbTaThl pacyeTa KOraa TemMIeparypa Bosl B BogoeMe pasHa +10° C ¢ yuetom TemnooOMeHa Ha HUKHEH

rpaHule npuseneHo Ha Puc. 4.5
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Puc. 4.5 3naueHus TemnepaTypbl TpyHTa B pa3Hble MOMEHTBI BpEMEHH B ClTy4yae, KOTia Ha HUKHEH
TPaHULE IPUHUMAETCS TPAHUYHOE YCIOBHUE TPETHETO poAa

TO4YHOCTB pe3yabTaTOB 3aBUCUT OT TOUYHOCTH 3aJaHUsl BEIUYMHBI XOJOJHOIO MOTOKA, UAYIIETO CO
CTOPOHBI BEYHON MEP3JI0Thl. 3aTPyAHUTEIBLHOCTh 3HAaHHE TOYHOIO 3HaueHus Kod(pduireHTa TermioooMeHa
MO3BOJIET MOJIYYUTh MPUOTUKEHHO-KaYeCTBEHHBIN pe3ynabTaT. Kak BUIHO U3 rpaduka, ydeT XOIOJHOTO
MOTOKA U3 HIDKHEW TpaHUIbl 3HAYUTENIPHO BIMAET HA MPOIECC TasHUA Mepayioro rpyHta. [lo rpaduxy
MO>KHO CYAMTb, 4YTO IpUMEpHO 3a 25920 vacoB unu 3a 3 roga riryonHa tasHus 1oxoauT 10 10m. Torma kak
TP PELIEHUH ITOU ke 3a7auu Mpu (PUKCUPOBAHHOM 3HAUCHUH TEMIIEPATYPhl HA HIKHEHN TpaHUIe paBHOM -
2°C Ges yudeTa TerIo00MeHa Ha HUKHeH rpanutle 3a 25920 yacoB win 3a 3 roja riryOnHa TasHUS TOXOMIIa
nouytu a0 15 M. Otrcroga cienyer, ydeT CHUIBHOIO XOJOIHOTO IMOTOKAa, WAYHIErO0 CO CTOPOHBI BEYHOMU
MEpP3JIOThl 3HAYUTENHFHO BIUSET HA TTyOWHY TasHUS MEp3JIOr0 TPyHTA, T.€., 3HAUMTEIHbHO YMEHBIIAETCS
IIyOMHA TassHUST W BpEeMs YCTAHOBJICHUS HECTAI[MOHApHOTO Tiporecca. HewsBecTHoe 3HaueHUE
Kod(UIMEeHTa TeII000MEeHa Ha HIIKHEH TpaHuIle, MPUBOAUT K MPUOIMKEHHBIM pe3yibTataM. [loaTomy
MPU PEATbHBIX pacueTax PEKOMEHIYETCS MPUMEHSTh T'PAaHWYHOE YCIIOBHE TEPBOTO POJa HAa HUKHEH
TpaHulle, KoTa 3a1aeTcs (UKCUPOBAaHHOE 3HAYCHHE TEMIIepaTyphl TPYHTA, T.K. OHA MOAJAETCSI U3MEPEHUIO.
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3agauya 4.3  Marematudeckass MOZENb IpolLiecca TasHUS MEp3JIOro I'pyHTa IO0J OCHOBaHHEM
BOJIOEMA C YYETOM TeIJIooOMeHa CKeleTa I'pyHTa B 30HE TaJOro rpyHTa, a B 30HE MEp3JIOro IrpyHTa HE

YUUTBIBACTCA. MaremaTndeckas MOJCJIb TAKOI'O ITpouecca UMECT BU/I:

oT _ 2 92T _
5= A0 o= BT(x,t), (4.3.1)

3nech B — koadduimeHt teriooomena. B 3one tanoro rpynta, rae T(x,t) >0, B # 0 wu B 30He
mepaioro rpyuTa, tae T(x,t) <0, B = 0. ['paHuvHbIC YCIOBUS UMEIOT BH/T

T(0,t) =Ty;
T(L,t) =T, (4.3.2)
HauanbHo€E ycJI0BHE JAHHOTO MPOLIECCa IPUHUMAETCS aHAIOTMYHO IIPEIbIAYIIEMY BAPUAHTY 3a1a4H
T(x,0) = p(x) = ax? + bx + ¢; (4.3.3)

AHQJIUTUYECKOE pEIICHUE JAHHOW MAaTEMATUYECKOW MOJEIH CTPOUTCS AHAJIOTMYHO KaK B
MPEABIIYIINUX CITydasx.
T(x,t) = S(x) + w(x,t); (4.3.4)
rie S(x) = (T, —T1)9L—6+ T,— crauMoHapHas 4YacTh pPCHICHHS, YIOBICTBOPSIOIIAS HEOIHOPOIHBIM
rpannuHbM ycioBusiMm (3.18). w(x, t)— HecranmonapHas yacth pemieHus. OHO CTPOUTCS KaK pEIICHHE
CIeyIoIIel HaYaIbHO - KPaeBOM 3a/1auH.

W = A?wyy — BS(X) + w(x, 1)) (4.3.5)
w(0,t) =0,w(L,t) =0 (4.3.6)
w(x,0) =ax?+ bx +c—S(x) (4.3.7)
Pemenue nanHoi# 3agayu UIEeTCs B BUJE:
w(x,t) = Xy by (t) sin==x, (4.3.8)

rae b, (t) — HemsBecTHBIC KO dUIMEHTHI pasnoxeHus. OHO HAXOAUTCS IyTEM pas3iioxeHus B psig Pypbe
CTAllMOHAPHOM 4YaCTH peLICHUs. YJOBIETBOPSsS HayanbHOMYy  ycioBuio (4.3.7) momydaeMm oOiee
aHanutudeckoe pemenne(4.3.5)-(4.3.7)

T(r6) = SG) + (0 = (T, =T E+ Ty = Ty + ity |~BETe0 o (4, 4

™ e i)
C el +h)t sinZx;
L L

A =2(T, +2.0)(-1) / ((zi/ L)*(T,~T))+ ),
G =(-2a" -2L(b~(T,-T,))/ (zi(-1) +4al’(zi). ~ (438)

Ha Puc.3.6. mokaszanbl pe3ynpTaThl pacdyera MpeAblIylIero npruMepa, MoJIydeHHbIe aHATUTHYECKUM
pemeHreM gaHHoW moxaenu (4.3.8), yduThIBaromas TEINIOOOMEH B 30HE TaJOr0 TPYHTa. 3HA4YeHUE
kodduIMeHTa TemnooOMeHa npuHUManoch odeHb ManeHbkuM (0.0000043), T.K., IpH JOATOCPOUHOM
Ipolecce 3HaYSHUs TEMIIEpaTyphbl TPYHTA U BOJIbI [TOUTH YpaBHSIOTCS. B 3TOM citydae TernynooOMeH He OyaeT
MPOUCXOIUTH U3-3a OJUHAKOBOM TeMIlepaTyphl pa3HbIX cpell. Kak BuaHO U3 rpaduka mpoiecc TasHUs M0
BIIMSTHAEM HAYalbHOTO yciIoBHs (4.3.3) ¥ 3HaUeHHUs TeMmepaTyphl BoJbl B BogoeMe pasHoit +8°C ¢ yuetom
TeriooOMeHa MepexoauT U3 HECTAIIMOHAPHOTO MPoIlecca B CTallMOHAPHBIHN mporiecc yepe3 70080 yacos miu
8.06 neT u rmyOuHa TassHUs 10X0IUT A0 23.20 M.
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Puc.4.6. Xon u3aMeHeHHs TeMITepaTypbl TPyHTa 0 YCTaHOBJICHHS MIpoIiecca

Ha puc. 4.7 moka3aHO YMCIIEHHOE CpPaBHEHHE PE3yJIbTAaTOB MaTEMaTHUECKOW MOJENN C y4eTOM U 0e3
yuyeTa TernjaooOMeHa MOJI0KEeHUs! HyJaeBoH M30TepMbl. OHa HaXOAUTCS Kak pelleHUe TPaHCLEHACHTHOTO
ypaBHeHus (4.3.8) mpu HylIeBOM 3HAYCHHMH TeMIepaTypsl rpyHTa. Kak BHIHO M3 rpaduka, MoJoKeHue
HYJI€BOM M30TE€PMBbI IIOCTETIEHHO YCTAHABJIMBACTCS U NEPEXOIUT B HEU3MEHHOE cocTosHue uepe3 8.06 rona
TIpH TeMIepaType Bojbl B BogoeMe pasHoii +8° C myist rpyHTa Mecyanuka.

1,15r 2,14r 3,12r 4,11r 5,1 6,1r 7,07r 8,06T
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Puc.4.7 IlonoxxeHue HyneBOl U30TEPMBI C yUETOM U 0€3 yueta  TeIiooOMeHa

OTcroa cieayeT, 9To Mpu JOJITOCPOTHOM MTPOTHO3MPOBAHUH TPOIIecca MePeHOca TeIia B MEeP3JIbIX
TpyHTaXx, MPOIIeCC TeIJI000MEeHa MEX/TY TPYHTOM M TaJlOH BOJOW MOKHO ITpeHeOpeyb U3-3a YpaBHUBAHUS UX
Temreparyp. B Takux ciydasix 3HadeHHe KO3 PUIIMeHTa TeruiooOMeHa Oy1eT 04eHb MaJICHbKUM U BITHSIHHC
YJIeHa, XapaKTePU3YIOLIEro TeII000MeH B Maremariueckoir Mozaenu (4.3.1) - (4.3.3), MoxxHO npeHeOpeyb.
Torma mpu JOJTOCPOYHOM IMPOTHO3ZUPOBAHUHU TIpOIecca IMEpPeHoca Tella B MEp3JIbIX TPYHTaX MOXKHO
UCIIOJIb30BaTh Oo0Jiee MPOCTYyI0 MaTeMaTwuyeckyio moxenb (4.1) - (4.3), B KOTOpoii HEeT mapamerpa
TerooOMeHa.

3agaua 4.4. 31ech NPOU3BOAUTCS YUCICHHBIA IKCTIEPUMEHT Ha OCHOBE aHAIMTUYECKOTO PEIICHUS
MaTeMaTHYeCKOH MOJICIH JUIS BBISBIICHUS BIUSHHUS WU HEBJIHUSHHUS HAYAJLHOTO YCIIOBHS Ha TIyOWHY
TasHUSL MEP3JIOT0 TPYHTA IO BIUSHUEM TeMIIepaTyphl BoAbl B BojgoeMe . OHO MPOU3BOJUTCS Ha OCHOBE
aHaJM3a Pe3yNbTaTOB pacueTa JOJTOCPOYHOTO TIPOTHO3a M0 OMNPENeICHHI0 TIyOWHBI TasHUS.
MaremMaTHUeCKHd OHO TTPOU3BOTUTCS POPMHUPOBAHUEM HAYATBHBIX YCIOBUH, XapaKTEPU3YIONUX HAYaIbHOE
COCTOSTHUE CpeIbl TIepe]] HauaIoM dKCIUTyaTallii COOPYKEHUH, IMUTHPYIOIlee 3UMHEe, paHHEe BECEHHEE U
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BeceHHee BpeMmeHa roja. CxeMaTH4ecKH pa3Hble BUAbl HAYAJIIBHOTO YCJIOBUA NpuBeneHsl Ha Puc.4.7. Jlns
BECEHHEro CiIydas HayalbHOE COCTOSHHE IPYHTa Ha JHEBHOH IOBEPXHOCTHM cuuTanoch paBHbIM +2°C,
HYyJIEBOE 3HAUEHUE TEMIIepaTypbl IPYHTA HAXOAWIOCH Ha riiyouHe 1.7 M., BeuHasi Mep3/10Ta HAYMHAETCs C
ry6unsl 30M. U Temmepartypa B 9Toii Touke paBHa -2°C. Jljist 3MMHEro clydas HaualbHas TeMIepaTypa
IPYHTa Ha JHEBHOMN MOBEPXHOCTH cunuTanach paBHoii -3°C. IpyHT 1o OCHOBaHHEM SABJISETCA MECYaAHHUKOM
¢ kK03(pHUIMEHTOM TeMIepaTyponpoBoAHOCTH paBHbIM 0.00432 M? /uac. AHATUTHYECKHE BBIPAKEHHS
HAYaJbHBIX YCIOBUH  anmpOKCUMHUPOBAINCH OAHOW BeTBhIO mapadonbl. Koaddummentsr napaboibl
ONPENIETSINCh  METOJIOM HaWMEHbBIIMX KBajapaToB Ha 0Oaze 10 Toyek, B KOTOPHIX 3a/laHbl 3HAUYECHMS

TEMIEPATYypPHI.

T(x,0) =) =ax?+bx+c=

= 0.0369x2 — 1.2392x + 2,0 (4.4.1)
T(x,0) = @(x) =ax?> +bx +c =
=0.01033x? — 0.3682x + 2.0 (4.4.2)

T(X, 0) = (p(x) =ax’ +bx +c=-0.0084x" -0.2392x-1.9762  (4.4.3)

Puc.4.8 Buapl HavabHBIX YCIIOBHMA
IIponecc nepeHoca Tema 1noJ OCHOBaHUEM BOJOEMa HAYMHAETCS IIPU HAIIOJHEHUU BOJOEMa BOJOMN

TeMIepaTypa, Kotopoii paBHa +8°C. CornacHO BEIIEH3I0KEHHOTO alTOPUTMA MPOU3BOATCS TIPOTHO3HEIE
pacueTsl 10 YCTAaHOBJICHHS HECTAIMOHAPHOTO Mpoliecca epeHoca Tersia B 3Tl 00iactu
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pe3yNbTaThl pacuera MIPUBEICHbI

t = 8.06 et (70080 u.) t = 8.06 zter (70080 u.) t = 8.06 ner (70080 u.)
h=232m

Puc. 4.9 Pe3ynbpTaThl MPOrHO3HBIX PACUETOB IPU PAa3HBIX BUIAaX HAYaJIbHBIX YCIOBUI
Pe3synbrarsl pacdera MOKasplBalOT, YTO NPU JOJITOCPOYHOM IPOTHO3UPOBAHUM, HECTALMOHAPHBIN
IIPOLIECC MEPEXOANUT B CTALMOHAPHBIM IIPOLIECC HE3AaBUCHMO OT BHJIOB HaYaJIbHBIX YCIIOBHM B OJIHO U TO XK€
BpeMs. [n1yOuHa TasHUs 3a 3TO BpeMeHHU JIoXOIuT 10 23.2 M. OHa ompeaesnsercs ¢ MECTONOIO0KEHUEM
HYJIEBOM HM30TEPMbI KaK PEIICHHE TPAHCIICHICHTHOTO ypaBHEHHWs. J[BmkeHue (QpoHTa TasHUS MEP3JI0TO
IpYyHTa J10 CTAallMOHApHOTO IIpoliecca nokaszano Ha Puc. 4.9.

rnybuHa TasHWA NpY pasHbIX BUAAX
Ha4YaNbHbIX YCI0BUIA

30
x
I 20 ==
&5 . —@—3/MHee
10 ~
g —@— BeceHee
S 0
)
£ 000 200 400 600 800 10.00 pake seceHHoe
t roapl

Puc. 4.10 I'nyOuHa TastHUsI IpU pa3HbIX BUAAX HAYAJIbHBIX YCIOBUN

Kak BuHO 13 rpaduka npy J10JrocpouHOM ITPOrHO3UPOBAHUHU INTyOMHA TasHUS HE 3aBUCUT OT BHJIA
HAYaJbHOTO YCIIOBHS, a 3aBUCUT OT 3HAUYEHUs TeMIlepaTypsl Bojbl B BogoeMe. HecranmonapHslil mponecc
nepeHoca Teria B Mep3JI0M IpyHTe IePeXOAUT B CTAllMOHAPHBIN npotecc yepes 8.06 et u riryOuHa TastHUs
JOXOMHT 70 23.2M. TIpH TeMIepaType Bojsl paBHO# +8°C. Takoe yTBepsK/IeHHE CENany ydeHbie | ankun
A.®, Kypra 1.B. (2020). Otcroaa cienyer, 4To Ha4ajo SKCIUTyaTallud COOPYXEHHH, PAaclOOKEHHBIX B
YCIIOBUSAX BEUHOM MEP3TI0ThI, MO)KHO HAUWHAThH HE TOJILKO 3UMOMH, a B JT1000€ y100HOE BpeMsl.

3apgaua 4.5. 3gech pemieHHe3anaud TasHUS MEP3JOro IPyHTa MPOM3BOJIUTCS JBYMsI pa3HbIMU
MaTeMaTUYeCKUMHU MOJIETISIMU U TIPOU3BOANUTCS CpaBHEHHE pe3ysibTaToB. Ha ocHOBe aHanu3a npejyiaraercs
npeiokeHre o BbIOOpe Mojenu. CHauana paccMaTpuBaeTcss MOJENb TEIJIONepeHoca OTIAENbHO B 30HE
TaJ0ro M B 30HE MEP3JIOT0 IPYHTA C YY€TOM (Pa30BBIX MEPEXOA0B MEXY IBYMsI 30HaMu. J[BrkeHue GppoHTa
TasHUS OTIPENEIAETCS U3 YCIOBUS PA3HOCTH TEIUIOBBIX MOTOKOB MAYIIUX CO CTOPOHBI TAJIOTO U MEP3JIOTO
IpyHTa, Kak perienue 3agaun Credana.
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aT, o°T,

ot =aT6—2,OSXSh

oT aXZT (45.1)
Mo—a, —-,h<x<L

ot OX

C HA4YaJIbHBIMHU
t=0; x€[0,h]; Tt="fi(X), xg[h,L], Tm = f2(X). (4.5.2)

U T'paHUYHBIMU YCIIOBUAMMU:

x=0, T;=Ts,
X=h, TT = TM = TO
x=L, Tu=Ti (4.5.3)

rae cooTBETCTBEHHO - T, To T1TeMiepaTypa BoAbl B BOJOEME, TEMIIEPATYPA TassHUS MEP3JIOro IPyHTa U
TeMIepaTypa BEYHOM MEP3JIOThl.  YCIOBHE CONPSDKCHMS Ha TpaHHIE TaJoro M MEp3JIoro TPyHTa
omnuceiBaeTcs ypaBHeHrueM Credana:

oT oT
/1{ T} — Ay { M } = qowa—h, (4.5.4)
x=h x=h

Ox Ox ot

rne  Tr, Ty — aHaIMTUYECKOE pEIICHHE HaudalbHO-KpaeBoi 3amaum (3.5.1)-(3.5.3); ar, am, Ar; Av -
KOO PHIIMEHTHI TEMIIEPATYPOIIPOBOIHOCTH, TEILIONPOBOJAHOCTH TAJIOr0 U Mep3JIoro rpynra; h - riyouna
TastHUsL;, W - KOJIMYCCTBO JIb/1a B TPYHTC, qo - TCIIOTA IIaBJICHUS JIbJA. HauanbHurie YCJ10BUA B Ka)KI[Oﬁ 30HC
NPHUHAMAETCS aHATMTHYECKU KaK B TPEIBIIYIINX 3a/a4ax B BUJIE OJHOM BETBU 1MapadoJibl.

AHaIMTHYECKOE PElIeHHe MAaTEMAaTHYECKOM MOJENIN B 30HE TAIOTO0 W MEP3JIOro TPYHTA CTPOUTCS

AHAJIOTUYHO KaK U B IIPEABIAYIIHNX 3aJa4aX U UMCKOT BHU/:
na o

T, (xt) :%x+8+2Dne(L) tsinﬂ—l_nx,

na.

2 2h 0 —(nay2
Ty (x,t) =Ex+m+zn=0Dne e

. TTn
sin—x,
L

rae kodddunmenter pasnoxenuss D,psma @Dypbe. [nyOuHa TasHUS ompenenseTcs KakK pelieHHe
0oObIKHOBeHHOM auddepenunansHoil ypaHenun Credana (4.5.4) meronqom Pynre Kyrra uerBeproro
nopsaka. B kadecTBe mpuMepa TIpyHTa IOJI OCHOBaHMEM BOJOEMa pacCMOTpEHa TJMHA ¢ (PU3UKO-
MeXaHH4eCKUMH XapakTepuctukamu ar =0.003024 m2/cym.,ay, =0.01296M%/cym. PesynsTaThl pacueTa
ypaBHenun Credana mpuBeneHsl rpaduuecku Ha puc. 7. Kak BugHO U3 rpaduka nis rpyHTa U3 TIIMHBI
npoliecc TassHUE MepexoauT B CTalMOHApHBIA pexum yepe3 7300 cytok uiu 20.2 net u riayOuHa TasHUA
JTOXOHT 70 9.46M. 3areM JaHHas 3aja4a pelieHa Apyrod mMareMaTuueckoi mojenbio (4.5.1)-(4.5.3), rae
riyOuHa TassHUS HaXOJUTCS KaK MECTOMOJIOKEHUS HyJeBOW U30TepMBbl. Pe3ynbTaTsl pacueTa mokazaHbl Ha
puc. 3.10
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MpadwKk NpoTanBaHWA rPyHTa ¢ meToaom CtedaHa

My6uta L

1 hM

o 1000 2000 3000 4000 5000 6000 F000 8000
t= spema (cyTka)

Puc.4.11 I'myOuna TassHUs Kak pemenue 3aaadn Credana

Kak BugHo wu3 rpaduka mporecc TasHUS MEPEXOAUT B CTAI[MOHAPHOE COCTOSHHUE uepe3
7300cyT.(20.271€T) ¥ TIIyOUHA TastHUS JOXOAUT 110 8,53M. Pe3ynbrarsl pacueToB ABYX MOJENel MOKa3bIBAIOT
NpHUOIM3UTEIIEHO OJIMHAKOBBIC PE3YNIbTaThl. Pa3HUIA pe3ylbTaToOB OOBSACHSIIOTCS H3-32 HETOYHOCTHU
BXOJIHBIX MAPaMETPOB KaK KOJUYECTBO COJICPIKAHUE JIb/Ia, TEIJIOTA TUIABJICHUS

npOTaHBSHMﬂ MeP3NOro rpyHTa C NoMoulbo MeToda OTpe3Ka nonanam

Tny6uHa L

e

1000 2000 3000 2000 5000 6000 7000 8000

t= spema (cyTka)
Puc.4.12 T'nyOuHa TasHUS KaK MECTOIIOJIOKEHUE HYJIEBOW U30TEPMBbI

[To utoram aHaiM3a NOJYYEHHBIX PEHIEHUH OJTHOM 3a1a4u C pa3HbIMM MaT€MaTHUYECKUMHU MOJIETSIMU
cOpMyJIMpPOBAaHO ClEAyIollee TMpeasioKeHne. YJI00Hee TOJb30BaTCsl MOJAENBI0 KOHAYKTHBHOIO
TEIJIONEPEHOCa T.K. UCHOJIb3YeTCA B KAUECTBE UCXOAHBIX JAHHBIX KPOME KPaeBbIX U HAYAJIBHOTO YCIOBUS,
TOJIBKO KOX(PHUIIMEHT TEMIIEPATYPONPOBOAHOCTU. M3BECTHO, UTO 4YeM OoJIbIlle COAEpk aTCsi MmapameTphl B
MaTeMaTUYeCKOM MOJENU, TEM TPYAHEE pPealu30BaThb HM3-3a HEU3BECTHOCTU WIM M3-3a 3HAYUTEIIBHOU
MOTPEITHOCTH NP OTMPENICTICHUU UX IKCIIEPUMEHTAIBHBIM CITOCOOOM.

3AKVIIOYEHUE
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OCHOBHBIE PE3yJIbTaThl AUCCEPTALIMOHHON paOOTHI COCTOST B CIEIYIOIIEM:

[TpennoxeH aHAIMTUKO-YUCIIEHHBIN OAXO0]] peau3alii MaTeMaTHYeCKOW MOJEIIN TEIUIONEPEHOCa
B OZJHOMEPHOH IIOCTAHOBKE.

Mertonuka omnpeneneHus TeMIIEpaTypbl I'pyHTa, KO3((UIMEHTOB TeMIEepaTypOIpOBOIHOCTEH,
TeriooOMeHa U I‘JIYGI/IHBI TassHUA C Y4CTOM q)HHLTpaLII/II/I BOJbI U3 BOJOEMA HAa OCHOBC aHAJIMTHUKO-
YHUCJIEHHOT'O MOAXO0/a.

OnpeneneHud BpPEMEHM IIEpPEXO/a B CTALMOHAPHBIM pEeXHMM Ipolecca TasHUA U IPeJeIbHON
IJ1yOMHBI TastHUS MEP3JIOr0 TPYHTA IIPH 3aJaHHOH TeMIlepaTypbl BObI B BOJOEME.

YcTaHoBIGHNE O HE BIMSHHN HA4YaIbHOTO yCiI10BUA Ha MPCACIIbHYIO I‘Hy6I/IHy TadHUsA Ha OCHOBC
YHMCJIEHHOT'O aHAJIN3a IIPHU JOJIrOCPOYHOM IIPOrHO3UPOBAHUH.

Ha ocHoBe aHanu3a pe3ysibTaTOB ABYX pa3HbBIX MaTeMaTHYECKUX MOJENEW i1 OOHOW 3aladu
(dopmupyeTcs npeiokeHrue o Belbope 0osiee MpocToil MaTeMaTu4ecKol MOJEIIH.
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PE3IOME
JuccepranuonHoii padorsl ymenoBoii Ymyrt /l:kyMaka3blIOBHBI
HA TeMY: «KAHAJTUTHKO-YUCJICHHOE pPellleHre 32124 TelJIONePeHOCa»HAa COUCKAHME YYeHOH CTeNeHH!
KaHIuAaTa GU3NKO-MATeMATHYeCKHUX HayK 1m0 cneunaiabHocTu 01.02.05 — «Mexanuka »KUIKOCTH,
ra3a v miasmbi»

KuoueBrbie ciioBa: Koadduiment remneparyponpoBOIHOCTH,
TEIUIONPOBOAHOCTh, MEP3Jblid TPYHT, GPOHT TasiHUSI, TEMIIEpaTypa, TeMIIepaTypHbIH
peKUM, BEYHAas  MeEp3/0Ta, TJIyOWMHA MPOTAaMBaHUS, XBOCTOXpPAHWIMINE, TPYHT, OCHOBaHHUE
XBOCTOXPaHWJIUIIIA.

OO0beKT mccjae0BaHMs MPOIECC TasHUSI MEP3JIOTO TPYHTA 10JI OCHOBAHHMEM XBOCTOXPAHUJIHUIIA,
pacIoyioxKeHHasl B YCIOBUSX BEYHOU MEP3IIOTHI.

IIpeameTroMm wuccaenoBanusi sBiasercs I[locTpoeHrMe W aHANWM3 AHATUTHYECKUX PEHICHUI
MaTeMaTUYeCKUX MOJIeNIeH TMpolecca IMepeHoca Telia B TPYHTE MOJl BIUSHUEM KIUMAaTUYECKUX H
TEXHOTCHHBIX (PaKTOPOB.

Henbio uccaenoBaHus sBISETCS co3nanue 3(Q(HEKTHBHOIO METOa K TIOCTPOSHHUIO TEIUIONEepEeHOCca
M Ha OCHOBE YHCIICHHOT'O aHaju3a pPEIICHWH, (OpMUPOBATH BBIBOJBI, MPEIIOKCHUS, PEKOMEHIAIIUN
CIeIHATUCTaM, HHKEHEPAM U COOTBETCTBYIOIIUM OPTraHU3AIUSIM.

MeToabl HMCCIeIOBAHMSI: B JIMCCEPTAIMOHHOW paboTe HCMOIb30BAIUCh  uaocodckue,
oOIICHAYYHBIE, TEOPETUUICCKHUE, CIICIUaTbHBIC (YUCICHHOE MOJICIIMPOBAHIE, MHOTO(PAKTOPHBIN aHAH3).

Hayuynasi HOBM3HA TONyYEHHBIX PE3yNbTAaTOB PabOTHl HCCIEAOBAHUA pPa3pabOTaH  YHUCIECHHO
AQHATTMTUYECKUHN TTOIXO0/ K PEIISHHUIO 3a/1a4 TEIJIONepeHoca, OCHOBaHHbIN Ha unee MKJ;

- TOpeloXKeHa METOJMKAa OmpejelieHne T[IyOMHbl TasHus W HACHTU(UKAIUU KO3 PPUIMEHTA
TEMIIEpaTypOIPOBOITHOCTH, KaK pEHICHHE MAaTeMAaTHMUYEeCKOM MOJENH TEIUIONEPEHOCa C MCIOJIb30BaHUEM
JAHHBIX HAOIIOACHUN TEMIIEPaTypPhITPYHTA;

- TOCTPOCHHE AHAIMTHUYECKOrO0 PpEIICHWE MAaTeMaTHUYeCKOW MOJENH TasHUE MEp3JIorT0 TpPyHTa TOJ
OCHOBaHMEM XBOCTOXPAHUIIUIIA U OIpe/IeJICHHE BPEMEHHU MePexo/ia K CTAllMOHAPHOMY PEXHUMY U TIIyOUHYy
TasiHUE 3a 3TO BpEMS,

- BBIBOJ] O HE BIIMSHUM HAYAJILHOTO YCJIOBHUS HA TIyOWHY TasHUE MPHU JOITOCPOYHOM MPOTHO3E HA OCHOBE
YUCJIICHHOTO SKCIIEPUMEHTA;

- aHAJIM3 AHAJIMTUYECKUX PELICHUH pa3HbIX MAaTEMaTUYECKUX MOJIENEH Mmpoliecca TassHue MEP3J10ro rpyHTa
U pEeKOMEH AU BHIOOpa MaTEMaTUUYECKOW MOJICIIH;

OO0JacTh, NpPUMeHEHMSI: HAayYHbIE TIOJIOKEHUS, TOJTy4YeHHBbIE pe3ynbTaThl U pa3pabOoTaHHbBIE
METOJMKHA HMMEIOT TMPAKTHYECKOE M TEOPETHUYECKOE 3HAaYeHWe, U MOTYT CIYXKUTh I JaTbHEUIINX
UCCIIEIOBAaHU B JaHHOM o00NacTh Haykd Ha OOIIETeOPEeTUYECKOM U TMPAKTUYECKOM YPOBHIX,
chopMynupOBaHHBIE BBIBOBI U MPEJIOKEHUSI MOTYT OBITh UCTIOJIb30BAaHBI B HOPMATHBHOM JOKYMEHTAIIUN
Y IPOEKTHOM JI€ATENIbHOCTH B COOTBETCTBYIOIIMNX MPEATPUITHIX.
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HdyiimenoBa Ymyt ’KymakasbsieBHaHbIH 01.02.05 — cylOKTYK, ra3 ;kaHa mjiazMa MeXaHuKachl
auCTUIH 00I0HYA PU3NKA-MATEeMATHKA WINMIEPUHUH KAHAWAATHI WIIMMUI JapaskachbIH ajyy Y4YH
“KbLryyJayk 0Oepyy MaceJieJIepUH AHAJUTHKAJIBIK KaHA CAaH/AbIK Ye4uyy” TeMacbhbIHJa
AUCCEPTANUSICHIHBIH

PE3IOMECH

Herusru ce3nep: XKoutyynyk auddysus kodppuuueHTH, KbUTyYyITyK 6TKOPYMAYYIYK, TOHTOH JKep,
9pyY poHTy, TeMmmeparypa, TeMIepaTypajblK PeKUM, TYOeNIyK TOH; 3pYY TEPEHIHUTH, KaJlJbIKTap.bl
CaKTOOUY Xaif, TOMypakK, KaJJBIKTap (bl CAKTOOUY YKaiIbIH ()yHJAMEHTH.

N3uningeenyH odbekTrcH Ooitynn TyOesyK TOH LIAPThIHJA XKaMrallkaH KaJjJbIK CAKTOOUY *alJbIH
aCTBIHJArbl TOHIOH TOIYPAaKTBIH JpYY IpoueccHu caHanar. M3WieeHyH IpeIMETH KIMMATTBIK >KaHa
TEXHOTE€H/UK (DaKTOPIOPIYH TaaCUPU ACThIH/IA KbIPTHILITA XKbUIYYIYK 6TYY IPOLECCHHUH MaTEeMAaTHUKAJIbIK
MOJIEJIIEPUHUH AaHATUTHKAJIBIK YEUNMEPUH KypYyy ’aHa Tajj00 0oJyn caHajar.

JuccepTanusiHbIH MAaKCAThI )KbUIYYIIYK OTKOPYYHY KYPYYHYH 3(p(peKTUBTYY BIKMACBIH TY3YY XaHa
YeyuMMAECpAN CAHJBIK AHAIM30OHYH HETU3MHAC aqUCTEpre, MHKECHEpJEepre jKaHa THUEIIeNyYy YyroMaapra
KOPYTYHyJIap/ibl, CYHYIUTap/bl kaHa peKOMeHIalusuapsl Ty3Yy Oonyn cananar. M3uinnee meroanopy:
muccepranusaaa GuIocoUsIIBIK, JKaImbl WIMMHNA, TEOPUSUIBIK JKaHA aTalblH (CAaHIBIK MOJEN0e, KOl
BapUaHTTYy aHaJIU3) METOJJ0P KOJJIOHYJITaH.

N3unneenyH nianmmii KaHbUIBITbI - UDbl naeschlHbIH HETU3UH/E JKBUTYYIYK OTKOPYMAYYJIYK
MaceJIeJIEpUH YeUYYTe CaHAbIK aHAJIMTUKAJIBIK MAMUWJICHHU UILTEN YbITYY;

- KBIPTHIIUTBHIH TEMIEpaTypachbiHa 0aiikoo >XYPTY3YYHYH MaajbIMaTTapblH NaiaiaHyy MEHEH
KBUIYYJIYK ©TKOPYYHYH MaTe€MaTHKajlblK MOJACIMHUH YE€YMMM KaTapbl 3pYY TEPEHIUIMH aHBIKTOO KaHa
KBUTYYTYKTYH TUPPY3UITBIK KOA(DUIMEHTHH aHBIKTOO METOAY CYHYIITAJIJIbI;

- KaJIIBIKTap/bl CAKTOOUY JKaiIbIH 0a3aChIHBbIH aCThIHArbl TOHI'OH KBIPTHIILITHIH 3PYY NPOLECCUHUH
MaTE€MaTUKAJIbBIK MOJCIMHUH AHAJIUTUKAIBIK YE€UYYCYH KYpyy JKaHa CTallMOHApABIK PEXUMIE OTYY
yOaKTBICHIH aHa OyJ1 yOAKbITTBIH HYUHAE 3PYY TEPEHIUTHH aHBIKTOO;

- CaHJIbIK SKCTIEPUMEHTTHH HETU3UH/IE y3aK MOOHOTTYY OO0JIKOJI100/10 IpYY TEPEHAUTMHE OallITanKbl
LIAPTTBHIH TAACUPUHUH JKOKTYTY KOHYHI® KOPYTYHIY;

- TOHIOH KBIPTBHIIITBIH 3pYY HPOLECCUHUH ap KaHJal MaTEeMaTHKaIbIK MOJENICPUHNH
AHAJTIUTUKAJIBIK YEUNMAEPHH TaJIJJ00 KaHa MAaTeMAaTUKAJIBIK MOJEIIIN TaH100 OOIOHYA CYHYIITApAbI;
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SUMMARY

Dissertation by Umut Dzhumakazylovna Dushenova on the topic: "Analytical and numerical solution
of heat transfer problems™ for the degree of candidate of physical and mathematical sciences in specialty
01.02.05 - fluid, gas and plasma mechanics

Keywords: Thermal diffusivity coefficient; thermal conductivity, frozen soil, melting front,
temperature, temperature regime, permafrost; thawing depth, tailings storage facility, soil, tailings storage
facility base.

The object of the study is the process of thawing of frozen soil under the base of the tailings storage
facility, located in permafrost conditions. The subject of the study is the construction and analysis of
analytical solutions of mathematical models of the process of heat transfer in the soil under the influence of
climatic and man-made factors.

The purpose of the dissertation is to create an effective method for constructing heat transfer and,
based on numerical analysis of solutions, to form conclusions, proposals, recommendations for specialists,
engineers and relevant organizations. Research methods: philosophical, general scientific, theoretical, special
(numerical modeling, multivariate analysis) methods were used in the dissertation.

Scientific novelty of the study: a numerical analytical approach to solving heat transfer problems
based on the idea of FEM was developed;

- a technique was proposed for determining the depth of thawing and identifying the thermal
diffusivity coefficient as a solution to a mathematical model of heat transfer using soil temperature
observation data;

- constructing an analytical solution to a mathematical model of frozen soil thawing under the base
of the tailings storage facility and determining the time of transition to a steady-state mode and the depth of
thawing during this time;

- a conclusion about the lack of influence of the initial condition on the depth of thawing in a long-
term forecast based on a numerical experiment;

- analysis of analytical solutions of different mathematical models of the process of thawing of frozen
soil and a recommendation for choosing a mathematical model;

Scope: scientific provisions, obtained results and developed methods have practical and theoretical
significance and can serve for further research in this field of science at the general theoretical and practical
levels, the formulated conclusions and proposals can be used in regulatory documentation and project
activities in the relevant enterprises.
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