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AHHOTanus

ITpeoxkeH pacueTHBIM IIOAXOZ K OLIEHKe BOCCTAaHOB/IEHHSI TPOAYKTUBHOCTH TIa30BbIX
CKBO)XWH Ha T03/IHEH cTauu pa3pabOTKU TMOC/Ie CONMSHOKHUCIOTHOM 00pabOTKM HEeOZHOPOJHOMU
MIPHUCKBa’KUHHOW 30HBI KapOOHATHOTO Kosutekropa. [IpuckBakuHHasi 00/1acTh Mpe/icTaB/ieHa TpeMst
KOHLIEHTPUYEeCKMMHM 30HaMM C pa3/IMYHOM IIPOHUL[aeMOCTbr0. HeomHOpOAHOCTH oOLleHMBaeTcs
KO3 pULIMeHTOM Bapualiyy, a 3PPeKTUBHOCTb BO3/eUCTBUS — U3MeHeHHeM 3KBHUBa/IEHTHOTO CKUH-
(dakTOpa ¥ HOPMHDOBaHHOM TPOAYKTUBHOCTH. PacueTbl BbINOMHEHbl [J1 TpeX YypOBHeH
HEOZIHOPOJJHOCTH. YCTaHOB/IEHO, UTO YyBeluuyeHWe Kospduumenta Bapuauuu ot 0,23 po 0,75
COIPOBOXK/IAeTCSl CHW)KEHUWEeM MCXOJHOM HOPMHpOBaHHOM mpoaykrusHocty ¢ 0,680 mo 0,302.
[Toce KMCIOTHOTO BO3/E€HMCTBYS NPOLYKTUBHOCTD yBesuuBaeTcs B 1,61-3,16 pasa. IIpu BeicOKoM

Bubimorpadpuueckoe ommucanme: Camarop II1IM., XymmBakroB I.A. BoccraHoB/ieHHe TPOAYKTUBHOCTH Ta30BBIX CKBaXUH Ha
Mo3ziHell craguu pa3paboTKM IoC/le  COJISTHOKUC/IOTHOM 00paboTKM HeoJHOPOJHOM TNPUCKBaKMHHOM 30HbI // Universum:
TeXHWYeCKHe HayKHM : 3/1eKTPOH. HayuH. XypH. 2026. 9(150). URL: https://7universum.com/ru/tech/archive/item/23378
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HEOJIHOPOJHOCTH, HECMOTPSi Ha MaKCHMaJ/IbHbId OTHOCUTE/bHBIM MPUPOCT, HOPMHPOBaHHAas
MPOAYKTUBHOCTb  gocturaer Jjmmb 0,953, uro yka3sbiBaeT Ha HeIOJHOe YyCTpaHeHue
(GUIBTPAI[MOHHOTO COMPOTHB/IeHUS. [lo/yueHHbIe pe3yabTaThl TMOATBEPXKJAIOT HE0OXOJUMOCTh
yueTa reojloruueckoil HeO[HOPOAHOCTH MPUCKBA’)KUHHON 30HBI MPH BBIOOPE ra30BBIX CKBa)KUH Ha
Mo3JHeN cTaguu pa3paboTKU AJisi KUCIOTHOW CTUMY/SLMU. [IpakTHueckasi 3HaUMMOCTBb TO/XO7a
3aK/TFOUaeTCs] B BO3MO)KHOCTH TIPE/IBAPUTENIbHOTO PAH)KUPOBAaHWS HU3KOJE€OUTHBIX Ta30BbIX
CKBOXXWH T10 OXKHUJAEMOW CTereHW BOCCTAHOBJEHUs TIPOAYKTMBHOCTH W  00OOCHOBAHUS
11e/1ec000pa3HOCTH KUCIOTHOTO BO3ZEHCTBUSL B YC/IOBUSIX CHIDKEHUS TJIaCTOBOTO [IaB/ieHHs. JTO
TOBBIIIIaeT 000CHOBAaHHOCTL BHIOOPA TEXHOOTMUYECKOTO PEe)KUMAa BO3/E€HCTBUS Ha TMO3[HEH CTaauu
pa3paboTKu.

Abstract

A computational approach is proposed to evaluate the recovery of gas-well productivity at the
late stage of field development after hydrochloric acid treatment of a heterogeneous near-wellbore
zone in a carbonate reservoir. The near-wellbore region is represented by three concentric zones
with different permeabilities. Heterogeneity is characterized by the coefficient of variation, while
treatment efficiency is assessed through changes in the equivalent skin factor and normalized
productivity. Calculations were performed for three levels of heterogeneity. It was established that
an increase in the coefficient of variation from 0.23 to 0.75 is accompanied by a decrease in the
initial normalized productivity from 0.680 to 0.302. After acid treatment, productivity increases by
a factor of 1.61-3.16. Under conditions of high heterogeneity, despite the maximum relative
increase, normalized productivity reaches only 0.953, indicating incomplete elimination of flow
resistance. The obtained results confirm the need to account for the geological heterogeneity of the
near-wellbore zone when selecting gas wells at the late stage of development for acid stimulation.
The practical significance of the proposed approach lies in its ability to preliminarily rank low-rate
gas wells according to the expected degree of productivity recovery and to justify the feasibility of
acid treatment under conditions of declining reservoir pressure. This improves the justification for
selecting the appropriate treatment regime at the late stage of field development.

KnoueBble c/I0Ba: ra3oBasi CKBa)KMHA, TO3[HsS CTagusl pa3pabOTKH, KapOOHATHBIN
KOJIJIEKTOP, TIPMCKBa)KMHHAS 30Ha, COISTHOKUCIOTHas 00paboTKa, CKMH-(aKTOp, HEOJHOPOLHOCTb.

Keywords: gas well, late-stage development, carbonate reservoir, near-wellbore zone,
hydrochloric acid treatment, skin factor, heterogeneity.

BBegenue

Ha mno3zHelt ctazguu pa3paboTKU ra30BbIX MeCTOPOXKAEHHWH TMajjeHue TUIacTOBOrO JlaB/ieHust
MIPUBOJIUT K TOMY, UTO COCTOsTHUE MPUCKBa)KMHHOM 30HbI (I[13I1) HauMHaeT UrpaTh JOMUHUPYIOLIYIO
posb B obecrnieueHUH TIPOJYKTUBHOCTU CKBaXKMH. Kak oTrmeuatoT Reis u Carvalho, B ucTOILIeHHBIX
KOJ/UIeKTOpaxX [JaXe He3HauuTe/bHble H3MeHeHWs Ha T[IOPOBOM YpPOBHe CO3[al0T BBICOKOE
JloTIONTHUTeNIbHOe comnpoTtrBieHye [8], a Zhang L. ¢ coaBTopamu mopuepKyUBarOT HeOOXOAUMOCTD
ajlanTaliyd ypaBHeHUM TIPOJYKTUBHOCTU K YCJIOBUSIM CHYDKeHHOTo fapiieHus [9]. B kapGoHaTHbIX
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KOJI/IEKTOpPAaX CUTyalL[usi OC/OXKHSIeTCSl KOoJibMaTalyeil rop, usMeHeHUeM (Da30BOW TOABUYKHOCTH
Y BBIP@OKEHHOM Teo/IoTMYecKO HeOoJHOPOJHOCThIO, 4YTO TpeOyeT TpUMEHeHUs MeTO/OB
MHTeHCU(UKaI[M1 npuToKa [1, 2].

MarpuuHast ~ colsiHOKUC/IOTHas obpabotka (CKO) sBisieTCSS OCHOBHBIM — METO[OM
BOCCTaHOBJIEHUsI TIPOAYKTUBHOCTH, CIIOCOOCTBYIOIIMM PAaCTBOPEHHIO MATpHIbl U (hOPMHUPOBAHUIO
BBICOKOTIPOBOJAIIMX KaHa/JIOB (UepBOTOYMH). PasnmvuHble acmekTbl 3TOrO Ipoliecca, BKJIHOYas
B/IMSTHYME Ha TeOMeXaHUKY Y TlapaMeTpbl YePBOTOUHH, MOAPOOHO paccMOTpeHbI B 0630pax Alameedy
[1], Chen [2] u Lucas [7]. MopgenupoBanue ¢(opMHUpOBaHHs KaHa/lOB, B TOM UHCTIe
C UCTosb30BaHUeM MeToza (aszoBoro moss (Furui u gp. [5]), mokasbiBaeT BBICOKYHO 3aBUCUMOCTh
pe3y/sbTaToB  OT CTPYKTYpbl IIyCTOTHOIO IPOCTpaHCTBa. Ilpy 3TOM Hanuuue CIOMCTOU
HEOZIHOPOJHOCTH U TPEIWH, KaK yCTaHOB/IeHO B paborax dos Santos [3] u Li [6], mpuBoaut
K TIPeUMYILeCTBEHHOMY YXOAy KHCJIOTBI B Haubosiee MpOHMLIaeMble WHTepBajbl. [I/11 CHYDKEHUS
3Toro 3¢dekra MPUMeHSIFOTCS Bsi3KMe KUCIOTHbIe coctaBel (Zhang u Xu [10]), ogHako mpobiema
HepaBHOMepHoro oxsara I13I1 ocraeTcs akTyanbHOM.

Panee aBropamMu ObIJIO TIpOBeZieHO 0a30BOe MOeNMPOBAHHE KUCIOTHOTO BO3JEWCTBUS AJIS
MecTopoxJeHnid MaroHat u 3anazsbii Kpyk [4], ogHako Ko/iMuecTBeHHasi B3aMMOCBSI3b MEXY
YPOBHEM TeOJIOTMYecKOl HEeOJHOPOJAHOCTH M  (haKTUUeCKOW CTerleHbl0 BOCCTaHOBJIEHHS
¢GUIBTPALIMOHHBIX ~ CBOMCTB  OCTaBajiaCh HEJOCTaTOYHO W3yueHHOW. HayuHas mpoGiema
3aK/JHuUaeTcss B TOM, UTO TpaJuLiMOHHas oueHKa >S(dexkruBHocTi CKO omnupaercs
MPeMMYILeCTBEHHO Ha OTHOCHTe/bHOe yBennueHHe nebuta (KparHOcTh). OfHAKO B YC/IOBUSIX
HEOTHOPOJHBIX KapOOHAaTHBIX KOJUIEKTOPOB 3TOT TIOKasaTelb MOXET [laBaTh HCKa)KeHHOe
ripe/iCTaB/ieHNe O pealbHOM CHSITUM CKUH-3(hdeKTa.

Hayunasi HoBU3Ha pabOTHI 3aK/FOUaeTCsi B pa3paboTKe KOMIUIEKCHOTO PacyeTHOTO TIOJXO0Aa,
WCTIOJTB3YIOIIer0 COBOKYMHOCTh TIOKa3aTenell — kKo3dduilveHTa Bapual[iu TIPOHHUI[@eMOCTH,
5KBUBAJIEHTHOTO  CKMH-()akTOpa UM  HOPMHMPOBAaHHOW  TPOAYKTUBHOCTH, UTO  II03BOJISIeT
muddepeHIMPOBaTE  OTHOCHUTENBHBIA  MPUPOCT  Aebuta OT  (aKTUYeCKOro  yCTpaHeHUs
(bUIBTPaLMOHHOTO CONIPOTUB/IEHUSI.

Llens paboTbl — OLIEHUTh B/IWSIHUE HEOJHOPOAHOCTH TIPUCKBAKMHHOW 30HBI  Ha
BOCCTaHOBJ/IEHHE TIPOAYKTHUBHOCTH Ta30BOM CKBa)XWHBI TIOC/IE COMSHOKUCIOTHOW 00paboTKM Ha
MO3HeH CTaziuy pa3paboTKH.

Marepuasibl 1 MeTOABI

[TpuckBa>kMHHAsE 00/1aCTh CMO/Ie/TMPOBaHA TPeMsl KOHL[EHTPUUeCKUMM 30HaMM C TPaHUI[aMH
0,30; 0,70 u 1,50 m (r, =0,10 M, r, =250 ™M, QoHoBasg mnpoHul@aeMoctb k, =30 wM[).
[TponuijaeMocTb 30H A0 obpabotku (M/I1): 10-14-18; 5-12-18; 2-8-20 (ans Tpex ypoBHei). IToce
CKO: 45-40-35; 50-30-25; 60-20-18. CrereHb HeOJHOPOAHOCTH OLleHUBaeTCsl KO3(PHUIeHTOM

2
BapMalu = C, = %Z <%> OKBUBA/IeHTHbIA ~ CKUH-(akTOp  MHOrosonHou  [I3II:
r

S=) (% - )In( d ) OueHka 0OasupyeTcsi Ha  HOPMHUDOBAHHOM  TPOAYKTUBHOCTH

ri—1
JIJo = In(rolry) ! [In(re/ry) + S1 1 Ko3pduimente yBenuuenus aebura K, = Juoene/Jpo, e J U
Jo — TeKyl1asi ¥ YCJIOBHO HeHapyllleHHasi TPOAYKTUBHOCTb.
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Pe3ynbTaThl U 00Cy)X/ieHHE

MogenvpoBanue (Tabs. 1) mokaseiBaeT, uto pocT HeogHopogHoctu (C, ot 0,23 mo 0,75)
yBeJIMUMBaeT HauaabHbIM CKUH-PaKTop (Sy) ¢ 3,67 mo 18,09, cHWKasi UCXOAHYHO MPOLYKTUBHOCTD
(J10/J0) € 0,680 mo 0,302. HuskoebuTHbIe CKBaXKWHBI KpaiiHe UyBCTBUTEbHBI K yXyziieHuto [1311

Tabauya 1.
Biauanue HEOJHOPOAHOCTH Hd BOCCTAHOBJ/IEHUE MPOAYKTUBHOCTH
HeopgHopoaHoCTh C, Sho Shocne JrolJo Jrocne/Jo K,
Hu3kas 0,23 3,67 -0,69 0,680 1,096 1,61
Cpepnsis 0,46 7,27 -0,29 0,518 1,038 2,00
Bricokas 0,75 18,09 0,38 0,302 0,953 3,16

[Tocne CKO ¢unbTpaliioHHOe conpoTHBreHre cHkaercs. [lpu C, = 0,23 u 0,46 (Hu3Kas/
CpefiHsisi HeOJHOPOAHOCTb) (OPMHUPYeTCs 30Ha C TPOBOAUMOCTBIO BBILIE MCXOOHOM: Shocre
NpUHMMaeT oTpuLaTesbHble 3HaueHus (-0,69 u -0,29), a MpOAYKTUBHOCTHL TpeBbIIAeT eSUHULY
(1,096 u 1,038),
HeogHOPOAHOCTH (C, = 0,75) Shocne CHUXKAETCS, HO 0CTaeTcs nonoxkurenabHbiM (0,38).

YTO O3HayuaeT yCMeliHyl uWHTeHcudukaimio. OJHakKo TIpU BBICOKOM

1.096

B [lo KncnoTHomn obpaboTkm
I Mocne KMcNoTHon obpaboTku
0.953

1.038

o o o B
EN o © =}
! ! ) !

HopMupoBaHHas NPoAYKTUBHOCTS, J/jo

o
N}
L

0.0 -

Bbicokas
HEeOAHOPOAHOCTb

Huskas
HEeOHOPOAHOCTb

CpepHsas
HEeOHOPOAHOCTb
CTeneHb HEOAHOPOAHOCTU MPUCKBaXKUHHOW 30HbI

PucyHok 1. HopmupoeaHHasi npodyKmueHoCH1b 2a3080Li CKEAXCUHbI 00 U NOc/e KUC/A0MHOU
06pabomku npu pazAuYHoOli HeOOHOPOOHOCU NPUCKBAHCUHHOU 30HbI

Kak BuzgHO u3 Puc. 1, uMeHHO 37ech AocTUraeTcsi MakcuManbHeli K, = 3,16 (mpotus 1,61
TIPYU OFHOPO/IHOM Cpejie), HO HOPMHUPOBaHHAsI TIPOYKTUBHOCTh BOCCTAHAB/IMBAETCS HE TOJTHOCTBIO
(Juocne/Jo = 0,953). D10 cornacyercs ¢ gaHHbiMU [3, 6], moATBep)kzas, UTO TPU KOHTpacTe
TIPOHULIAEMOCTH 30HBI C BEICOKUM COTPOTHB/IEHHWEM He OXBAThIBAIOTCS KMCA0TON. TakuM obpa3om,
BBICOKMI OTHOCHTe/bHbIM npupocT K, He rapaHtupyeT BoccTraHoBieHus [13I1. DddekTuBHOCTD
CKO cniefiyeT olLleHMBaTh KOMIUIEKCHO, COIOCTaB/sAsl OKujaeMbld KodddurueHnt K, U creneHb

(hakTHUeCKoro BOCCTAHOBIEHUS J yocne/Jo-
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3ak/IloueHue

1. IlpensioykeHa MoJe/ib OLIEHKH BOCCTaHOBJIEHUS TIPOAYKTUBHOCTH ra30BOM CKBaKUHBI M1OCIIE
CKO c yueTom MHOTr030HHOM HeoHOpoaHOCTH T1311.

2. Pocr C, ot 0,23 10 0,75 cHW»KaeT MCXOAHYX0 HOPMUPOBaHHYO MPOAYKTUBHOCTS 10 0,302.

3. HecmoTps Ha MaKCHMMa/IbHBIM TIpUpOCT Jebuta (B 3,16 pasa) TMpW  BBICOKOM
HeOJHOPOJHOCTH, TPOAYKTUBHOCTb BOCCTaHaBiIMBaercsd vk A0 0,953, 4yto mogTBepKiaer
HerosiHbIN oxBat [13I1.

4. BbIOOp CKBa)KMH [I/IsI CTUMYJISILUM 1OJDKeH 0a3MpoBaThCsl Ha KOMIUIEKCHOW OLleHKe CKWH-
(hakTOpa U reosioruueckoi HeoIHOPOAHOCTH.
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