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Annoranus. TeMiepaTypHoe 1oA€ SIBASIETCS BAXKHBIM GaKTOPOM, KOTOPBIH HEOOXOAUMO
YYUTBIBATDh IIPH TEIIAOBBIX METOAAX MHTEHCUPUKALIUU AOOBINU HepTH. Wsmenenue
TEMIIEPATYPHOTO IIOASl COTIPOBOKAAETCS], B CBOIO OYEPEAD, U3MEHEHUEM TeMAO PHU3HU-
YECKHX CBOVICTB IIAACTOBBIX (AIOMAOB U BCell IPU3a0O0MHOM 30HbI B IjeAoM. K Takum
CBOMCTBaM OTHOCSTCS, HaITpUMep, H3MeHeHHe BA3KOCTH PAIOUAOB, ¢pa3oBble peBpa-
I[eHUs MAM BbIITapeHHe TapaduHOB. IIpOrHo3 TemAoBoOro moAs B IIAACTe IPHU 3aKauke
$AIOHAQ C TEMIIEPATypOH, KOTOPasi OTAMYAETCS OT IAACTOBOH, SBASETCS BaXKHOM
U aKTYaAbHOM 3apauerl.

Bce onucansble BbIe MpoOIjecchl OCHOBAHbI Ha IIPOTHO3€ TeMIIEPATyPHOTO MOASI U er0
9BOAIOIIMH. AAS aHAAU3A TETIAOBOTO MOAS B IIAACTAX HCIIOAB3YIOTCS MOAEAM HEU3OTEP-
MMYECKOM QpUABTPAIIUM, 3aA0XKEHHbIE B AOPOTOCTOSIINEe KOMMepYeCcKHe CUMYASTO-
PBl, KOTOpBIE TI03BOASIIOT PACCUUTHIBATD €TO AETAABHYIO SBOAIOIMIO B TEOAOTHUECKH
CAOXHBIX 3aAekax. OAHAKO MHOTHE 3aAa9U CBOASATCS K OIPEACACHHIO BEPOSTHOCTH
aKTHBAIJMM TOTO MAU HHOTO TEMAOBOTO Iporiecca B maacre. IloaTomy 1eabio pAaHHOM
PaboTBI siBASIETCST pa3pabOTKa YIIPOLIEHHOI MOAEAH SBOAIOIUH TEIIAOBOTO IIOAS B IIAQ-
CTe IpH 3aKauKe PAIOMAA C TEMIIEPaTypPOi, OTAMYHOM OT MAACTOBO.

B pamHOIT paboTe pellleHa CTAL[MOHAPHAS 3aAa4a O PACIPEAEACHHN TeMIIePaTypbl
JKHAKOCTH B CTBOA€ HATHETATEABHOMN CKBAKMHBL Pa3paboTaH aATOPUTM OIIpeAeACHHS
K09 HIINEHTA TETIAOOTAAUH IT0 3aMePaM TeMIIepaTyphl Ha 3a00e ckBakxuHbL. Cop-
MYAMPOBaHa yIpOLIeHHAs MOAEAb GOPMHUPOBAHNUS TEMIIEPATyPHOTO IIOAS B ITAACTE
IpH 3aKauke PAIOUAA C TEMIIEPATYPOi, OTAUYHOM OT IAACTOBOM, B MPHOAIDKEHUM
Aosepbpe. [ToaygeHa popmyaa AAST OTIPEACASHHS] CPEAHETO 3HaYeHHA Ko pPuIueHTa
TEIAOOTAQYH I10 Bcel AauHe naacra. [Tokasano, 4To k09 pPUIMEHT TEMAOOTAAYM 3a-
BHCHUT OT TeIAOPUINIECKUX CBOFICTB 3aKAINBAeMOr0 PAIOAA U TAPAMETPOB PabOThI
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HarHeTaTeAbHOI CKBAKHMHBL [10Ka3aHO, 9TO OTCYTCTBUE 3aMePOB TENAOPH3HIECKIX
CBOMCTB FOPHI)IX HOPOA U IMAACTOBBIX )KI/IAKOCTGI;I HPI/IBOAI/IT K r[pOrHO3aM TEIIAOBOTI'O
TOASL C MAKCMMAABHOM HEOTIPEAEACHHOCTBIO B OAFDKATIIIEN K HATHETAaTeABHOM CKBa-
JKMHE IOAOBUHE Y4aCTKa BO3AEHCTBHSL.
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Prediction of the temperature distribution
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Abstract. The temperature field is an important factor that must be considered when
using thermal methods to intensify oil production. The change in the temperature
field is accompanied by a change in the thermophysical properties of reservoir flu-
ids and the entire bottom-hole zone. For example, changes in fluid viscosity, phase
transformations or paraffin deposition. The prediction of the thermal field in the
reservoir during fluid injection with a temperature other than the reservoir is an
important and actual task.

All the processes described above are based on the prediction of the temperature
field and its evolution. Non-isothermal filtration models embedded in expensive
commercial simulators are used to analyze the thermal field in formations, which
allow calculating its detailed evolution in geologically complex deposits. However,
many tasks are reduced to determining the probability of activation of a particular
thermal process in the reservoir. Therefore, the purpose of this work is to develop
a simplified model of the evolution of the thermal field in the reservoir during fluid
injection with a temperature different from the reservoir.
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In this paper, the stationary problem of the distribution of fluid temperature in the
injection well trunk is solved. An algorithm for determining the heat transfer coef-
ficient by measuring the temperature at the bottom of the well has been developed.
A simplified model of the formation of a temperature field in a reservoir during the
injection of a fluid with a temperature different from the reservoir in the Lauwerier
approximation is formulated. The formula for determining the average value of the
heat transfer coefficient along the entire length of the formation is obtained. It is
shown that the heat transfer coeflicient depends on the thermophysical properties
of the injected fluid and the parameters of the injection well operation. It is shown
that the absence of measurements of the thermophysical properties of rocks and
reservoir fluids leads to predictions of the thermal field with maximum uncertainty
in the half of the impact site closest to the injection well.

Keywords: heat transfer equation, geothermal gradient, Lauwerier’s scheme, Peclet
number, Stanton’s number, stationary solution, heat transfer coeflicient
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BBepeHue

Ipu 3aBoAHeHHM HePTSHBIX [IAACTOB B OOIIIEM CAyYae TeMIIepaTypa 3aKauuBaeMOIl BOABI OT-
AMYAETCSI OT AACTOBOM. ITpH 9TOM IPOMCXOAUT U3MeHEHHe TEMIIEPATYPHOTO IIOASI BOAM3H
HarHeTaTeAbHbIX CKBR)XUH, YTO MOXKET COITPOBOXKAAThCS U3MEHEHHEM BA3KOCTH QAIOUAOB, Pa-
30BBIMH TIpeBpPaIleHHAMHU IIAACTOBBIX GAIOHAOB, HAIPUMEp BhITaAeHHeM HapaguHOB HAM BbI-
AeAeHHeM PaCTBOPEHHOTO ra3a; B HEKOTOPBIX CAYYasiX OOABIIHE [IePeraAbl TEMIIEPATyp MOTYT
BBI3BaTh PACTpPeCKUBAHKE MATPULIbI AacTa [Arias Buitrago u ap., 2016]. IlosTomy mporsos
TEIAOBOT'O ITOAS B TIAACTe ITPHU 3aKayke PAIOMAA C TEMIIEPATYPOH, OTAMYHOMN OT IAACTOBOH,
SABASIETCS BOXHOM U aKTYaAbHOM 3apauen.

3aKauKa TeIAOBOTO peareHTa IPHMEHSETCS IIPH pa3pabOTKe 3aAeXKel], COAPIKAIIHX BBICO-
xoBsiskue HegT [Moussa u Ap., 2018 ]. [IporHO3 CTpyKTypbI TEAOBOTO MOAS B IIAACTE B 9THX
mporieccax onpeaeaser 3¢ GeKTHBHOCTb MPOrpeBa MAACTOBOM HeTH 1 BCEro IpoIiecca B I1eAOM
[Coats u ap., 1995].

B mocaeaHee BpeMst 0COGEHHO aKTHBHO U3YYAIOTCSI BOIIPOCHI TOBBILIEHHUSI OXBATA IIAACTA
3aBopHeHHeM. OAHUM M3 HAaITPaBAGHUH TaKHX MCCAEAOBAHHUH SBASETCSA MPUMEHeHHe pea-
TeHTOB, OCAKAEHHUE UAU TeAUpOBaHMe KOTOPBIX IPUBOAHT K IepepacpeAeAeHUI0 IIOTOKOB
B HEOAHOPOAHOM IIAACTE, B IEPBYIO0 OYePeAD, IIPH €r0 CAOMCTO HEOAHOPOAHOCTH [ Seright,
Liang, 1995; 3emuos, Masaes, 2021 ]. CA0kHAOCH MHeHHeE, 9TO Hanboaee 3¢ PeKTHBHOE Iie-
pepacrpepeAeHe TOTOKOB B TIAACTe IIPOUCXOAUT IIPY TeAUPOBAHMU HIMEHHO TaKHX PeareHTOB
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B ray6une maacra [ Caili n Ap., 2010]. AAS cO3AaHHS TOTOKOOTKAOHAIOIMX 6apbhepoB B Ay 6u-
He IIAACTa IIPUMEHSIOTCS TAK Ha3bIBaeMble TePMOIIOAVIMEPbI, PEAKIINSI FeAMPOBAHIS KOTOPBIX
IIPOMCXOAUT B OIPEACACHHOM TeMIIepaTyPHOM AuamnasoHe [Bai u ap., 2007; Ghaddab u ap.,
2010; Sydansk, Romero-Zeron, 2011 ]. ITpakTrka npumeHeHus B IpU3a60iHOI 30HE MAACTa
TeAMPYIOIIMX CHCTEM [IOKA3bIBAET AOCTATOYHO [IePCIIeKTUBHbIE Pe3yAbTaTsl [ Pydkun, Srada-
pos, 2005; EmeabsHoB u Ap., 2019].

Bce onucaHHbIe Bblle IIPOLjeCChl OCHOBAHBI Ha IIPOrHO3e TeMIIEPATYPHOTO IIOASI K €ro
3BOAIOIMH. AASI AHAAM3A TEIIAOBOTO ITOASI B [TAACTAX MCIIOAB3YIOTCSI MOACAU HEM30TepMUYe-
CKOM QHABTPALINH, 3aA0KEHHbBIE B AOPOTOCTOSIIIIE KOMMepPUEeCKHe CUMYASITOPbI, KOTOPBIE
IIO3BOASIIOT PACCUUTHIBATD €I0 ACTAABHYIO 9BOAIOIIMIO B T€OAOIMYECKH CAOYKHBIX 3aA€XKAX
[Sydansk, Romero-Zeron, 2011; Dahbag, Enamul Hossain, 2016].

AAsI IPOBEAEHNSI PACYETOB C IOMOIBIO TUX CUMYASTOPOB, PACCYMTAHHBIX HA IIPHMEHEHHE
MOIIIHBIX KOMITBIOTEPHbIX CTAHIIUI, TpeOyeTcst MHOTO BpeMeHu. [Tpy 9TOM AASt MHOTHX 3aAa4
AOCTATOYHO AMIIb IPYOBIX IPOTHO30B CTPYKTYPbI TEIAOBOTO ITOAS U OLIEHOK BEPOSTHOCTH TeX
FAV MIHBIX TETIAOBBIX IIPOLIECCOB B IAacTe. IIpuMepoM TaKKX 3aAad SIBASIETCS OLIEHKA CTPYKTYPbI
TEIIAOBOTO ITOAS AASI OIIPEACACHIIS] MECTA TEAUPOBAHIS TEPMOIIOAUMEPOB B [TAACTE HAK IIOAOOP
TEPMOIIOAMMEPOB C PA3AUYHBIMU TEMIIEPATYPHBIMU HHTEPBAAAMU FEAUPOBAHUSI AASI HanbOAee
3¢ $eKTUBHOrO BbIPABHUBAHIIS IPOQHAS BbITECHEHIS] HEQTH BOAOI U3 HEOAHOPOAHOTO TIAACTA
¥ IIOBBIIIEHNST OXBATA IIAACTA 3aBOAHEHHEM.

LTeastMu pabOTBI SIBASIFOTCSL:

—  pa3paboTKa yIpoIeHHON MOAGAU 9BOAIOLIUY TEIIAOBOTO IIOAS B IIAACTE, YUUTBIBAIO-

Ijert AMIIb HarbOAee BaKHbIE MEXaHI3MBI TEIIAOIIEPEHOCa;

—  pemeHue 06paTHON 3aAa9H 06 OIpeAeAeHNH KO3 HUIIEeHTa TEIIAOOTAAYH B IIAACT
II0 Pe3yAbTaTaM 3aMepOB 3a00MHOM TeMIIepaTyPhl;

—  pelleHHe 3aAa4H 00 9BOAIOLIMHU TEIIAOBOTO TIOASL B IIAACTe IPH 3aKauKe GAIOHAA C TeM-
repaTrypou, OTAUYHOM OT IAACTOBOM.

MeTopabl

PacnpegeneHue TeMnepaTypbl XXMAKOCTHU
B CTBOJIe HarHeTaTeNIbHOW CKBa>XWHbl

3apaua o mporpeBe/ OXAVKACHUM IIAACTA PACTIAAAETCS Ha ABE: PACUeT TeMIIEPATyPHOTO [IOAS
B HAHETATEAbHOM CKBAXXMHE U pellleHHe ypaBHeHHs TPAHCIIOPTa TelAd HeIlOCPEACTBEHHO
B naacTe. PaccMoTpuM mepBoHAYaAbHO IIEPBYIO TOA3aAAUy. B BepTHKaAbHOM HarHeTaTeAbHOM
CKBaKMHE TAYOUHOW |, PAAMyCOM r  ABIKeTCS HeCKMMAeMast SKHAKOCTD (Bopa / Temaosoit
areHT) C TeMIEPATYpPO#, OTANYHO OT OKPY>KAIONIHX TIOPOA, C TIOCTOSHHBIM pacxopoM Q ,
TIAOTHOCTBIO p U YAGABHOI! TeraoeMKocTbio ¢ (puc. 1).

TeraomepeHOC B CKBXXHHE ONIPEAEASIETCSI KOHBEKTUBHBIM IIOTOKOM ABIDKYIIIHCS JKHAKO-
CTU Y TETIAOBBIMU IIOTEPSIMH B OKPY>KaIOII[}ie IOPOABI Yepe3 KOHCTPYKITHIO CTeHOK CKBaXKHMHBIL.
AAs onipeaeAeHHS XapaKTepa ABIKEHUS SKUAKOCTH IO CKBaYKHHE OLIeHMM YK CAO PefiHoAbAca
(Re), MCrI0AB3YS XapaKTepHble 3HAYEHHS IAPAMETPOB 3AAAUH: r, = 0,1 M, BA3KOCTb XUAKOCTU
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p = 1 I, pacxop xuakoctu Q = 300 M*/cyT. CoraacHO MoAy4eHHO! OIleHKe, 3HaYeHHe Re
6oaee 20 000, 9TO CBHAETEABCTBYET O XOPOIIO PAa3BUTOM TypOyAeHTHOM TedeHuu. Toraa,
npeHeOperast MPHCTEHOYHBIM BSI3KHUM CAOEM BOAM3H CTEHKH CKBAXKHHBI, GYAEM CUMTATD, YTO
CKOPOCTb XHAKOCTH B IIOTIEPEYHOM CeUeHHH CKBKHHBI v OyaeT mocTosiHHOM. CranoHapHoe
YPaBHeHHe TeIAOIPOBOAHOCTH AASI AAHHOM 3aAQ4H B ITMAMHAPHIECKOM CHCTeMe KOOPAUHAT
3aIMCBIBACTCS CACAYIOIIMM 0OpasoM:

oT _A[10( oT\ (o'T

V—=—

0z cp|ror VE 0z?

) (1)

rae T — TemiepaTypa >KUAKOCTH; A — KO3 QHINEHT TEIAOIIPOBOAHOCTH; | — BpeMs; 7,
Z — papMaAbHAS M BEPTHKAAbHAS KOOPAMHATHL.

OrjeHKa COOTHONIEHUSA AASL KOHBEKTHBHOTO ITOTOKA TEIIAQ BAOAb OCH Z M IIOTOKA 33 CYeT
TEMAOIPOBOAHOCTH AU Tera0Boro uncaa Ilexae (Pe mopsiaka 10?) mokasbiaeT, 4TO Temao-
IIPOBOAHOCTBIO BAOAb OCH Z B PACCMATPHBAEMON 3aAaue MOXKHO TpeHebpeun. Toraa ypasHe-
HIH€ TeITAOIIPOBOAHOCTH IIPUMET BHA:

oT _2[10( oT

V—=—

Oz «cplror rE

BBeaeM CpeAHIOH0 10 TIONePeYHOMY CeYeHHIO CKBXKHHDI TEMIIEPATYPY SKUAKOCTH, AASL 4€r0
npouHTerpupyem ypasHenue (2) M0 PaAMyCy BHYTPHU CKBXKHHBL:

(2)

oT. 2\ oT. oT.
v = r —|r

0z cpr? or . or ).,

r=r,

) (3)

1t
T = j 2mrTdr. (4)
TU'WZ 0

TerAomepeHOC B CUAY CHMMETPUH TTOTOKA B [IEHTPe CKBa)KMHBI PaBEH HYAIO, 2 AAS MOAE-
AMPOBAHHS TETAOBBIX IOTEPh B OKPY>KAIOIIME OPOADI YePe3 CTEHKY CKBAXKHHBI HCTIOAb3YeM
3axoH HproToHa — Puxmana [Abikos, 1967 ]:

oT
A — =oT.-T,), S
ar - a( R) ( )
T (2)=T, +Gz, (6)

rae o — KoadPument renaootaaun; T, — Temmeparypa OKpy>Kaiomen CpeAbl, 2 HIMEHHO
TOPHBIX IIOPOA BOKPYT HarHETaTEAbHOMN CKBA>KUHBI; TRo — CpepHeroaoBasi TeMIeparypa
3eMHOJ1 IOBEPXHOCTH, HAH TeMIIeparypa HelTpasbHOro caos [ KopoHosckuii, SlcamaHoB,
2011]. ViameHeHue TeMIepaTypbl TOPHOI IIOPOABL IO MepPe YBEANEHHUS TAY OUHBI OLIpeAeAs-
ercs reotepmudeckum rpapuertom G [Borocaosckuit u ap., 2018], . e. Temneparypa ropHoit
ITOPOABI, UCXOAS M3 OIIPEACAEHHS F€0TePMUYECKOTO I'PAAMEHTA, eCTh AUHeNHas QyHKIIMs
oT KoopauHathi z (puc. 1).
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T'eoTepmuueckmii CKBaxKHHA
TpaHeHT

KoHBeKTHBHBIIH
Tr=TrotGz MOTOK :KHIAKOCTH

IToTok Tem1a B
OKPY KAIOIIHE
nopoJIkl

\ B

Puc. 1. MNMocTaHoBKa 3afiauv 0 TeMnepaTypHOM rnose B HarHeTaTesIbHOM CKBaXyHe
Fig. 1. Statement of the problem of the temperature field in the injection well

Takum 06paszom, IPHOAKEHHOE pacIpeAeAeHre TeMITepaTyphl B HATHETATEABHOM CKBa-
XKHHE OIIPeACASIeTCS YpaBHEHHEM:

oT. 2a

0z «cpr,

v (T* -T, —Gz). 7)

AAst OOIIHOCTH pelIeHUs BBEAEM CAeAYIOIIYe Oe3pa3MepHbIe lepeMeHHbIe:
z T— To
-
l T, — TRU

(8)

rae T — TeMmeparypa >KHAKOCTH Ha yCTbe CKBAXKUHDL.
Ypasuenue (7) B 6e3pasMepHBIX [lepeMeHHBIX IIPUMET BUA:

00

—=-St(0+6_-2Z), 9
o ZTO—TRO Stzzm’”la (10)
° T,-T, ' Qcep

0

IpuMenenue rpaHiaHOro ycaoBusi nepsoro popa T, (z=0) = T nau 6(Z = 0) = 0 mosso-
ASIeT IIOAYYHTD CACAYIOIlee pelleHHe:

9(Z)=Z—(90+$j(1—e5‘z). (11)
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TToAydyeHHOe BhIpaXKeHNUE II03BOASIET PEIIUTD OOPATHYIO 3aAady II0 OMPeACACHHIO KOG Pu-
IJMeHTa TE[IAOOTAAUH [IPH H3BECTHOM 3HAYEHUU TEMIIEPATyPbI B KAKOH-AMOO0 TOUKe CKBAXKUHBI,
HarpuMep Ha 3a60e. CoBpeMeHHbIe METOABI HCCAEAOBAHISI CKBKUH ITIO3BOASIOT IIPOU3BOAUTD
3aMepbl TEMIIEPATyPhI B CKBAXKHHE 0e3 ee OCTAHOBKH.

Ipu samepe Temmeparypsi Ha 3a60e T ompeaeAry sHaverue urcaa Cranrona (St). Aast aToro

(12)
] 0,
-T

= (13)

HeOGXOAI/IMO PpemunTb CACAYIONIEE YPABHEHHE:

St=——<——

0

T,
Y T

Peitenyie TPAaHCIIEHAGHTHOTO YPaBHeHHs OTHOCHTeAbHO uncAa Cranrona (12) MoxHO
noAyautb MeTopoM urepanuit [ Tuxonos, Camapckuit, 1977]. ITycts ero pemenuem sBasteTcs
9HCAO St , TOTAQ HCKOMBIH KO9QQHIIMEHT TEMAOOTAAH OTIPEAEAUTCS IO popMyae:

=P g (14)

2nr ]

AAs IpuMepa PacCMOTPHM 3aKadKy BOABI C TeMIlepaTypoit Ha ycrbe 30 °C, maoTHO-
crbio 1 000 kr/m?, yaeabHO TermaoeMkocTsio 4 200 Asx/ (kr - °C) NPy MOCTOSHHOM pacxo-
Ae 300 M*/cyT B BepTHUKAADHYIO, BCKPBIBAIOIIYIO MAACT ¢ Temmeparypoit 90 °C, ckBaskumy
ray6unon 2 000 M, papuycom 0,1 m. Teorepmudeckuit rpapuent paset 0,03 °C/m. 3amep
TeMIIepaTyphl Ha 3200€e CKBAXXMHBI II0KA3aA 3HaueHue, pasHoe 45 °C.

ITo popmyaam (12) u (14) paccunrano uncao St = 0,606, 4TO TO3BOAMAO OTIPEAEAHTD
koo urment termaooraaun a = 7,031 Br/(m?-°C). C yyerom ompepeseHHUs a IO AAHHBIM
TeMIepaTypbl Ha 3a60e oAy4eHo, coraacHo (11), pacpeaeAeHre TeMIIepaTypbl BAOAb CTBOAA
CKBa)XUHBI, KOTOPOe IPUBEAECHO Ha pHC. 2.

HecTaunoHapHoe U KBasucTaLMoOHapHoe Tennosble Nonsa
B nnacTte B FIpVIGﬂI/I)KeHVIVI JIloBepbe

PaccMOTPUM CAEAYIOLIYIO MOA33AATY O 3aKAdKe XKMAKOCTH C TIOCTOSHHBIM PacxoaoM Q
IIAOTHOCTBIO P, YAGABHON TEIAOEMKOCTBIO C,, KO3 PHIHEHTOM TEIAOIPOBOAHOCTH A, F TeM-
neparypoir Ha Bxope B maacT T . PaccMaTpuBaeMblii IIAACT XaPAKTEPH3YeTCs CAEAYIOIIAME
IIapaMeTPaMK: TOAUJUHOIA /i, IOPUCTOCTBIO 111, IAOTHOCTBIO P , YACABHON TEIIAOEMKOCTDIO C ,
KO PHIIMEHTOM TEIAOIPOBOAHOCTH N TeMIteparypoit T, B Ha4aAbHBIA MOMEHT BPEeMEHH
(puc. 3).

O1LjeHKM TIOKa3bIBAIOT, YTO TEMAOOOMEH MMAACTOBBIX XHAKOCTEN U CKeAeTa TIOPHUCTOM
CpeAbl IPOUCXOAUT 3HAYUTEABHO ObICTpee PHABTPALMOHHBIX IPOLIECCOB, U 9TO MO3BOASIET
HPUHATH OAHOTEMIIEPATYPHYIO TMUIIOTE3y O MTHOBEHHOM BBIPABHHMBaHWH TeMIIEPaTyp a3
[BacHues u ap., 1986].
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TeMnepaTypa 3akauyMBaeMon XungkocTu, °C
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Puc. 2. Pacrlpe,u,eﬂeHVle TeMnepartypbl 3aKayMBaeMow BOAbl BOOMb CTBOJIA

HarHeTaTeNbHOM CKBaXWHbI
Fig. 2. Distribution of the injected water temperature along the injection well bore
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Puc. 3. CxemMa CUCTEMbI «HarHeTaTeslbHasi CKBaXWHa — nnacT»
Fig. 3. Scheme of the “injection well — formation” system
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YpaBHeHHe NPUTOKA TelAa IIOAYYAeTCs IIPHU BbIYUTAaHUH YPaBHEHUS COXPAHEeHU KHHEeTH-
4eCKOF 9HePTUH HAHM TEOPEMbI )KHBBIX CHA U3 00IIero 3aKoHa COXPAHEHMS TIOAHOM d9HePIHU
[Bamnpos u Ap., 1984; Hurmaryans, 1987]. Ilpene6peras apdexramu Axoyas — Tomcona
1 aAMa0aTHYeCKOTO PaCUIMpPeHHs, 3alMllleM ypaBHeH e IPUTOKA TeIIAA B IIMAUHAPHUYECKOMH
CHCTeMe KOOPAHMHAT C IJeHTPOM B HATHETATEABHOMN CKBAKHHE, KOTOPYIO OKPYXKAIOT AOOBI-
BalONj¥e CKBKUHDL C KOHTYPOM MUTAHUS I, 4TO TIO3BOASIET CHUBUTD Pa3MEPHOCTD aHAAH-
3UPyeMO¥ CUCTeMbI AO TPeX He3aBUCHMbIX IePEMEHHBIX , 1, Z

or H, Q or Ay 16( 6Tj+82T
8t Hr 27rh 8r H [ror\ or 0z?

(15)

rae H =cpm, H =cp (1-m)+H,, X4=kr(l—m)+7ulm. (16)

BBeaeM cpeaHIOIO IO BEPTUKAABHOMY CEUEHHUIO TeMIIEPATYPY IAACTA:
1 h
= [Tdz, (17)
TOTAQ yPaBHeHI/Ie HPI/ITOKa TeIlAa (15) MOJ>XHO 3aIT1caTb B CAeAyIOH.leM BHIAC:
oT. H, oT. M oT, oT, oT.
A AR Zy4f10 ( L L : (18)
o Hoamhor H|ror\ or ) W\ oz )., B\ oz ).,

B CHAY CUMMETPHH 3aAa4U TEIIAOBBIE IIOTEPH YEPE3 KPOBAIO M IIOAOIIBY ITAACTA PABHBI,

HO IPOTUBOIOAOXKHO HampasAeHbL. Kak 1 B mpeabIayIneit 3apade (5), aas mx OIIpeACACHHS
npuMeHuM 3akoH HproTona — Puxmana:

—A@D :Oza(R—Tr). (19)

Boipaskenue (19) mo3Boasier cBecTH ypaBHeHUe MpuTOKa Teraa (18) k AByM HesaBUCHMBIM
IepeMeHHbBIM:

oT. H, Q or. xg[wmﬂ 2% (7,1, (20)

+
ot H 2mrh or H r@rk Or

BaepeM caeayiomiue 6e3pasMepHble TlepeMeHHbIe:

r2—r? QH T -T
X=——2, 1= ! t, 0= W (21)
ri—r> Tt(r —r )hH T-T,

TOI‘Aa YPaBHEHHE IIPUTOKA TEIIAQ B 6e3pa3MepH0M BHAE IIPUMET BHA:

2
0,0 1oy, 1) g @)
ot 0X DPe|oX rr—r> |0X

Takum 06P330M, BBIACACHDI CACAYIOIITHE 6e3pa3MeprIe KOMITAEKCBI, OIIPEACASIONINE OCO-
6eHHOCTH Imponecca:
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H
pezL) (23)
4mhh
of
2n(r:—r? o
S i (24)
QH,

HePBbeI ImapaMeTp — TEIIAOBOE YHCAO Tlexae (Pe) — XapaKTEepU3yeT COOTHOUIEHHE
KOHBEKTHUBHOTO M KOHAYKTHBHOI'O MEXaHM3MOB IIEPEHOCA TEITAQ. BTOpOﬁ — ypncao Cran-
TOHaA (St) — IIOKa3pIBA€T COOTHOIIEHME TEIMAOIIEPEAATH TEIIAQ B ITAACT K KOHBEKTHBHOMY
TEIIAOBOMY IIOTOKY B ITIAACTe€. HPOI/I3B6AEHH€ ypnceA Ilexae 1 CTOHTOHA €CTh YHUCAO HYC-
CE€AbTa (Nu), OTpa’XalIfee COOTHOIIEHNE TEIIAOBBIX IIOTEPD M3 MMAACTA K KOHAYKTUBHOMY

IIOTOKY TellAa:
rr—r?)o
Nu=Pe- St=@. (25)
2hh

ef
B xauecTBe nmpuMepa pacCMOTPHUM IAACT TOAIUHOMN 10 M ¢ IEHTPOM, B KOTOPOM PacIIo-
AO>KeHa HarHEeTaTeAbHAsI CKBKHMHA pasrycoM 0,1 M, OKpys>keHHast AOOBIBAIOIIMMU CKBAXKHU-
HaMu Ha KOHTYpe, paBHOM 300 M. ITycTb 3 PpexTuBHbIN KOIPPUIIUEHT TEIMAOIPOBOAHOCTH
AASL CHCTEMbI «CKEAeT TIOPOABI C HACHIIAIONIEN ero KUAKOCTbI0>» paseH 2 Br/(m-°C),
a K09 ¢ PuULUeHT TermaooTaaun maacra — 1,5 Bt/ (M2 . °C). AASL AQHHBIX 3HAYEHUH YHUCAO
HycceabTa paBHO 3 375. DTO rOBOPHUT O TOM, UTO TEIAOBbIE TOTEPU B KPOBAIO U ITOAOLIBY
TAACTa TOPa3a0 GOAbIIEe KOHAYKTHBHOTO MOTOKA TernAd. Toraa B ypasHeHuu (22) MOXHO
npeHebpedb caaraeMbIM ¢ 9ucAOM ITekae:
DB, D g0-1). (26)
ot oX
AAS IOCTaBAGHHOM 3aA24K HAfAEM CTAlMOHAPHOE pemleHue ypasHenus (22), KoTopoe
C y4ETOM CAEAAHHBIX OLJeHOK OYAET HMETh BUA:

O=1—e5X, (27)

OueHKa cpefHero 3HauyeHus KoapduumeHTa TennooTaaum
M3 niacTa B OKpY>XaloLiue nopoabl

PaccmoTpuM 3apauy ompeAeAeHHUs TEIAOBBIX IIOTepPh Yepe3 KPOBAIO M IIOAOIIBY IIAACTA.
ITockoABKy B 001IeM cAydae TEIIAOBbIE IOTEPH U3 [TAACTA 3ABUCST OT BPEMEHH, OIIPEACAUM
cpeaHee 3HaueHHe KO3 P PHUIIMEHTA TeIIAOOTAAYH 33 BpeMs Pa3BUTHUS TEIIAOBOTO IOAS B ITAQ-
cre. TeraoBbie IOTEPH ONPEACASIOTCS SBOAIOIIHEH TETIAOBOTO MTOAS B OKPYXKAIOIIMX ITAACT
nopopax. KoHAyKTHBHBIN TPaHCIIOPT TEMAA B OKPYKAIOIUX IIOPOAAX IIPH AOITYIIeHHUH Ma-
AOCTH TOPH30HTAABHBIX IOTOKOB OTIPEAEASIETCS] KAACCHIECKMM OAHOMEPHBIM YpaBHEHHEM
TEIAOTIPOBOAHOCTH:
or _ (0°T A

—=a , a=—2>, 28
ot 0z* cp, (28)
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rae T — TemIiepaTypa B OKPY>KAIOUIMX IOPOAAX; A, C M p, — COOTBETCTBEHHO TETAOTIPOBOA-
HOCTb, YA€AbHASI TEIIAOEMKOCTD M IIAOTHOCTb OKPY>KAIOIIHUX ITOPOA; d — TeMIIepaTypoOIpo-
BOAHOCTD FOPHBIX ITOPOA.

AHaauTHYECKOE PelleHHe 32AaUU AASL OAHOPOAHBIX HauaAbHbIX (T = Ty) U TPAHUYHbIX
ycaosuit epsoro popa (T (z=0) = T,T (z=0) = Tr) nmeeT BHA [ Abikos, 1967]:

z

2 Ja(t-t,) | 9

TAC tx — BpeMsI IIOAXOAQ II0 ITAACTY TEIIAOBOTO q)POHTa K 3aAaHHOMY CE€Y€HHIO.

T=T —(T,-T,) erfc

Omnpepeasiempie 110 3akoHy Oypbe TernaoBble IOTEPH U3 MAACTA B OKPYKAIOIHE IIOPOADI
C y‘IeTOM AHAAUTUYECKOT'O pemeHI/m PaBHbI:
or A (T,-T)
S (30)

— |2
=\ % =0 y|ma(t-t,)

Ecau TenaoBbie IIOTEPH 3aAaTh B BUAE 3aKOHA HeroTona — PI/IXMEiHa, T. €.

q=a,(T,-T), (31)
TOTAQ MOXKHO OITPEAEAMTD 3aBUCUMOCTDb KO3 PHIIMeHTa TEAOOTAAYM OT BpEeMeHH:
A
— [
o =t (32)

Jma(t—t,)

ITycTb cKOPOCTH pacpoCTpaHeHHS TENAOBOTO GPOHTA 110 MAACTY PABHA U, TOTAQ HHTEp-
BaA BpEeMEHH OT MOMEHTA II0AX0AQ 3TOTO GPOHTA B TOUKY X AO TEKYIero 3HA4eHUsS PaBeH

r 2mhH r?
t—t ==,
v QH,

T

(33)

BrIpaskeHue AAS CKOPOCTH TETAOBOTO $POHTa B3STHI U3 ypaBHeHus1 ( 15), oAydeHHOro Bbie.
Omnpeaeanm cpepHee 3HaYeHNE KO3QPUITMEHTA TEIIAOOTAAYH MO MPOCTPAHCTBY MAHM ITO UH-
TepPBaAY PacIpOCTPaHEHHUS TEIAOBOTO MOAS B IIAACTE:

2QH, ) (34)

— 1 A
“ =T72)J;(x72nrdr=n(rc+rw) ahH

' n(rc
B Boipaskenue (34) BXOAAIT KaK IIapaMeTpbl, M3MeHeHHe KOTOPBIX He3HATUTEABHO, HalpUMep
TenA0pH3UIeCcKHe CBOMCTBA XUAKOCTH U MIAACTA, TAK U ITApaMeTpbl, KOTOPhIe SABASIOTCS OIIpe-
AGASIIOIIVIMU AASI PACCMOTPEHHbIX PAAMyCa KOHTYPa IMUTAHKA U PACXOAA HA @AMHHUITY TOAIMHbI
niaacra (yaeAbHbIT pacxoa ). OLieHKH OKa3bIBAIOT, YTO AAS MeCTOpOXAeHuit 3anmapHoit Cubupu
YAGABHDIH PacXoA Ha @AUHHITY TOAITMHBI IPOAYKTHBHOTO HHTEPBAAA MOXKET MEHSThCS B AUAIIa30-
He ot 20 A0 70 M*/CyT. AASI AAHHBIX 3HAYEHHI CPEAHNIT KO3 PPHUIIMEHT TEIAOOTAAYH IIO IAACTY
usmenstercs ot 5,2 - 107 o0 72,7 - 107 Br/(m? - °C). [ToaToMy KOppPeKTHBbIi BHI6Op HapaMeTpoB
PabOTBI CKBAXKHHBI CIIOCOOCTBYET IIOHUMAHHIO CTPYKTYPbI TEIIAOBOTO IIOAS B IIAACTE.
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PesynbTaThbl

PaccmoTpuM pelnenue 3apa4u 0 GOPMUPOBAHUU CTALIHOHAPHOTO TEMIIEPATYPHOIO IIOAS
B IIAQCTe BCAGACTBHE 3aKAYKH KHAKOCTH C TEMIIEPATYPOM, OTAUYHON OT IAACTOBOM.
Tenaopusndeckre CBOMCTBA 3aKAYMBAEMON KUAKOCTH, IIAACTA U OKPYKAIOLIUX IIOPOA,
a TaKoKe [TapaMeTPHI [IAACTA M pabOThI CKBAXKHHbI, HCIIOAb3yeMble AASL PACUETOB, YKa3aHbI
B Tabamie 1.

Ta6nuua 1. Vicnonb3yemMble A8 pacyeToB 3HAYEHNA NapaMeTpoB MOAENN
Table 1. Model parameter values used for calculation

O6o3HavyeHne 3HayeHue
T,°C 45

P, Kr/im? 1000
¢, Ox/(kr-°C) 4200
A, BT/(m-°C) 0,6
T,°C 90

p,, Kr/m® 2 300
c,, Ox/(kr-°C) 960

A, BT/(m-°C) 2,5

A, BT/(m-°C) 0,99

a, M?/c 9,5-107
m, 0. en. 0,2

h, M 10

ru™m 300

Q, M3[cyT 300
(Y 0,1

Paccunraem o popmyae (34) cpeaHee 3HaYeHNE KOIPPUIIMEHTA TEIAOOTAAYH, KOTOPOE
onpeaeasier uncao Crontona (24). AAs 3HaYeHUIT TapaMeTPOB U3 TabAHUIBI 1 pacueTst
TIOKa3aAH, 9T0 K0dpuuuenT Termrooraadn paset 0,016 Br/(m?-°C), a cooTBeTcTByOmee
ancao CTaHTOHA IPHIMEPHO PAaBHO 3.

Ha prc. 4 mpeAcTaBA€HO pacIIpeAeAeH e TEMIIEPATyPbl, OAydeHHOe 110 popmyae (27),
AAs pasamaHbIX 9uceA CTarTOHA. MisMenenne uncaa Ctanrona ot 0,6 A0 15 mokassiBaeT oc-
HOBHOM Pab04YHIil AMATIA30H 3HAYEHHU I, KOTOPBIe BO3MOXHO ITOAYYUTD AASL MECTOP OXKACHHI,
Ha KOTOPBIX IIPUMEHSAETCS 3aKa4Ka XMAKOCTH C TeMIIePaTypOi, OTAUYHOM OT MAQCTOBOM.

IIpu HeonmpepeAeHHOM 3HaueHHH YncAa CToHTOHA (OTCYTCTBHU M3MEPEHHIT TEIAO-
$U3NYECKHX ITAPaMeTPOB) MOXKHO OLIHHTb Pa3bpOC MAHM HEOIPEAECAEHHOCTD IPOTHO3a
TEIAOBOTO MOAS KaK Pa3HOCTDb TeMIIePaTyp IMPH MaKCHMAABHOM M MHUHUMAAbHOM 3Hade-
HMSAX 3TOTO YUCAA U3 PUC. 4. DTH AAHHbIE TIPHBEAEHBI HA PHC. S, KOTOPHIi ITOKA3BIBAET, YTO
MaKCHMAABHbIA Pa3bpoc TeMIepaTyp HAU HEOIPEASACHHOCTb MPOrHO3a TEIIAOBOTO MOAS
OTHOCHTCS K TIePBOI TOAOBUHE ITAACTA.

dusnKo-MaTemMaTyecKoe MoaennpoBarme. HedTb, ras, sHepretuka. Tom 9. NQ 2 (34) 17
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Puc. 4. PacnpefeneHune TemnepaTypbl B KOYroBOM MiacTe Npu pasinyHbiX 3HaYeHUsAX
ymcna CTaHTOHa

Fig. 4. Temperature distribution in the circle sector of a reservoir at different values
of the Stanton number
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Fig. 5. Uncertainty in the thermal field prediction
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BbiBOAbI

1.

AHAAU3 THAPOAMHAMHUKH IIPOIIECCOB 3aBOAHEHUS He(TSIHbIX IIAACTOB BOAOMH, OTAH-
YAOWEACS IO TeMIIEpaType OT MAACTOBOIO 3HAYEHHS, M IPUMEHEHH TEMAOBBIX
METOAOB ITOBbIIIEHUS HePTEOTAQUHN CTABUT aKTyaAbHbIE 3aAAUU OLIEHOYHOIO aHa-
AV32 TETIAOBBIX 3¢ PEKTOB U pacIpeAeAeHH TeMIIepaTyphl B AacTe. AAs peleHus
9THX 3aAa4 [IPEAAATAETCSI IPUOAIKEHHOE PELIEHHE O PACIPEAEACHIU TeMIIEPATYPbI
B [IAACTE IIPH 3aKauke PAIOMAQA B ITAACT C TeMIepaTypoii, OTAUYHOM OT IMAACTOBOM.

Permena cranmoHapHas 3apada O pacIpeAeAeHUH TeMIIePaTyphl )KUAKOCTH B CTBOAE
HarHeTaTeAbHOM CKBaXuHbL. Ha ocHOBe perneHnss o6paTHOI 3apAa4u pa3paboTan
AATOPUTM OIpeAeAeHMs KO PUIIMEHTa TeIAOOTAAUHU IO 3aMepaM TeMIIepaTyphl
B CKBa)KUHE.

CoopmyanposaHa ynpomeHHas MOAeAb GOPMUPOBAHUS TeMIIEPATyPHOTO IIOAS
B [IAACTe MU 3aKauke PAIOMAA C TEMIIEPaTypPOil, OTAMYHOM OT IIAACTOBOM. B ocHOBY
MOAEAH TIOAOXKEHO OAHOTEMIIEPATyPHOE IIPUOAIDKEHN e B IOPUCTOM CPEAE, & TAKOKe
nperebpexxerue bapoTepmudeckuM apdexrom u adpdexrom Axxoyas — TomricoHa.
AASL CHIDKEHISI pa3MepHOCTH yPaBHEHIS [IPUTOKA TelAa 000CHOBBIBAETCSI IIPUMe-
HeHMe cxeMbl AoBepbe.

Ha ocnose OL€HOK XapaKTE€PHBIX 3Hauenunit yrcea Ilexkae u CranTOHA CTajMOHapHad
3aAada CBOAUTCA K OAHOMePHOfI, AASL KOTOPOfI IIOAYYI€HO aHAAUTHYIECKOE pelIeHHe
o CI)OPMI/IPOBaHI/II/I CTAJMOHAPHOTO TEMIIEPATYPHOI'O IIOAS B ITAACTE.

IToAydena opMmyaa AASL OTIpeACACHUS CPEAHETO 3HaYeHHs KOapPHUIIMeHTa TeIIAOOT-
AQUH ITO BCel AAMHe raacTa. IToxasaHo, 4To K0apPUIMEHT TEIAOOTAAYU B AAHHOM
IIOCTaHOBKE 3aAaUM 3aBUCHUT OT TENAOPHU3MIECKUX CBOMCTB 3aKauuBaeMOro GAIOMAQ
U IIapaMeTpPOB PabOThI HATHETATEABHON CKBAXKHHBL.

IToxasaHo, 4TO OTCYTCTBHE 3aMePOB TENMAOPHU3NIECKUX CBONCTB TOPHBIX IIOPOA
M TAACTOBBIX )XUAKOCTEM MPUBOAMT K IIPOrHO3aM TEIMAOBOTO IOASI C MAKCMMAABHOM
HeOIIPeACACHHOCTBIO B OAMDKaTIIIell K HATHETATEABHOM CKBOKHHE IIOAOBHHE y4acTKa
BO3AEMCTBUS.
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