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AHHOTaUMA

B crarbe npescranieHbl MaTeMaTHYECKUe MOJIENH TeILIOMAccoIepeHoca [l pacueTa 00b-
€MHOTO COZIepKaHUs, CKOPOCTH (ha3, pacHpe/IeIeHNs TEMIIePaTypbl B CTBOJIE TOPH30HTAIBHOM
CKBaXMHBI. PaccMaTpuBaioTcs ciryyan COHaNpaBiIeHHOTO MOTOKA BOJbI M He)TH 1 IPH HAJIH-
YUY TPOTUBOTOKA BOJIBL, IIPEIIONIAraeTcs, 4To peXkUM TeueHus paccnoenHsiil. [Ipu pacuere
TUJIPOJIMHAMHYECKOH 3a/1a491 YUHTHIBACTCS BIMSHHUE CHIIBI TSHKECTH, MEX(A3HOTO TPEHUS U
TPEeHHs 0 CTEHKY CKBaXHHBI. [Ipu pacuere TemmepaTypHOii 33141 YIUTHIBACTCS KOHBEK-
THBHBIN MIEPEHOC TeTIa, MeX(pa3HbIH TETNIO0OMEH U TeTI00OMEH CO CTEHKOW CKBAKUHBI.
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B nacrosimee Bpems, MaTeMaTH4eCKHE MOZIETH COHATIPABICHHBIX IBYX(Da3HBIX U TpeX(hazHbIX
IIOTOKOB B TOPU30HTAJIbHOM CKBAKUHE JI0CTaTOYHO XOPOILO UCCIIEA0BaHbL. [ 0pa3io MeHbLIe
M3YYeHBI TEPMOTHAPOIMHAMIYECKUE TONs TIPH HANWYu| o0paTHoro motoka. [eodumsnye-
CKME MCCJIEI0BaHU, IPOBOIMMBIE B TOPU3OHTANIBHBIX CKBAKUHAX, TOKA3BIBAIOT, UTO U3-32
CIIOKHOCTH TPACKTOPUH, OYEHb YAaCTO BCTPEYAIOTCSA CKBAKUHBI, B KOTOPBIX BEPOATHOCTD
BO3HHKHOBEHHMSI 00OPATHBIX IOTOKOB OYEHB BBICOKA. B CBSA3M € 3THM aKTyalbHBIMU SBJISIOTCS
HCCIIeI0BaHMs, HaNPaBJICHHbIC HA N3y4eHHE 0cOOEHHOCTEH (hOpMUPOBaHHS 0OBEMHBIX CO-
Iepkanuii haz, pacnpeneneHus TeMIepaTypbl Py HATMYUH TPOTHBOTOKA.

VenoBust BOSHUKHOBEHHSI 00pPaTHOTO MOTOKA OBUTH H3Y4YeHbl Ha OCHOBAHHH SKCIIEPUMEHTA!
OTpEIENSICS TPaHMYHBIH YTOJI, TIPU KOTOPOM BO3HUKAET IPOTUBOTOK JUTS PA3IHYHBIX 1€0UTOB
He(TH 1 Boabl. [IpesicTaBiensl pe3yabTarsl pacueTa TepMOTHAPOIHHAMUYECKUX MOeH s
peaJbHBIX TPACKTOPUI TOPH30HTAIBHBIX CKBaXKUH. [10Ka3aHo, 4yTO 10715 0OPaTHOTO HOTOKA
B CEUCHNH CKBaKMHBI MaJa, 32 CYET ITOTO CKOPOCTb 0OPATHOTO MOTOKA MOKET ObITh 3HAUM-
TENbHOM. B cBsA3M ¢ 3TMM 00paTHBIN MOTOK OKa3bIBaeT c1aboe BIMSHUE HA paclpeeneHue
TEeMIIepaTypsbl, T. K. OICTPO NPUHUMAET TEMIIEPaTypy BOCXOASIIETO TTOTOKA.

KnrwueBble ciioBa

lopusoHTanbHast CKBaXKUHA, 1BYX(a3HbIA IOTOK BOABI U HE(TH, TPEXCIOMUHBIN MOTOK, 00-
PaTHBIH IOTOK, MOJCTIMPOBaHUE MHOTO(a3HBIX IIOTOKOB, IPOTHBOTOK, TEIIIOMACCOIEPEHOC.

DOI: 10.21684/2411-7978-2017-3-4-110-121

BBenenune

B Hacrosiee Bpemst OypHTCs OUSHB OOJIBIIIOE KOJIMYECTBO TOPU30HTABHBIX CKBAYKHH.
Ho ux nccnenoanue ay1s reo(hU3UKOB SBISIETCS OUSHB CITIOKHOU 3a1aueii. Bo-miepBoIX,
13-32 0COOCHHOCTEN OypeHUs, CTBOJI TOPU3OHTAIFHON CKBaKHHBI HE SIBIISETCS HJIe-
aJgbHO poBHBIM. Kak mpaBuio, €CcTh BOCXOASILINE, TOPU30HTANIbHBIC U HUCXOASILINE
yuacTku. OT yriia HakJIOHA CKBaYKHHBI 3aBHCST CKOPOCTH (pa3 v TONIIUHBI clioeB. Bo-
BTOPBIX, P COBMECTHOM TEUEHUHM HE()TH U BOJbI BO3MOXKHBI PA3JIUUYHBIC PEKUMBI
TEUEHHUS: JIByXCIIOMHBII apaJuIeIbHbINA ITOTOK, JBYXCIOWHBIN PU HAJTMYUU ITPOTHUBO-
TOKa, TPEXCIOWHBIN MPU HAJTMYUK MPOTUBOTOKA, My3bIPHKOBBIA M HEYCTOMYMBBIN
pexxumbl. Kakoii OyzieT BuI TEUSHHUS 3aBUCUT OT 1e0nTa He(DTH 1 BOJIBL, YIIa HAKJIOHA
U pajinyca CKBaXXUHBL. B-Tperbux, n3-3a paznuuus koddduruentos xoymns — Tom-
COHa, TeMIieparypa He)TH Ha BBIXOJIC U3 TUIACTA OTIMYACTCS OT TEMIIePaTyPhl BOIBI.
DTO MPUBOIUT K TETUIOOOMEHY MEXIY (a3aMu MpH ABUKCHHH B CTBOJIC CKBAYKHHBI.

B nanno#t paboTe paccMaTprBalOTCsS MaTeMaTHYeCKUe MOJIEIH COHAITPABICHHO-
TO TIOTOKA U C y9eTOM MPOTUBOTOKA. OHH MTO3BOJISIOT ONPENIENUTh CKOPOCTH U 00b-
eMHOe cozepkaHue (a3 Mo CTBOJIy CKBaXKHHBI, paclpe/ie]ieHue TeMIlepaTypsl B
pa3JIMYHbIE MOMEHTHI BPDEMEHH.

Mogean ZlByXCHOﬁHOFO COHAIIPABJCHHOIO MOTOKA U TpeXCJ’[OﬁHOFO MOTOKA IMPH
HAJIUYUHA MPOTUBOTOKA

B mepBoit Momenum paccMaTpuBaeTCs CIydaid COHAIPABICHHOTO TEUCHHS HeDTH U
BOJIBI ITO CTBOJTY CKB)KUHBI (puC. 1).
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Puc. I. I'eoMeTpHs COHAIPABJIEHHOTO II0TOKA Puc. 2. Ceuenne TpyObI
Fig. 1. Geometry of the co-directional flow Fig. 2. Cross section of the pipe

[Ipu perenun 310i 3a1a4M OBUIM UCTIONB30BAHBI CIICAYIOIIUE ITPEAIOIOKECHUS:
KHUJIKOCTH HEC)KUMAEMBbl U HE CMELIMBAIOTCSI, TOIIIMHBI M CKOPOCTH (ha3 BIOJIb CKBa-
KUHBI C OJJMHAKOBBIM HAKJIOHOM CO BPEMEHEM HE HU3MEHSIOTCS (CTalMOHAPHBIH
cilyuail), Ter10o0MeH OCyIIecTBIIsIeTCS 110 3aKoHy HbloTOHA, HET pazorpesa 3a cueT
TPEHUS], PEKUM TECUCHUSI — PACCIOCHHBIM.

HVcnionb3ys 3aKOH COXpaHEHHsI UMITYJIbCa, MOYKHO COCTAaBUTD CIIEAYIOIIYIO CHCTE-
My ypaBHeHuH [1]:

_Sll '@:Tuc .Puc +T”€ .PIIS +pll ‘g‘S” .Sine’ (1)
dx
dp .
—Sg'j=—THB-Pm+T&,-ch+p6-g.Sg.Sm(9’ )
X

e 7, , T, — HaNpsKeHUs TPEHHS KUJKOCTEH O CTEHKY; 7, — HaNpPSKEHUE TPEHHUs
Ha MexdasHoit rpanune; P, P, — IepuMeTpbl, KOTOPbIE CMAYMBAKOT KHIKOCTH B
ceuenuu TpyOsI (puc. 2); P, — nepuMerp Mex(asHoi rpanuisl; S , S, — miomanm
KHIKOCTEH B CEYCHUH TPYOBI; p — IUIOTHOCTB JKUAKOCTH; g — TPAaBUTALMOHHASL
HOCTOsIHHAA, p — naBnenue. Koppemsun i ko3 HUnmeHToB TpeHust ObUN Hc-

MOJIb30BaHbI COTIIacHo [2]:

1 2 pn.(UH_Ue)z
T. =—- 1. Dy = . ,
ic 2 j; pl 1 THG f;-l 2
A 64 16- 1
.Zfl’ﬂ,.z ) =,
/ 4 Re; ) p;0 D, 3
__48, ., p =5
! PH(.‘+PH6 ‘ PGC

rme { — obo3HavaeT a3y (HepTh WM BOAA); » — CKOPOCTH TCUCHUS KUIKOCTH;
Re —uwucno Peitnonbiaca; D — rupaBindeckuil JuaMeTp KUJIKOCTH; L — BA3KOCTb
JKUJIKOCTH, § — YTOJI HAaKJIOHA CKBAYKHHBI.

3HaYeHU IEPUMETPOB, TUTOMIAJIEH 1 THAPABINYECKHE TUAMETPBI MOXKHO 3a/1aTh
yepe3 yron ¢ (puc. 2). Takum 00pa3oM, MOITyHarOTCA Ba YpaBHEHHS W JBa HEU3-
BECTHBIX ITapaMeTpa (IpaIueHT MaBiICHHUSI U yTol ¢). Takas cucTema sSBISCTCS pas-
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pemMoil. TpyaHOCTh aHATUTUYECKOTO PELICHUs STOM 3aJa4uu CBsi3aHa C TEM, 4YTO
YpaBHEHUS SIBJISIFOTCS. HEJIMHEHHBIMU OTHOCUTENBHO yria ¢. UToOBI UX peInTb, U3
Ka)KJIOTO ypaBHEHUS MCKIIouaeTcs dp/dx, moixydaeTcst onHO odliee ypaBHEHUE, KO-
TOPOE 3aBUCHT TOJIBKO OT OIHON MEPEMEHHON — LEHTpasibHOTO yria ¢. [lomyuennoe
YpaBHEHHUE PEIIANOCH YUCICHHO C IIOMOILBIO0 METOAA XOP/I.

VYpaBHeHH TeryionepeHoca st He()TH U BOJIBI MOXKHO 3aIlUCaTh, COITIAcHO [4]:

dT, dT, P P
. . . " . "N=—al (T -T2 —a0-(T -T.)- "‘”’ 4
O’/H cn py (dt +Un dx) a (H s) S a (n O) S ()
dT, dT, P P
a, ¢, p,(—+v, - —)=al (T, —T,)- 2 —a0-(T, - T,)-—, 5
6 6 ps (dt 6 dx) (H 3) S (e 0) S ()

3nech o = S /S — nons 3aHnMaeMast KakJ101 KUJIKOCTBIO B CEUEHUHU TPYOBI, ¢ — Te-

TJIOEMKOCTB JKUIKOCTH, ¢ 1 — K03 (HUIIUEHT TerooOMeHa Mex Ty He(pThIO U BOIOH,

a0 — ko3 dummenT remoooMeHa co crenkoit. Koppemsmun s kodhGUIneHToB
TerIoo0MeHa ObUTH BRIOPAHEI coracHo [3]:

al = hu 'he , hFM

h,+h, D,

i

b

(6)

Nu, =0,023*Re,* *Pr™*,  p. _H"C,
=T
rae Nu — uncno Hyccenpra, Pr — uncno [panamis, 7 — xosgduuuent tenaoor-
Ja4u, A — TEIUIONPOBOJHOCTD KHIKOCTH.
Huddepenumansusie ypaBHeHus (4), (5) pemanucy YUCIACHHO € UCIIOIb30BAHH-

€M SIBHOM CXeMbl, coracHo [4]:
—al; *(Tn; —=Te;)* Pu_e6; a0*(Tn; —TO)*Pu_c; N on] *(Tuj,, —Tn})

i+l

Tu™ =dt*( Y+ T, (7)

* * Q! * * Qpl
c,*p, " Su ¢, *p, " SH dx

ali *(Tw; —Te;)* Pn_s; a0*(Ts; —T0)* Ps_c, N ve; *(Ts;., —Ts;)

Te/" =dt*(

)+Ts;, (8)

¢, *p,*Se] ¢, *p, * Se] dx

Ha pucynke 3 npencraBineHa WUTIOCTpalus pacyeTHoM cetku. Harpasnenus mo-
TOK2 U OCH KOOPIMHAT BHIOPAHBI B IIPOTHBOIIOIOKHOM HalpaBICHUN U3-3a OCOOCH-
HOCTEH CUNTBIBAHUS TPACKTOPHUH.

Ha neBoii rpanuiie pacueTHOM CeTKU 3a7al0TCsl TPAaHUYHbIE 3HAUCHUS TeMIIepa-
TYPBI )KUAKOCTEHN, KOTOPBIE PaBHBI TEMIIEPaType HETH U BOABI HAa BBIXOJIE U3 IJIACTa.
B ocTanbHbIX TOUKAX 3aaeTcs HAYaJIbHOE 3HAUCHUE TEMIIEPaTypPbl, KOTOPOE PABHO
TEMIIEPATyPe CTEHOK.

X 6 5 4

Puc. 3. PacuetHas ceTka Fig. 3. Calculation grid
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Puc. 4. I'eomeTpus 00paTHOTO MOTOKA Puc. 5. Ceuenue TpyObI
Fig. 4. The geometry of the return flow Fig. 5. The pipe’s cross section

[Ipu mocTarodHo OONBIIMX yIIaX HAKIOHA CKBaYKMHBI BO3HUKAET 0OpaTHBIH Mo-
TOK (puc. 4).

Hcnonb3ys 3aKOH COXpaHEHHsI HIMITYJIbCa, MOYKHO COCTABUTD CIIEAYIOIIYIO CHCTE-
MY ypaBHEHHH ¢ y4eToM oOparHoro noroka [1]:

_SH.@:THC.PHC+TH61'Pnel+pﬂ.g.SH.Sin9’ (9)
dx
d
_S(;l 'd_i:_rlzsl 'P/zsl +2-6’16’2 .PSISZ +T61€ .Pelc +p3 'g'Ssl Slne’ (10)
dp

P, +p,-g-S,-Sing, (11)

8 6 62c

=S = Taer P — 7
dx

B ypaBaeHmsx (9)-(11) He yIUTBIBa€TCSI YCITOBUE ITUPKYIISITHH )KUIKOCTH, ITOOBI
€ro y4ecTb 33J1aBajioCh JIOTIOIHUTEIBHOE TPAHHYHOE YCIIOBHE:

le = Qg +Q52 > (12)

rae O, — AeOUT BOJIbI, KOTOpas ABMXKETCA BBEPX; O — AeOUT 00paTHOro MOTOKa,
Q, — nebut Bozbl Ha BeIXO/E M3 muacta. Koppemsauun a1 ko>3pQUIueHToB TpeHus
ObUTH BBIOpaHbI aHAJIOTHYHO (3).

B cucteme ypasnenwuii (9)-(12) ckopoctu xunkocreit, yron 6, paauyc TpyOsr R
CUUTAIOTCS 3aJaHHBIMU. 3HaUE€HHE TIEPUMETPOB, TUTOLIAIEH U THAPaBINYECKHIE Tra-
METpBI MOKHO 3aJ1aTh uepe3 yriibl ¢/, ¢2 (puc. 5). Takum 00pa3zoM, moaydaercsi TpH
YpaBHEHUSI M TPU HEU3BECTHBIX MapaMmeTpa (TpaAueHT AaBieHus u 2 yria). Takas
cucTeMa SIBIISICTCS pa3peluMOoi. TpyTHOCTh aHATMTHYECKOTO PEILICHHS 3TOU 3aJa49u
CBsI3aHa C TEM, YTO yPaBHEHUS SBISIOTCS HENMHEHHBIMUA OTHOCUTEIILHO YIVIOB ¢/ U
¢2. UTOOBI MX PEIIUTD, N3 KAXKJ0TO YPaBHEHUsI HCKITIoUaeTcs dp/dx, omy4aroTcsi ABa
ypaBHEHUSI, KOTOPBIE 3aBUCAT OT JIBYX IEpeMEHHBIX — YIIoB ¢/, ¢2. [lonyuenHas
crcTeMa ypaBHEHHUH pelanach YUCICHHO METOOM nepedopa yrioB ¢ u ¢2.

VYpaBHeHus TeronepeHoca st HeTH, BOAbl U 00OPAaTHOTO MOTOKA MOXKHO 3a-
nucaTh coriacHo [4]:

dr, dr, P
all.cfl.pll.( H+Ull. H):_al.(]-;l_Tﬁl). 2ol

P
—a0-(T, —=T0)-—<, 13
dt dx g 0@, =10 (13)
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T T P
asl.ce'ps'(d 61+Uel‘d51)=al‘(TH_T:zl)‘ mel _
dT dx S (14)

P, P,
~a0-(T,, ~T0)- "4~ a2-(T,, = T,;)- - ,

drT drT P, P
a, ¢, p, - (—2+v, —2)=-a0-(T, -T0)-—2+a2-(T, -T,)-—22. (15)
dx S S

i
Koppensuu ans ko3ddunmenToB TermiooOMeHa ObUTH BHIOPAHBI aHAJIOTHYHO
(6). Iuddepennmanpapie ypapaenus (13)-(15) pemanruch 4MCIEHHO ¢ UCIIONIB30Ba-
HUEM SIBHOM pacye€THOW CXEMBI.
st pacdera pacmpenesneHusl TeMreparypsl BoAbll (Bozma, KOTopas JBHKETCS
BBEpPX) Ha JICBOH TpaHHUIle 3a/1aeTCsl TPAHUYHOE YCIIOBHE CMEIIUBAHUS ¢ OOPAaTHBIM
nmotokoM (puc. 6):

062*T62,,, ,, +Q6l*Tsl
e Qsl + Q62
st pacueTa Temmieparypbl Boabl 2 (MMPOTHBOTOK) Ha TIPABOW TPaHUIIEC 3aaeTCs
TPaHUYHOE YCIIOBUE ITUPKYIISIIAH BOABI (pHC. 6):
Te2 =Tsl,, . (17)

np _ep

Tel

e _ep+l ) (16)

JKcnepuMeHTANIBHOE ONpeie/ieHHe TPAHUYHOrO0 yria,
NPHU KOTOPOM BO3HHKAeT 00PATHBIi MOTOK

OO0paTHBII TOTOK BO3HUKAET MPU OMpPEIEIIEHHOM IPaHUYHOM yriie. Bennunna rpa-
HUYHOTO YIJIa 3aBUCUT OT AcOUTOB HE(PTH U BOMBI, TuaMeTpa Tpyosl. UTOOBI omipene-
JIUTH, KOTJIa BO3HUKAET OOpaTHBINA MOTOK, OBLT MPOBEIEH dKcriepuMeHT. Ha puc. 7
MoKa3aHa yCTaHOBKa JJIsl MCCIIEIOBaHMSI MHOTO(a3HBIX TOTOKOB.

UToOBI yBHIIETH OOpATHBIN ITOTOK, HIPKHUN CJIOM BOZBI MTOAKPAIITUBAJICS KPACKOM.
IIpu momornu BITyCKHBIX KpaHOB (pUKCcHpoBainch 1eONTH He(TH U Boabl. CHavama
CKBaXMHA YCTaHABIIMBAIACh TOPH3OHTAIBHO. 3aTEM YTOJI yBEeIMYUBaJICS Ha | Tpamyc
JIO0 TeX TOop, MTOKa He BOZHUKHET 00paTHBIN MOTOK. B Tabnuie 1 mpuBeneHs! pe3ymb-
TaThl IKCTIEPIMEHTOB.

Ycnoeue cMmellMBaHuA

YCnoBre UMPKYNALUMK

¢(ipasan rpaHu
neBas rpaHiug

Puc. 6. 3agaHue TPaHUUHBIX 3HAYEHUH Fig. 6. Setting the limit values
JUTSL 00paTHOTO MOTOKA for the reverse flow
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Puc. 7. BepTukanbHO-HaKIOHHAS
CKBaXXMHA. [ MIpOTUHAMUYECKUI CTEH]T
1 — CnuBHOM KaHan

2 — CTBOJ CKBa)KUHbI

3 — Kanaun nogaun HedTH

4 — OOpaTHBIN CIMBHOU IILTAHT

5 — Kanan nonauu Bojibt

6 — IkuB A5 U3MEHEHUs yTIiia
HAKJIOHA CKBAYKUHBI

Fig. 7. Vertically tilted well
Hydrodynamic stand

1 — drain channel

2 — wellbore

3 — oil supply channel

4 — return drain hose

5 — water supply channel

6 — pulley for changing the angle
of the borehole
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Tabnuya 1 Table 1
Pe3yabTaThl 3KCIIEpUMEHTA Results of the experiment
Ne Heout nedru, m¥/cyt Jeout Boabl, M*/cyT I'pannyHbIi yroJ, rpajg
W3menenue nedura nedru
1 55.2 60 4
2 48 60 4
3 36 60 4
4 24 60 4
5 55.2 62.4 4
V3menenne nebuta BOIbI
6 12 24 3
7 12 28.8 3
8 12 36 4
9 12 48 4
10 12 57.6 3
V3menenne nebuta HEPTH
11 24 24 3
12 21.6 24 3
13 16.8 24 3
14 7.2 24 3
15 45.6 24 3
16 12 24 3
V3meneHne 1e6uta BOIbI
17 48 48 4
18 48 36 3
19 48 12 2
20 18 10.8 3
21 10.08 22.08 5
22 36 36 3
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Pe3y.]'[bTaTbI pacuera

Ha pucynkax 8, 9 npeacraBiieHbl pe3yabTaThl pacieTa COHAIPaBICHHOTO MTOTOKA JUIS
neoura Heptu = 10,08 M*/cyT, nedbuta Bombl = 22,08 M*/cyT, IHMamMeTpa CKBaKHHbBI
15 cM, Temrieparypa HeTr Ha BeIxoae u3 wiacta = 50 C, Temmeparypa BoAbI Ha BBI-
Xo7e U3 miacta = 48, HauanpHas Temmneparypa = 45.

Ha puc. 8 mokazana TpaekTopusi CKBXKHHBI 1 00bEMHOE coziepKaHue ¢as, CTpe-
KOW yKazaHO HarmpaBiieHHe rnotoka. Hedrth, kak Ooiee nerkas dasa, Ha moabeme
IBIDKETCS ¢ OONblIeH CKOPOCTBIO, YEM BOJA, IIOATOMY €€ 0OBEMHOE COIepIKaHue
ymenbmaercs (S = Q/v). Ha cmycke, Hao00poT, cuia TskecTH yckopsieT Boxny. Ha
puc. 9 npuBeneHo pacnpeesieHHe TeMIIEPaTyphl IO CTBOJTY CKBRKUHBI.

BomHoo6pa3Hblii XapakTep pacmpeneacHus TeMIepaTypbl 00BSICHSICTCS U3MEHE-
HHEM 00BEMHOTO COICPIKAHHS U CKOPOCTH JKHJIKOCTEH MO CTBOJTY CKBAYKHUHBI.

Ha puc. 10 moka3ansl TpaeKTOpHUs CKBaKUHbBI U 00bEMHOE cofep:kanue dhas ams
Clly4asi BO3HUKHOBEHHS IPOTUBOTOKA. | paHUYHBIN yroJl BOSHUKHOBEHHS 00paTHOTO
IIOTOKA OIPENEIISICS IKCIIEPUMEHTAIBHO, B JAHHOM IIpuMepe = 5 rpan. BennunHa
MPOTUBOTOKA HAXOAMJIACH C IMOMOIIBIO BapbUPOBaHHUS JIeOUTa 00PaTHOTO MOTOKA U
HaXOKJICHHUS MUHUMYMa I'paJleHTa AaBJICHUS.

U3 puc. 10 BuaHO, uTO 105151 00paTHOrO 1MOTOKa Maja (okono 5%). [lostomy cko-
pPOCTh OOpaTHOTO MOTOKA OOJIBIIE CKOPOCTH BOABI, ABHKYLICHCS BBEPX.

B pacnpenenenun temmeparypsl (puc. 11) ormedaercs, 4to Temmeparypa o0-
PaTHOro NOTOKA MAJIO OTJIMYAETCS OT TEMIIEPATyPhl BOABI BBEPX. DTO CBA3AHO C TEM,
YTO MPOMCXOAMUT OBICTPBINA Pa3orpeB >KUIAKOCTH MPOTHBOTOKA 3a CUET MEK(Pa3zHOTO
TerooOMeHa (Tak Kak J0Jisi 0OpaTHOTO IMOTOKA MaJia).
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Puc. 8. Tpaexropust (KpacHast KpuBas) 1 Fig. 8. Trajectory (red curve) and
pacnpenesneHe 00beMHOTO cofiepkanus a3 distribution of the volume content of phases
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Puc. 9. PactipenenicHre TeMIIEpaTyphbl Fig. 9. Distribution of temperature along

TI0 CTBOJTy CKBa)XKMHBI 4epe3 6 4acoB the wellbore after 6 hours

BectHuk TromeHCKOro roCcyjapCTBEHHOI0 YHUBEPCUTETA
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Puc. 10. Tpaekropus (KpacHas KpuBasi) U Fig. 10. Trajectory (red curve) and
pacmpeneneHne 00beMHOTO COAEPKaHNS distribution of the volume content of

(a3 ¢ yueToM MpOTHBOTOKA phases taking into account the counterflow
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Puc. 11. PactipenencHue TeMIepaTypsl ¢ Fig. 11. Temperature distribution taking
Y4eTOM 00paTHOTO MOTOKA Yepe3 6 4acoB into account the return flow after 6 hours

3akaoueHne

1. Iloxa3aHo, 4T0 M3MEHEHNE 0OBEMHOTO COJIEPKAHUS i CKOPOCTEH a3 1o CTBO-
JIy CKB2)KHHBI TIPUBOUT K BOJTHOOOPA3HOMY PACIIpeIeIeHUI0 TEMIIepaTyphbl.

2. Io pesynmpraTam pacdera ¢ y4eToM OOpaTHOTO MOTOKA MOKA3aHO, YTO JIOJS
00paTHOTO TIOTOKA OYeHb Maa (0Koyo 5%). 3a cueT 3TOro CKOPOCTH 0OPaTHO-
T'O IIOTOKA MOXET 6BITB 3HAYUTCJIbHA.

3. Ilo pesyabsraraM dSKCIIEpUMEHTa OBUTH OTIPEICICHBI YIIIBI HAKIOHA CKBa>KUHBI
NpY KOTOPBIX BO3HUKAET 00paTHBINA MoTok. Hanpumep, npu nedbure HepTr =
10 M*/cyT, Bombl = 22 M?/CYT rpaHUYHBIN YTOJI COCTABUII 5 TPaIyCOB.

4. Tlo pesynpraram pacyera MoKa3aHO, YTO OOpaTHBIN MOTOK OKa3bIBAET Cilaboe
BIIMSIHUE HA paclpe/elicHHe TeMIepaTyphbl.
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Abstract

This article presents mathematical models of heat and mass transfer for calculating the
volume content, phase velocity, temperature distribution in the trunk of a horizontal well.
The authors consider the cases of a co-directional flow of water and oil, and in the presence
of a counterflow of water, they assume the flow regime to be stratified. The calculation of
the hydrodynamic problem takes into account the influence of gravity, interfacial friction and
friction on the wall of the borehole. When calculating the temperature problem, the authors
take into account convective heat transfer, interfacial heat transfer, and heat exchange with
the borehole wall.

At present, mathematical models of co-directional two-phase and three-phase flows in a
horizontal well have been thoroughly investigated, while thermohydrodynamic fields in the
presence of a reverse flow are much less studied. Geophysical studies in horizontal wells
show that, due to the complexity of the trajectory, very often there are wells in which the
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probability of backflows is very high. In connection with this, studies of the features of the
formation of volumetric phase contents and the temperature distribution in the presence of
countercurrent are becoming relevant.

The conditions for the emergence of the reverse flow were studied on the basis of an
experiment: a boundary angle was determined, at which a countercurrent appeared for
various oil and water rates. The results of calculation of thermohydrodynamic fields for real
trajectories of horizontal wells show that the fraction of the backflow in the borehole section
is small; due to this, the rate of the return flow can be significant. In this regard, the return
flow has little effect on the temperature distribution, as it quickly takes the temperature of
the ascending stream.

Keywords

Horizontal well, two-phase flow of water and oil, three-layer flow, reverse flow, multiphase
flow modeling, counterflow, heat and mass transfer.
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