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AHHOTaLUA

MporHo3 CTPYKTypbl ra3oXKUAKOCTHbIX TeYEHU KpaiiHe BaKeH NpM pelieHUU TaKuX 3aAay, Kak onpejaesieHne NpoAonbHbIX
npocuneii 06beMHOro coaepikaHusa XUAKOW ¢asbl BAONAbL CTBOJIAa BEPTUKANIbHOW CKBaXXWUHbI, HEOGXOAUMBIX ANA pacyeTta
notepb aaenenus B HKT, nporHo3a ko3¢ uumeHTa ectecTBeHHOM cenapauum rasa yepes 3aTpybHoe NpoCTPaHCTBO CKBaXKMHbI,
noabopa ckBaXXMHHOro 06opyaoBaHuA (LEHTPOGEKHbIX HAaCcOCOB, ra3ocenapaTopoB U T. A.) ANA MeXaHU3MPOBaHHOW A06bLIYMN
nnacToBbiX GNOMA0B U T. . B cTaTbe pacCMOTpPeHbl OCHOBHbIE 3Tanbl Pa3BMTUA METOAO0B NPOrHO3MPOBaHMA PEXUMOB TeYeHUs
rasoXKMAKOCTHOW CMecu B BEpPTUKaNbHbIX CKBa)KMHAX M pa3paboTaHbl HOBble YHU(DULMPOBaHHbIE KpUTEPUU ANA NPOrHo3a
ny3bIpbKOBOM U AUCTIEPCHO-NY3bIPbKOBOW CTPYKTYP ra3oXKUAKOCTHOIO TeYEHUA Ha BEPTUKa/bHbIX Y4acTKaxX He(TAHbIX CKBAXKUH.

Marepuanbl u MeToAbl KnioueBbie cnoBa

[porHo3npoBaHune CTPYKTYpbl TEHEHWUA KULKOCTb—a3; NPUHLMNbI MPUHLMUNbI TPOFHO3MPOBAHUA PEXMUMOB TeYeHUs, CTPYKTypa NOToKa,
YHUDUKALUN MOAENNPOBAHNA Fa30XUAKOCTHbIX TEYEHUIA; NpUBeJeHne ra3oXWAKOCTHOE TeyeHune, Ny3bipbKOBbIN PEXUM, AUCNEPCHO-

K eAnHo06pasnto ypaBHEHNI COXPAHEHUA KONMYECTBA ABUKEHUSA ANs My3bIPbKOBbIV PEXUM, YHUDULMPOBAHHAS MOAENb, BEPTUKANbHAsA
NPOrHO3MPOBAHUA BCEX CTPYKTYP TeYEHUS U anropuUTMOB pacyerta CKBaXWHA, MEXaHUCTUYECKOE MOAENPOBaHNEe, U3MEHEHUE pexnma
rMapaBANYECKUX MOTEPb HA BEPTUKANbHbBIX y4acTKax HedTAHbIX TeYeHUsA, ypaBHEHUA COXPAHEHNA KONNYECTBA LBMKEHUA MUAKOCTU U
CKBaXWH. rasa
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Abstract

Prediction of the two-phase flow patterns is extremely important for solving such problems as determining the longitudinal profiles of the holdup
along the vertical wellbore necessary for calculating pressure drop in the tubing, predicting the down hole natural separation, selecting down
hole equipment (esp pumps, rotary gas separators, etc.) for mechanized production of reservoir fluids, etc. The article examines the main stages
of development of methods for predicting flow patterns of gas-liquid mixtures in vertical wells and develops new unified criteria for predicting
bubble and dispersed-bubble structures of gas-liquid flow in vertical sections of oil wells.
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BBegeHue

OfHUM M3 BawHeRMWux HanpasneHwin co-
BpeMeHHOro He(dTAHOr0 WHXWHUPUHTA AB-
NAETCA NOBbIWEHWE [OCTOBEPHOCTN METOA0B
NPOrHO3MPOBaHUA CTPYKTYPbI Fa30MUAKOCTHbIX
TeYeHuin B TPy6ONPOBOAHON M CKBAXUHHOMN WH-
tpacTpykType mectopoxaeHuii. CeroaHs 6e3
npesABapuUTeNbHOTO MPOrHo3a CTPYKTYPbl ABYX-
(ha3HbIX TEYEHN He NPeACTaBNAETCA BO3MOX-
HbIM pelleHne TaKux 3aaad, Kak onpegeneHue
npojoNbHbIX Npoduneii 06beMHOro cogepxa-
HWUA KuAKON asbl BAONb CTBONA CKBAXMHbI
ona pacyerta notepb Aasnexnusa B HKT, nporHos
K03t ULMeHTa ecTeCTBEHHONM cenapauny rasa
yepe3 3aTpybHOe NPOCTPAHCTBO CKBaMMUHbI,
noabop cKBaXMHHOrO 06OpYAOBaHMA ANs Me-
XaHW3MpoBaHHOW A06bIYM nnacToBbix dtou-
OB U T. A. TMAPOAMHAMMKA Ta30XUAKOCTHBIX
MOTOKOB B CTBO/ME BEPTUKANbHON CKBAXMHbI
XapaKTepusyetcs MHoroobpasuem CTPYKTYp
Teyenus (puc. 1). Moatomy ans paspaboTku
TEOpeTUYeCcKNX KpuUTepueB No NpPOrHo3npoBsa-
HWIO CTPYKTYpbl TeYeHUs MHOrMe uUccnefoBa-
TeNn, OCHOBbIBAACb HA CBOEN HAYYHON WHTYU-
UMK, Npeanarann runotessl 0 AOMUHMPYIOLLUX
3aKOHOMEPHOCTAX, ONpefensowmnx nepexon
OAHOW ra30XUAKOCTHON CTPYKTYpbl TeyeHus
B Apyryo [1].

Hepenko He0CTaTOK 3HAHWI O 3aKOHOMep-
HOCTAX, OnpefensoWmnx yCNoBUsA B3aNMOLEN-
CTBWA XUAKOCTb—Ta3, He NO3BONAN TeopeTnye-
cKku 060CHOBaTL U chOpMynMpoBaTL KpUTEPUU
ANA OLEHKU PEeXUMOB TeyeHus. B aTom cnyyae
nccnegoBateny BblHY¥AeHbl Gbinu npuberatb
K WCMONb30BAHMIO 3IMNUPUYECKMX KOoppens-
UWiA, KOTOpble ABAANUCL NPUBNVKEHHBIMU,
T. K. He yuyuTblBanu BeCb AManasoH 3Kcnay-
aTaluMOHHbIX MapameTpoB AnA ABYX(hasHbix
noToKoB. HecmoTps Ha 6osblIoe KOMYECTBO
pa6oT, NOCBALWEHHbIX NCCNEA0BAHUI0 LAHHOTO
BOMpOCa, B HacTosllee Bpems He CyliecTByeT
HaAeXHbIX IMNUPUYECKUX METOAO0B NPOrHO3M-
poBaHUA ABYX(Ha3HbIX TEYEHWNIT B BEPTUKAbHbIX
Tpy6onpoBoaax.

B nocnegHee Bpems B Bonpocax nporHosu-
POBaHMWA CTPYKTYPbl Fa30KUAKOCTHOrO TeYeHUs
HaMeTUCA CYLLeCTBEHHbIA METO0N0r1YeCKUN
nporpecc, CyTb KOTOPOro 3aK/4YAETCA He ToNb-
KO B MOBbIWEHNN AOCTOBEPHOCTU PacyeTHbIX
MPOrHo308, HO W B YHU(MKALMM CaMOro Npo-
Lecca rmapoaMHaMMYecKoro MoAennpoBaHua
AByxdasHbIX NOTOKOB B Tpy6ONpoBoaax.
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Puc. 1. Kapma pexcumos medenus bezaca u bpunna [9]

Fig. 1. Beggs and Brill flow pattern map [9]
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B paborte [2] noa yHuduKaumen mogennpo-
BaHUsA ra30XMAKOCTHbIX TEYEeHNi B TPy6ONpoBo-
OHON MHPACTPYKTYpe HepTAHOrO MecTopoXze-
HUSA NOHMMANoCh NPUBEAEHNE K e1HO06pa3nto
BCEro matemMaTnM4yeckoro annapara, CBf3aHHOro
KaK C MPOrHO3WpOBaHMEM CTPYKTYp TeyeHus,
TaK W ¢ pacyeToM rMApaBANYeCcKUX NoTepb ropu-
30HTa/IbHbIX, @ TaKKe BEPTUKANbHbIX U HAKIOH-
HbIX (BOCXOAALLMX M HUCXOAALLMX) ABYX(DA3HbIX
TeyeHuin. OAHAKO MPUHLUMN yHUDUKAUUU TU-
APOAMHAMUYeCKO Mofenun astopy pabotsi [2]
He yAanocb B MOJHOW Mepe MPUMEHUTb ANA
MPOrHO3MPOBaHUA BCEX PEXMUMOB fBYyX(da3Ho-
ro TeYEHUA NpU BEPTUKANbHOM PACMNONOXeHUN
Tpybonpososa.

ABTOpamu HacTosLLeil cTaTbu Npeanaraercs
AanbHelllee COBEPLIEHCTBOBAHME NMPUHLMNOB
yHUdMKauum npu paspaboTke KpUTepUeB npo-
rHO3a CTPYKTYpbl BEPTUKANbHOIO ra30XMAKOCT-
HOro TeYeHUs B WMPOKOM AnanasoHe 3Kcnnya-
TaLMOHHbIX NapameTpoB.

Pa3Butne metos0B NporHo3npoBaHusa
CTPYKTYPbI ra30XXUAKOCTHbIX NOTOKOB B HKT
BepPTUKa/IbHbIX CKBaXUH

B uctopuu passnTua MeTOAO0B NPOrHO3M-
pOBaHMA CTPYKTYPbl ra3oXUAKOCTHbIX TEYEHNN
B BEPTUKa/bHbIX TPYBONPOBOAAX MOMKHO YCNOB-
HO BbIAENUTb CeAyioLL e 3Tanbl.

JmMnupuyecKkne noaxoabl ans
NPOrHO3UPOBAHMUA CTPYKTYPbI TEYEHUA
B BEPTUKaNbHbIX CKBaXKUHaX (1963-1974 rr.)
MpaKTuyecKn Bce U3BECTHblE IMNMPUYECKUME
MeToAbl NMPOrHO3MPOBAHUA PEXUMOB TeYeHUs
ABNAIOTCS PE3ybTaTOM MHTEHCUBHBIX Naboparop-
HbIX MccneaoBaHUn. KapTbl pPeXuMoB TeyeHus,
NOCTPOEHHbIE B pe3ynbTarte 3TUX UCCIeA0BaHWIA,
He fatoT MHHOPMALIMK O TOM, KaKas ra3oMuaKoCT-
Has CTPYKTypa peanusyercs B CKBaywuHe. Mpuse-
[eHHble Ha KapTax o6nactv npeacTaBnsAioT coboi
orpaHuyeHus Ans NPUMEHEHWUA 3MMIUPUYECKUX
KOppensuunii Npu pacyete rpafiMeHToB AaBneHus
1 06BEMHOIO COAEPAHUA HMAKOCTU. MoaoGHbIe
KapTbl PEXMUMOB TeYeHust 6binu nosyyeHsl [3—8).
B KauyecTBe npumepa Ha pucyHke 1 noka-
3aHbl 061aCTU TeYeHUid, NOCTPOEHHbIE Mo pe-
3ynbTatam aKcnepumenTos berrca u Bpunna [9].
Mo AaHHOM KapTe HEBO3MOXHO OMNpeAenuTb
YCNOBUA ANS BO3HWKHOBEHWS TOW MAW WHOM
ABYX(a3HOW CTPYKTYpbl B BEPTUKANbHOM KaHa-
ne, T. K. Ka)aasn npuseaeHHas Ha KapTte obnactb

Pesum
NpepLIBACTON
TEUSHKA

| ]

01 1

06'beﬂI/IHﬂeT HECKONbKO PasfinyHbiX pPexmnmoB
ra3oXnaKoCTHOro Te4yeHunA. rpaHMLl,bI MeXnay Bbl-
AeNneHHbIMWN Ha KapTe obnacrtamu Te4eHus onpe-
AENANNCb No SMNNUPUYECKNM KOppenaunam:

L =316
L, = 0,0009257,>*;
L3 — 0’1121.452;
L4 — 0,51;0733

rae 4=y VW — 06beMHOE cofepKaHne KULKO-
CTU B MOMEPEYHOM CeyeHnU KaHana Ge3 yyeta
npockanb3biBanua das; Vg, VSg — npuBegeH-

Hbl€ CKOPOCTN XXNAKOCTU M ra3a COOTBETCTBEHHO.

MexaHucTU4YECKME NOAXOAbI ANA
NPOrHO3MPOBAHUA CTPYKTYPbl TEYEHUSA
B BEPTUKaNbHbIX CKBaXKMHax (1982-1994 rr.)

Mccnepgosanne ocobeHHOCTEN rasomug-
KOCTHbIX Te€YeHUN B BEPTUKA/bHbIX CKBAXUHAX
noKasano, Yto Ans peleHus psaa npakTuye-
CKMX 3ajay KpaiHe BAXHO yMeTb He TOJNbKO
npaBUIbHO paccymTatb NPOAObLHbLIA rpagueHT
[ABNEHUA, HO W ONPEeAennTb NPU 3aAaHHbIX yC-
NIOBUAX CTPYKTYPY Ta30MWUAKOCTHOTO TeYEHUs.
AKTyanbHOCTb f@aHHOW Npo6iembl Mocayxuna
TONYKOM K pa3paboTKe HOBbIX METOZ0B NPOTHO-
31POBAHNA CTPYKTYPbI TEYEHNA B BEPTUKANbHbIX
CKBaXMHax. B 90-x rogax npownoro cronetus
HayYann UHTEHCUBHO Pa3BMBATLCA NOAXOAbI NPO-
rHO3MPOBAHMA HA OCHOBE MEXaHWUCTUYECKOro
MOAENNPOBAHNSA CTPYKTYPbl FA30MUAKOCTHOTO
TeyeHus B Tpy6onposoae. B otanyme ot amnupu-
YECKOro MnoaxoAa, MexaHUCTMYeCKoe MOAeNu-
poBaHue No3BO/AN0 WCCAEA0BATENAM CTPOUTDL
KapTbl PEXMMOB TeYeHUs, BKIOYalowme B cebs
He abcTpakTHble o6nactu, a obnactv ¢ onpe-
[NEeNeHHbIMU CTPYKTYpPHbIMW 06pasoBaHuUaMM
KWUAKOCTb — ras3», KOTOpPble peann3oBbiBaninCh
B BEPTMKanbHbIX TpybonpoBojax npu 3apaH-
HbIX NPUBEAEHHbIX CKOPOCTAX HMAKOCTM 1 rasa.
Moao6Hble KapTbl PEXUMOB TeyeHus Obinn
noctpoeHbl XacaHom n Kabupom [10, 11], Tan-
Tenem, bapHea u [laknepom [12], Aucapu [13],
KastaHo [14, 15] v ap.

Ha pucyHke 2 nokasaHbl YeTbipe CTPYKTYpbI
ra3soXuAKOCTHOTO TEYEHUSA, AN KOTOPbIX B MO-
nenv AHcapi [13] Ha OCHOBe MEXaHUCTUYECKOTO
mogenmposaHua 6biin paspaboTaHbl TMAPOAN-
HaMUYECKMEe KpUTEPUI Nepexoaa OAHOM CTPYK-

Typbl TEUEHUSA B APYry0.

Puc. 2. Cmpykmypbl meyeHus 2a304#CUOKOCMHOL cMecu 8 BepMUKANbHOM

mpy6onposode [13]: a — ducnepcHo-ny3blipbkosas; 6 — ny3bipbKOBAS;
8 — Nnpobkosas (cHapsA0Has); 2 — Ko/blesas

Fig. 2. Gas-liquid flow patterns in a vertical wells [13]:

a — dispersed-bubble; 6 — bubble; 8 — intermitted (slug); e — annular
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Ha pucyHKe 3 nokasaHbl pe3ynbTaTbl No-
CTPOEHUA TPaHWL, HAa OCHOBE MPUMEHEHUSA Me-
XaHUCTUYECKMX KpuTepues [13] mexay rasoxua-
KOCTHbIMU CTPYKTYpamu (puc. 2).

Mepexoa OT Ny3bIPbKOBOTO K NpoGKOBOMY
pexumy TeyeHun (rpaHuua «Bx», puc. 3) oueHu-
Ba/CA N0 KPUTUYECKON BENINUMHE AENCTBUTENb-
HOro 06bLEMHOrO COAepaHusa rasa B nonepey-
HOM ceyeHun Tpy6bl (ag = 0,25), Npy KOTOPOM
MeNKMe Ny3blpbKM 0ObEAUHAITCA B KPYMHble
ny3blpbKU rasa Buaa Tennopa. YpaBHeHue ans
pacueTta rpaHuLbl «B» mexay pexumamu Teye-
HUS 3anncbiBanocb Ha ocHoBe moaenu drift-flux
[16] B BUOE

VSg =0,333V, +

_ 0,25, 2
+0,382[7g(p - f’g)‘“}
f
rnoe g — YyCKOpeHue CBO60,U,H0|'0 nage-
HUA; pL’ pg — MNNOTHOCTU XWUAKOCTU W rasa;

0, — K03(®hNLNEHT NOBEPXHOCTHOTO HaTse-
HUS XUAKOCTb—ra3.

B ocHoBY nepexoza OT Ny3bIpbKOBOTO K ANC-
NepcHO-Ny3bIpbKOBOMY PexuMy TeyeHus (rpa-
HULa «A», puc. 3) 3aKnajiblBanacb MexaHUCTn-
yeckas Moenb Ap06aeHNs KPYMHBIX My3bIPbKOB
rasa Ha 6onee menkue B TypOYyNEHTHOM NOTOKE
KUAKOCTW. YpaBHEHWe s onpejeneHus rpa-
HULbI «A» OCHOBbLIBANOCb Ha rMNoTese o TOM,
4TO AMCNEPCHO-NY3bIPLKOBbLIA PEXMUM TEYEHUs
BO3HMKAET TOrja, KOrAa Cunbl nynabcauum Typ-
GYNeHTHOro MOTOKA XMAKOCTW cnocobHbI npe-
040MNEeTb KacaTeNlbHble HAMPAXEHUA Ha rpaHu-
ue pasgena das u pasapobutb rasosyt tasy
Ha MenKue ycToinumsble (HecnocobHble K Koa-
necueHunmn) cepuyeckne nysbipbku rasa [12]
1 MMEeno Bug

v 0.5 ~0,6
4,15(4“@’} +o,725=[ﬂ] x
v, Pr G
0.4 0,5
x(ﬁj 2
2D

0,40, p2
(p.-pg] "
rae V, — ckopoctb cmecn; D — anamertp tpy6o-
npoBoAa; f,, — K03 dUUMEHT rnapaBnyecKoro
TpeHus.

B paborte [13] Gbina npeanoxeHa runoresa,
xapakTepusyiolias CMeHy nNpobKOBOW CTPYK-
Typbl ra3oXWAKOCTHOTO TeYeHUA Ha Aucnepc-
HO-My3bIpbKOBY!0. [peanonaranock, 4To NPUYK-
Ha nepexoja B 06pa3oBaHWK Ny3bipbKamu rasa
NNOTHOW KyBUYECKON peweTkn ¢ 06beMHbIM
cofiepxaHunem rasa pasHbim o = 0,52. CornacHo

P (VT — Ve )(vs — VF) — Pc (VT — Ve )(vs

— vc)

AaHHoii runotese, rpaHuya «C» (puc. 3) onpege-
NANach No Koppensuum
Vi, =L087V,. (4)

Ancapu [13] npeanoxun B KayecTBe
KpuTepus [NA OUEHKM rpaHuubl nepexoaa
OT KONbLEBOr0 pexnma TedyeHus K npobkosomy
(rpanuua «D» puc. 3) mopenb obpasoBaHus
nepemblyer 13 NPUCTEHOYHBIX MUAKOCTHbIX nie-
HOK. [Ins 06pa3oBaHusA nepemblyeK, nepexpbl-
BaloWWMX BCE NPOXOAHOE ceyeHne Tpy6onposo-
Aa, 6biny onpeaeneHbl HEOOXOAMMbIE YCNOBUA:

1. Bonblme pacxodpl KUAKOCTM, NPU KO-
TOPbIX XKWAKOCTHAA MJeHKa HayMHaeT TepsATb
yCTOMYMBOCTb W CTEKaeT BHW3, 06pasys CKnaa-
KM, KOTOpble MOTYT MEepPeKpbiTb LeHTpanbHoe
rasooe AApo. YcA0BMe NOTEPU YCTONYUBOCTM
NNEHKU Creayloulee:

2-15H,, )

—— i 5

M = 3 Mm? (
H .(1-15H,)

roe HLF NeicTBUTENbHOE o6bem-

HOe cojepXaHune MKUAKOCTM B MNNEHKe;

YM’ XM — MOLI,VId)VILI,VIpOBaHHbIe napameTpbl

Nokxapaa n MapTtuHennu.

2. Heobxopumas TONWMHA KUAKOCTHOW
nneHKu. Ycnosue, onpegensiolee J0CTaTOYHYIO
ans o6paszoBaHUA NepeMblYKN TONMMHY Kua-
KOCTHOW NNEHKW, CneayioLlee:

2
HLF + /1LL' M

2

>012> ©

roe ’1LC 06bemHOe CoAepaHue MHUAKO-
CTM B rasoBoM sagpe, 6e3 yyeTra NpPOCKaib-
3biBaHUA Ba3; 0 — TONUMHA KUAKOCTHOW
nneHku (puc. 2r).

Moaxoabl yHUDUKAUMU rMAPOANHAMUYECKUX
KpUTEepueB ANA NPOrHO3UPOBaHUA
CTPYKTYpbl TeY€HUA B BEPTUKANIbHbIX
cKBaXKuHax (2003 r.)

Mop yHUGbULMPOBAHHBIM MOAXOAOM K Ti-
IPOAMHAMUYECKOMY MOJENNPOBAHMIO CKBAXMH
NOHMMAETCA NPUBEAEHNE K eanHo06pasnio ma-
TEMaTWYeCKOro annapata MpOrHo3MpoBaHus
BCEX CTPYKTYp TeYeHUs W anropuTMOB pacyeta
TMAPaBANYECKUX MOTEPb B FOPU3OHTANbHbIX,
a TaKKe BEPTUHKANbHbLIX W HAKNOHHBIX CTBONAX
C BOCXOAALWMM U HUCXOAALWMUM TEYEHUEM ra-
30MUAKOCTHOM cmecu. B faHHOM cTatbe GyayT
paccMoTpeHbl BOMPOCHI YHUPUKALUM MmaTe-
MaTu4yecKoro annapara, npeaHa3sHa4YeHHoro

lF
Sifipg(v(: _VF)2 1 1
+ +

SCprgvé _ SFprLvIZ-‘ +
21-H,)A 2H, A
%)

_(pL —,DC)gSiIl(ﬂ) =0,

2 H,A (1-H,)A

®opmyna 7. YpasHeHue coxpaHeHus Koudecmsa 0suxceHus 8 npo6Kosol cmpykmype meqeHus

SFprLv:‘
2H,, A

=v, +

vC F

+(p, — Pe )g sin(f3)

0,5

2
1 1
+
H,A (1-H,)A

)

S.f.p,

®opmyna 9. YpasHeHue 055 onpedesieHUs CKOPOCMU 2a30#UOKOCMHOU cMecu 8 mese ny3bipbka

Tetinopa

TONbKO AN CTPYKTYPHOTO MPOTHO3MpOBaHMA
BEPTUKa/bHbIX BOCXOAALMX ABYX(asHbIX Te-
yeHuii. B pabote [2] aBTOpbl NpPeanoXunm mc-
nonb3oBaThb B KayectBe 6a30BOro ypaBHeHWs
Ans yHUdMKauMM anroputMoB NPOrHO3Mpo-
BaHWA CTPYKTypbl TeuyeHus B Tpybonposoge
ypaBHeHWE COXPaHeHWA KONNYecTBa ABMMKEHUS
ans npobKoBOro pexuma TeyeHus (puc. 2B)
B Buae, (bopmyna 7), rae VpVpVe Ve — CKOpO-
CTW BCMAbITUA My3bipbKa Teinopa, CKOPOCTb
MUAKOCTU B KMAKOCTHOW MNeHKe, CKOPOCTb
ra3soXMUAKOCTHON CMECW B KWAKOCTHOW Npo6-
Ke, CKOpOCTb Ta30XWAKOCTHOW CMecu B My-
3bipbKe Telnopa COOTBETCTBEHHO; p . — NAOT-
HOCTb Ta30XWMAKOCTHOW CMEecH B My3bipbKe
Teiinopa; S, Sy, S; — nepumetpsl B nonepey-
HOM CeYeHWU KaHana, no KOTOPbIM ra3 conpu-
KacaeTcs CO CTEHKOM, UAKOCTb CONpUKacaeTcs
CO CTEHKOW, ra3 COMpUKacaeTcs C KUAKOCTbIO
COOTBETCTBEHHO; f§ — yron HaknoHa Tpy6bl
OT ropusoHTanu; A — niowasb NonepeyHoro
ceueHus Tpy6bl; fo, fp f; — Ko3adduUMeHTsI
TMAPABAMYECKOrO TPEHWUA Ha rpaHuuax ras-—
CTEHKa, XUAKOCTb—CTEHKA U ra3—XUAKOCTb CO-
OTBETCTBEHHO; /. — ANNHA WUAKOCTHO NNeHKN.

YacTHble npeo6pas3oBaHus Bolpayerus (7)
C UCNONb30BAHMEM CUCTEMbI 3aMblKatoLLMX KOP-
pensuMii Ha OCHOBE ypaBHEHWI COXpaHeHWs
MaccoBbIX Pacxof0oB XKUAKOCTH U ras3a, a TaKke
KOppensaumnii, NonyyeHHbIx U3 NabopaTopHbIX
nccnefoBaHuUit, N03BoMAN aBTopam paboTsi [2]
He TONbKO CMPOrHO3MpPOBaTh HEKOTOPbIE CTPYK-
TYpHblE MEPeXOAbl ra30XMAKOCTHOTO TEeYEHMUs
B TpyGonpoBogax, HO U OCYLLECTBUTb pacyeT
TMAPaBANYECKNX NOTEPb AABNEHUSA B CKBAXMHE.

YpaBHeHue (7) saBnsetca 6a3oBbiM B pac-
cMaTpuBaemMon YHUMDULUPOBAHHON MOLenu.
OgaHako aBTopam paboTsl [16] yaanock ucnonb-
30BaTb €ro TOMbKO AN MONYYEHUA KpuUTepus
Ha rpaHuue nepexosga Npo6KOBON CTPYKTYpbI
TeYEHUs B KOMbLEBYID B BEPTUKANbHOM Tpy6o-
nposoge. [lns 31oro B BbipaxeHue (7) npeanara-
N0Cb BBECT ClIeAytolL e OrpaHNyeHUs:
® ANMHA XWAKOCTHOW MNEHKU [JONMKHA CTpe-

MUTbCA K BeckorednocTn ([, — o0);
® MepuMeTp CONPUKOCHOBEHMUSA rasa Co CTeH-

KO fOMKeEH BbiTb paBeH HyJo (SC =0).

OKOHYaTeNbHO KPUTEPWIt ANs onpeseneHns
rpaHuLbl Mexay Npo6KOBbLIM 1 KONbLEBLIM pe-
KUMaMU TEYUEHUA UMEN BUA

VSg > V(?(l - H/_/-') - VS‘LFE ’ ®

rae I, — obbemHas fons Kanenex }uaKocTu
B ra30BOM NOTOKe; V. — AeNCTBUTeNbHAA CKO-
poCTb ra3o0Boro AfApa, KOTOpas C y4eToM NpUHSA-
TbIX OFpaHUYeHmnii Gbina nonyyeHa u3 ypaeHe-
Hus (7) v umena sug (hpopmyna 9).

OfHaKo nonbITKM aBTopoB [2] npuBecTu
K eAMHOO06pa3uIo KpUTEPUI NEPEexXosa Ha rpaHu-
uax Apyrux pexMmoB TeYEHUs B BEPTUKANbHOM
Tpy6ONpoBOAe He yBeHYanucb ycnexom. [Ans
NPOrHO3MPOBAHUA TPAHUL, MEXAY NPOBKOBbIM
M Ny3blpbKOBbIM, @ TaKXKe MeXAy NpoBKOBbIM
1 ANCNEePCHO-NY3bIPbKOBbLIM PEXMMaMK aBTOPbI
yHUGMLUMPOBAHHON MOAENN UCNONb30BANU KPU-
Tepuu, OCHOBAHHbIE HA MEXAHWUCTUYECKUX MPUH-
LMnax, U3NoMXeHHbIX B Moaenu AHcapu [13].

CoBeplUeHCTBOBaHUE METOAOB YHUUKALUN
rMApPOANHAMUYECKNX KpUTEpUEB ANA
NPOrHO3MPOBAHUA CTPYKTYPbI TeYEHUA
B BEPTUKANbHbIX CKBAXNUHAX

Ecnv npeanonoxutb, 4To M3MEHeHWe napa-
METPOB CTPYKTYPbl ra30XMAKOCTHOTO TeYeHUs
NPOUCXOAUT MOHOTOHHO (He CcKaykoobpas-
HO), TO BEpPOATHO, YTO Ha rpaHuLe TpaHchop-
Mauuu notoKa AeNCTBUTENbHble OObEMHbIE
COLEpXaHNUsA XMUAKOCTM U rasa CO CTOPOHbI
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V3MEHSAIOWMXCA PEXUMOB TeYEHUA AOMKHbI
ObITb paBHbl. B KauyecTBe AanbHellero cosep-
LWEHCTBOBAHMA YHUDULMPOBAHHOTO NMOAXOA],
npuvsefeHHoro B pabote [2], aBTopamu cTa-
TbW NpejnaraeTcs UCMNoNb3oBaHWe ypaBHEHMUA
coxpaHeHUs Konuuyectsa fAswmxenus (7) ans
MOJENUPOBaHUA TpaHuL nepexofa Mexay
NPOoBKOBbIM U Ny3bIPbKOBbIM, @ TaKKe NpobKo-
BbIM W AWCNEPCHO-NY3bIPbKOBBIM PeXUMamm

rasoMMAKOCTHOTO TEYEHWS B BEPTUKANbHOM
Tpy6onposoae.
XapakTtepHoit ocobeHHOCTbio Aucnepc-

HO-MY3bIPbKOBOTO pEXMUMa TeYeHUs ABNAETCA
OTCYTCTBME NPOCKaNb3biBaHus a3 [1]. Mostomy
B KayecTBe YCNOBMA HA rpaHuue npobKoBoro
M AWNCNEepPCHO-NY3bIPbKOBOTO PEXMMOB raso-
ULKOCTHOTO TEYEHUA MOXHO MPUHATb PaBEH-
CTBO [€NCTBUTENBHOrO 06BEMHOIO ColePKaHUA
MUAKOCTM B NPOBKOBOI CTPYKTYpe (KUAKOCTHAA
npo6Ka NAC KUAKOCTHAR NNEHKA) N 06bEMHO-
ro cofepaHus MUAKOCTU B KaHane 6e3 yyeta
npockanb3biBaHus das. Yciosue nepexoaa
Npo6KOBOro B ANCMNEPCHO-NY3bIPbKOBbIN PEXUM
TeueHus 6yeT UMeTb BUL,

H, k6 <H

L slug

Ldb?* (10)

rae Hw:f,/,,ﬁ(l,j,,)H“ — pJeiicTBUTENbHOE
06beMHOE CcojlepaHne XMUAKOCTU B NPoBKo-
BOil CTPYKType Tedenus; H, ¢ — neicteutens-
Hoe 06beMHOE COAepIKaHNe KUAKOCTU B KUA-
KOCTHOI Npo6Ke, paccyMTaHHOe No METOAMKE,
npueeaenHoil B pabote [17]; #.o=5—5 - — peii-
CTBUTENbHOE 06BEMHOE COEpKaHUE KUAKOCTU
B AMCMEPCHO-NY3bIPbKOBOW CTPYKTYpe TeYeHNs;
[, — cymma AnvH KUAKOCTHON NPOBKM 1 HNnA-
KOCTHOW MneHKU. [AnHa XKWUAKOCTHOW MNeHKU
MOXET 6bITb Nony4yeHa 13 6a30BOro ypaBHeHUs
(7) B BUAE (hopmyna 11):

WNcnonb3ys BbipaxeHue ans pacyera gei-
CTBUTENbHOTO 06BLEMHOrO COAepKaHus rasa
B NMy3bIPbKOBOM PEXUME TEUYEHUS, MOXKHO 3a-
nucatb ycnoBue nepexoaa o1 Npo6GKOBOro K ny-
3bIPbKOBOMY PEXUMY TEYEHUA B BUAE

H

g slug

<H,, 12)
roe IF — AAMHA KUAKOCTHOW MNEHKKU
B I'Ip06KOBOM pexnme Te4eHna, onpeaensaeTca

usypasHerns (10); s, -1 Va1 T ST

aencTeuTenbHoe o6bemHoe copepaHue
rasa B My3bipbKOBOW CTPYKType TedyeHus;
Ho = *f”u *“*f)”n — peicTBUTENbHOE 06beM-
HOe cofepxaHue rasa B NpoBKOBOM CTPYKType
TeyeHns; V¥ — ckopocTb apeiida nysbipbka
rasa.

Ha pucyHKke 4 npusefeHo conocTaBieHue
pacyeTHbIX rpaHul «A» u «B», MoNyYeHHbIX
¢ yyetom ycnosuid (10) u (12) n akcnepumeH-
TanbHbIX AaHHbIX [12].

Ntormn
PeweHa npobnema nonHoi yHUdUKAUUM TU-
OPOAMHAMUYECKON MOAeNu TeyeHua raso-

MUAKOCTHOW CMecu B CKBawuHax [2]. B cratbe
NPEANOXEH HOBbIN KOHLENTyaNbHbli Noaxon
B MOMYYEHUN KPUTEPUEB TpaHchopmauum Ha
rpaHuue «npoBKOBOrO — My3bIPbKOBOrO» 1
«npo6KoBOTO ANCNEPCHO-MY3bIPbKOBOro»
PEXMMOB TEYEHWA HA OCHOBE TMUMOTE3bl O MO-
HOTOHHOCTU M3MEHEHUs [AeiCTBUTENbHOrO 06b-
E€MHOT0 COfIePaHUA MUAKOCTM U rasa Ha rpa-
HULE NEepexooB MeXay CTPYKTypamu noToka.
BepuduKaLua no nprMeHeH1o NpeaioXeHHo
rUNOTE3bl ANA MOJYYEHUA KPUTEPUEB Mepexo-
[la Ha OCHOBE YPaBHEHWII COXpaHEHUs MacChl
1 KONMYECTBA ABVIKEHUA [NA MUAKOCTM U rasa
OCylLeCTBAANACH NYTEM CONOCTABNEHUSA pacyeT-
HbIX rPaHuL, «NPOGKOBOro — My3bIPbKOBOrO»
1 «NpoBKOBOTO — AMCMEPCHO-NY3bIPbKOBOrO»
PEXMMOB TEYEHUA C 3IKCMEPUMEHTabHbIMU
AaHHbIMK [12] 1 pesynbTaTamu pacyeTa Apyrux
uccneposarenei [13] (puc. 4).

BbiBOAbI

Ha cerogHAWHNI AeHb N3BECTHO 6OMbLIOE KO-
JINYECTBO PA3MYHbIX HAYYHbIX MOAXOAOB W
KOHLEeNunn, NprMeHsemMbIX A MPOrHO3nUpo-
BaHWA CTPYKTYpbl Fa30XWAKOCTHbIX TEYEHWUI B

/ pL(VT_VF)(VS—VF)—

BEPTUKaNbHbIX CKBaXMHax. K coxaneHuto, MHo-
Te U3 HUX UMeloT onpeaeneHHble HegoCTaTKu.
BONbWWHCTBO 3IMNUPUYECKUX N0AX0A0B [3-9]
He TObKO He o6nagaer Tpebyemoii TOYHOCTbIO,
HO W MMeeT onpejeneHHble orpaHnyYeHns B UC-
no/sb30BaHMM, MOCKOJIbKY He YYMTbIBAET BECb
AManasoH M3MeHEeHWs MNPOMbICNIOBbLIX nNapa-
MEeTpOB, Onpeaensiounx CTPYKTYpy rasomua-
KOCTHbIX TeYyeHU. MexaHUCTUYECKUE MOoaenu
NPOrHO3MPOBAHNA CTPYKTYPbI FA30KUAKOCTHOTO
notoka [10-15] ocHoBaHbl Ha Gonee rayGoKom
NOHWMAHUWU MPUPOAbI FA30MUAKOCTHLIX Teye-
HUIA B TpybonpoBojax, HO NpPU 3TOM YCN0BUSA
CTPYKTYPHbIX NePexof0B onpeaenstotcs Ha 6asze
NONY3MNUPUYECKUX KOPPENsLui, YUCIeHHble
KO3 OULMEHTbI KOTOPLIX afAanTUpoBaHbl Ans
rasoMmuAKOCTHOrO TeYEHUA «BOAa—BO3AYX». [Mo-
3TOMY Heflb3s YTBEPXHAATb, YTO Pe3yNbTaThl NPo-
rHO3MPOBAHWUA CTPYKTYPbl MOTOKA C MOMOLLbIO
NPUBEAEHHbIX Bblle MEXaHUCTUYECKUX KpuTe-
pues 061aaaloT BbICOKON CTENEeHblo [OCTOBEp-
HOCTW B LUMPOKOM AnanasoHe GpU3nNYecKo-XMmu-
YeCKMX CBOVICTB NNACTOBbIX h/OMA0B.

ABTOpbI CTaTby YCTPAHUAW [AAHHbIA Hegoyer.
C uenblo NoBbIWEHNUsA [OCTOBEPHOCTM MPOrHO-
31POBaHNUA YCAOBUIA CTPYKTYPHOro nepexoja
Ha rpaHuuax «npobKOBbIA — My3bIPbKOBON» 1
«MPOGKOBbLIAN — AMCNEPCHO-NY3bIPbKOBOM» ANA
PEXUMOB BOCXOAALLEr0 BEPTUKANLHOMO Teye-
HUA «HedTb—ra3» B cTatbe 6binn paspaboTaHbl
HOBble KPWUTEPWMU, OCHOBAHHblEe HA PeLeHnn
yPaBHEHUA COXPAHEHW: KONNYECTBA ABMKEHUA
rasoxmuaKoctHoro notoka (ypasHenue (11)), B
KOTOPOM OTCYTCTBYIOT amnupuyeckune koathu-
UMEeHTbI, MONYYEHHbIE ANs YCIOBUA «BOAO-BO3-
AylwHoro» TeyeHus. Mo cytn, ypasHenune (11)
gonnotuno B cebe ycnoBus CyllecTBOBaHMUA
NpoGKOBOro pexuma TeyeHUs B LIMPOKOM
ananasoHe  QU3MKO-XMMUYECKUX  CBOWCTB

pg(vT _vc)(vs _VC)
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Puc. 3. Kapma pexcumos medenus Ancapu [13]
Fig. 3. Ansari flow patterns [13]

[TAPTHEP HOMEPA «COK3-JIOTUCTUK»

—— paipaboTaHHaR MOgens

B HOMBUEEOH PEHMM (IHCNEPHUMEHT)

@ NY3ILIPLKOBLIE pENMM [Incnepament) &

—— mogens Jwanra [2] — MOAENL AHCADN [13]
NpoBHOBME perHM (IRCNEpHMENT)

AMCTEPCHO-NY3bIPbHOBBFA DERUM [IHCNEDHMEHT)

Puc. 4. ConocmasneHue pacdemHsix U 3KChepumeHmanbHsix (paboma
[12]) epaxuy, pexcumos 2a3oxcudKOCMHO20 meyeHus 8 BepMUKANbHOU
cksadxcuHe (Quamemp mpy6el D = 0,051 m; T=memnepamypa 20 °C;

dasneHue P = 0,15 M[la)

Fig. 4. Comparison of calculated and experimental (work [12])
boundaries of gas-liquid flow patterns in a vertical well (pipe diameter
D = 0,051 m; T=temperature 20 °C; pressure P = 0,15 MPa)
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Results

The problem of complete unification of the hydrodynamic model of gas-
liquid mixture flow in wells has been solved [2]. The article proposes a
new conceptual approach to obtaining transformation criteria at the
boundary of the “slug — bubble” and “slug — dispersed-bubble” flow
pattern based on the hypothesis of the monotonicity of the change in
the liquid and gas holdup at the boundary of transitions between flow
patterns. Verification of the application of the proposed hypothesis
to obtain transition criteria based on the equations of conservation of
mass and momentum for liquid and gas was carried out by comparing
the calculated boundaries of the “slug — bubble” and “slug — dispersed-
bubble” flow pattern with experimental data [12] and the calculation
results of other researchers [13] (fig. 4).

Conclusions

Today, there are a large number of different scientific approaches and
concepts used to predict the structure of gas-liquid flows in vertical
wells. Unfortunately, many of them have certain drawbacks. Most
empirical approaches [3-9] not only do not have the required accuracy,
but also have certain limitations in use, since they do not take into
account the entire range of changes in field parameters that determine

References

1. BrillJ.P., Mukherjee H. Multiphase flow P. 451-465. (In Eng).

petroleum congress Petroleum, 1963,

the gas-liquid flow patterns. Mechanistic models for predicting the gas-
liquid flow pattern [10-15] are based on a deeper understanding of the
nature of gas-liquid flows in pipelines, but the conditions of structural
transitions are determined on the basis of semi-empirical correlations,
the numerical coefficients of which are adapted for the gas-liquid flow
“water — air”. Therefore, it cannot be argued that the results of predicting
the flow pattern using the above mechanistic criteria have a high degree
of reliability in a wide range of physical and chemical properties of
formation fluids.

The authors of the article eliminated this shortcoming. In orderto increase
the reliability of forecasting the conditions of the structural transition at
the “slug — bubble” and “slug — dispersed-bubble” boundaries for the
ascending vertical “oil — gas” flow pattern, new criteria were developed
in the article based on the solution of the equation of conservation of
momentum of the gas-liquid flow (equation (11)), in which there are no
empirical coefficients obtained for the “water — air” flow condition. In
essence, equation (11) embodied the conditions for the existence of
the slug flow pattern in a wide range of physicochemical properties of
reservoir fluids, and therefore was considered as a basis for developing
reliable criteria for forecasting the transition from the slug gas-liquid
pattern to other flow patterns.

455 p. (In Russ).
9. Beggs H.D., Brill J.P. A Study of two-phase

in wells. Moscow — Izhevsk: Institute 5. Orkiszewski J. Predicting two-phase flow in inclined pipes. Journal of Petroleum
of computer research, 2006, 384 p. pressure drops in vertical pipes. Journal Technology, 1973, Vol. 25, issue 5,
(In Russ). of Petroleum Technology, 1967, Vol. 19, P. 607-617. (In Eng).
2. ZhangH.-Q., Wang Q., Sarica C., Brill J.P. issue 06, P. 829-838. (In Eng). 10.Hasan A.R., Kabir C.S. A study of multiphase
Unified Model for GasLiquid Pipe Flow via 6. Aziz K., Govier G.W., Fogarasi M. Pressure flow behavior in vertical wells. SPE
Slug Dynamics. Part 1: Model Development. drop in wells producing oil and gas. Journal Production Engineering, 1988, Vol. 3,
Journal of Energy Resources Technology, of Canadian Petroleum Technology, 1972, issue 2, P. 263-272. (In Eng).
2003, Vol. 125, issue 4, P. 266-273. Vol. 11, issue 3, P. 38. (In Eng). 11. Hasan A.R., Kabir C.S. Predicting
(In Eng). 7. Chierici G.L., Ciucci G.M., Sclocchi G. Two- multiphase flow behavior in a deviated well.
3. Mishchenko I.T. Well oil production: phase vertical row in oil wells-prediction SPE Production Engineering, 1988, Vol. 3,
Textbook for universities. Moscow: Federal of pressure drop. Journal of Petroleum issue 4, P. 474-482. (In Eng).
State Unitary Enterprise Publishing House Technology, 1974, Vol. 26, issue 8, 12.Taitel Y.M., Barnea D., Dukler A.E. Modeling
“Oil and Gas” of the Gubkin Russian State P.927-938. (In Eng). flow pattern transitions for steady upward
University of Oil and Gas, 2003, 816 p. 8. Andriasov R.S., Mishchenko I.T., Petrov A.l. gas-liquid flow in vertical tubes. AlChe
(In Russ). et al. Reference guide to design, Journal, 1980, Vol. 26, issue 3, P. 345-354.
4. Duns H.Jr., Ros N.C.J. Vertical flow of gas development and operation of oil fields. (In Eng).
and liquid mixtures in wells. 6-th World Oil production. Moscow: Nedra, 1983, 13. Ansari A.M., Sylvester N.D., Cem Sarica

SKCMO3NLUNA HEDTb FA3 OKTABPL 6 (107) 2024



et al. A comprehensive mechanistic model Resources Technology, 1992, Vol. 114, for Wellbores. Ph.d. dissertation, The

for upward two-phase flow in wellbores. issue 1, P. 1-13. (In Eng). University of Tulsa, Tulsa, Oklahoma, 1992.

SPE Production Engineering, 1994, Vol. 9, 15. Caetano E.F., Shoham 0., Brill J.P. (In Eng).

issue 2, P. 143-151. (In Eng). Upward vertical two-phase flow through 17. Mikhailov V.G., Pashali A.A. Improvement
14. Caetano E.F., Shoham O., Brill J.P. an annulus — Part [l: Modeling bubble, of methods for calculation of gas-liquid slug

Upward vertical two-phase flow through slug and annular flow. Journal of Energy of flow in pipelines. Petroleum Engineering,

an annulus — Part |: Single-phase friction Resources Technology, 1992, Vol. 114, 2023, issue 6, P. 88-95. (In Russ).

factor taylor bubble-rise velocity and P. 14-30. (In Eng).

flow-pattern prediction. Journal of Energy 16. Gokdemir O.M. Transient Drift Flux Model

WH®OPMALMA Ob ABTOPAX | INFORMATION ABOUT THE AUTHORS

Bonkos Makcum FpuropbeBuy, f.T.H., AOLEHT, Volkov Maxim Grigorievich, doctor of engineering sciences,
000 «PH-TexHonoruu» (O MAO «HK «PocHedhTb»), associate professor, “RN-Tehnologii” LLC

Mocksa, Poccua (“Rosneft” PJSC Group Company), Moscow, Russia

Muxaiinos Banepuit fepmaHoBuy, A.T.H., npodeccop, Mikhaylov Valery Germanovich, doctor of engineering sciences,
000 «PH-BawHUMNHedTb» (OF MAO «HK «PocHehTb»), professor, “RN-BashNIPIneft” LLC

Yoa, Poccus (“Rosneft” P)SC Group Company), Ufa, Russia

[Ans konTakToB: mikhaylovvg@bnipi.rosneft.ru Corresponding author: mikhaylovvg@bnipi.rosneft.ru

TEXHOAOTUYECKASA KOHPEPEHLLUA
02-06 UKIOHA 2025 r. KOAMHUHIPOA

(«(MHHOBAUMOHHbIE peLueHns B obaactm KPC, MHIM, MTHKT,
BHYTPUCKBOXKMHHBIEPABOOTbI M CYNEPBAM3MHI B TOPU3OHTAAbHbIX
M PA3BETBAEHHbIX CKBOXKMHAX.

KOHTPOAb CKBOXKMH. YNPABAEHME CKBOXKMHOM npun MHBI.
MNMPOTMBOGOOHTAHHAOS BE30MNACHOCTb.Y

TEXHOAOIMYECKAS KOHPEPEHLLUA
25-29 ABIFYCTA 2025 r. BAAMBOCTOK

«bypeHmne, OCBOEHUE, UCMbITAHUS, PEMOHT U SKCMAYATALLMS
FOPU30OHTAABHbIX CKBOXKMH.

MHHOBAUMM B OOAQCTM AODBINM HECPTM 1 ra3q.

NMpoMbILLAEHHAS Be30NacHOCTb HO ONO HedOTErNA30BOM OTPACAM.)

+7 3452 520-958

BpOoHMPOBaHMe y4acTnsa B KOHPepeHLMsax [EHEPQAbHBI MHCDOPMOLWOHHIF NCPTHEP

academy.intechnol.com 3KCMNoO3vViLmAa
HEDTb rA3




