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AxkmyanbHocmb. B Hacmoswee epems dns pacyema 0ebuma eepmukanbHOU 2a30800 CK8aXUHbI NPUMEHAEMCA mpexJneHHas (hopmy-
Na, Komopas He y4umbigaem mom ¢hakm, Ymo 80Kpye 8epmuKabHOL 2a3080U CK8aXUHbI NPU NPOMbIWIIEHHbIX debumax cywecmsyom
00HOBPEMEHHO 08€ 30HbI, 8 KaxXAOU U3 KOmMOpbIX C80U 3aKOH (hunbmpayuu. Pasmepb! 3mux 30H 3a8Ucam Kak om (ounbmpayuoHHbIX na-
pamempos nnacma, mak u om paboyel Oenpeccuu Ha nnacm.

Lens: onpedenerue 3asucumocmu debuma eepmukasbHOlU 2a3080U CK8aXUHbI 0m Oenpeccuu Ha ninacm u unbmpayuoHHbIX napa-
Mempog nnacma ¢ y4emom pasmepos 30H fuHelHoU U HenuHelHoU gunbmpayuu

06BekmbI: 2a308bILi NIacCM U HECOBEPUIEHHAS 2a308as1 CKBAXUHA, IUHEUHbIU U HenuHelHbIL 3aKoHbI hunbmpayuu easa.

Memodbi: aHanumuyeckue Memodb! n003eMHOU 2udpo2a3o0UHaMUKU.

Pesynbmambl. [jns pacdema 0ebuma eepmukanbHOU 2a3080U CK8aXUHbI 8 HACMOAWEE 8PEMS UCNOMb3yemcs U3BECMHas MPEXYeH-
Has hopmyna. M3 darHol chopmynbi cnedyem, Ymo hunbmpayus 2aza npoucxodum no HenuHeUHOMY 3aKoHy 0 ecell obracmu gurb-
mpayuu om ckeaxuHbl 00 KOHMypa numarusi. B peanbHocmu xe HenuHel bl 3aKoH (humbmpayuu npucymemeyem nullib 8 02paHu4eH-
HOUl 30HE 8OKPYe CK8aXUHbl. He ydem amoeo seneHus Moxem npueodumb K y8enuYeHHol noepewHocmu 6 pacyemax (hubmpayuoH-
HbIX K03ghghuyueHmos, 0ebumos ckeaxuH U ux npodykmusHocmu. Pasmep amoli 30HbI 3agucum om 0ebuma ckeaxuHbl, (hunbMpayUoH-
HbIX napamMempog nnacma, ceoticme 2a3a u m. 0. C ucnonb308aHueM aHanumuyeckux Memodos nod3emHol audpo2a3oduHamuKu nomy-
YeHbl hopmynibl U aneopumm pacyemos 0ebuma 2a3080U CK8aXUHbI, @ makxe (umbmMpayUoHHbIX KOI(OUUUEHMO8, YHUMBbIBAIOULUX
pa3mep 30HbI HenuHelHoU unbmpayuu. Paduyc 30HbI HenuHelHoU hunbmpayuu Haxodumces u3 NOMYYeHHO20 YPaBHEHUs C y4yemom
3Ha4eHus kpumuyeckol ckopocmu ghunbmpayuu, onpedensemol hunbmpayuoHHbIMU napaMempamu nnacma. lonyyeHsl 8bipaxeHust
0ns hunbmpayUOHHbIX K03huUUEHMOos mpexyneHHol hopMynbl npumoka 2asa K ckeaxuHe. [TpoussedeH pacyem debumos 2a3osoli
CK8aXUHbI N0 NOy4eHHOU ghopmyne Ons pa3nudHbIx 3HayeHul pabodel denpeccuu Ha nnacm. Pasnuqus @ pe3ynsmamax pacdemos 0e-
6UMo8 CKBaXUHbI, 8bI4UCIEHHBIX N0 MPadULUOHHOU U NOTyYeHHOU hopmyrne, YMEHbWAaoMCs ¢ POCMoM Aenpeccuu o NPUYUHe y8enu-
YeHus: pasmepos 30HbI HenuHelHoU gunbmpayuu. llocmpoeHs! UHOUKamMOopHble OuazpaMMbi N0 NOMyYeHHOU U mpaduyuoHHoU hopmy-
nam. Mo cpasHeHuto ¢ mpaduyuoHHOU MpexyneHHOU hopMysoll USMEHSIMCSA 8bipaxeHus 0515 humbmMpayUoHHbIX KoagguyueHmos A u
B, komopble menepb makxe 3a8Ucsim om pa3mMepos 30HbI HenUHelHoU hunbmpayuu.

Knroyesnie cnosa:
BepmukarnbHasi 2a308asi ckeaxuHa, 0ebum, mpexyneHHas hopmyna, hunbmpayuoHHbie KOIPHUUUEHMbI,
NUHEUHBIU U HeNnUHeUHbIU 3aKOHbI (hunbmpayuu, Kpumu4eckas ckopocms hunbmpayuu.

BeepeHue

B Hacrosiiee BpeMst [ pacuera JeOuTa BEPTUKAITb-
HOH Ta30BOH CKBXXHHBI HCTIONB3YIOT TPEXWICHHYIO (op-
MyJ1y, moiydeHHyto npodeccopom E.M. Munckum [1]:

R’ —PR’=AQ+BQ", )

rie Py — naBnenne Ha KoHType muranus, [la; P, — 3a60ii-
Hoe naBienue, [1a; Q — meOUT CKBaXKMHBI B CTaHIAPTHBIX
yenoBusX, MY/c; A, B — QHIBTPALHOHHbIC KO(QHLHEHTBL.

W3 310#t (opMyIBI ClEmyeT, 9T0 3aKOH (IIBTPAIIHI
raza HeJuHeHHbIH. OJHAKO 3aKOH (DMIBTpALMK HENHHEH-
HBIM MOXET OBITh TOJIBKO B HETMOCPENCTBEHHOH OMM30CTH
0T 32005 CKBaXHHBI, TJIC CKOPOCTb (HIBTpalMH rasa
TIPEBBIIACT KPUTHYECKYI0. Ha 310 yKaseiBanm B cBoeil
cratbe mpodeccop 3.C. Anmes [2].

B pabore nmpodeccopa 3.C. AnneBa 0TMEUEHO TaKxe,
9TO MOCKONBKY B Ta30BOH 3aleH, pa3padaThiBaeMoil Ha
HCTOIIEHHE, MPOUCXOAUT MOCTOSHHOE TaJeHHe IUIacTo-
BOTO [JaBJICHHS, CTAl[HOHAPHOTO PEXKUMA KAaK TaKOBOTO
ObITh HE JOMKHO. MM TonydeHs! GopMyIibl IS pacyera
nebuta ra3oBoil CKBaXKMHbI C YY€TOM MOCTOSHHOTO Maje-
HIIS TUIACTOBOTO JABIICHIIS.

3meck MBI paccMOTPUM CITydaid, KOT/a TaJeHHeM IuTa-
CTOBOTO JIABJICHHSI MOXHO TIpeHeOpeyb H HE0OXOIMMO pac-
CUHTATH IEOMT ra30BOW CKBAKUHBI MPH 3aaHHOM ILTIACTO-
BOM JIABJICHHH C YUETOM H3MEHEHHS 3aKOHA (PIITBTPALIH.
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00beKT U MeToabl UccnegoBaHus

W3BecTHO, 4TO 3aKOH (PUIIBTPAIINH Ta3a B IPH3a00HHOM
30HE BEPTUKAIBHON CKBXUHBI HENMMHEHHBIA [1, 2 u mp.].
B 1o xe BpeMs B yJaeHHON OT 32005 CKBaXKWHBI 30HE
CKOpOCTH (DHITBTPAIIM HEBENHKH M B PE3yNbTaTe 3aKOH
(unpTpanuy 3xeck MMHEHHEI [3-6 u ap]. PaccMmoTpuM
cXeMy TPHUTOKA ra3a K CKBaxkuHe (puc. 1).

=~ P
K

Puc. 1. ﬂGyXS’OHHaH cxema npumoka 2asza K CKkeascune
Fig. 1. Dual-zone diagram of gas influx into the well
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3amuiieM ypaBHEHHUs Ui 1eOMTa CKBAKHH C PajHy-
camu I, u R,:
- ( R, \

PZ _ P dT nn
e 27rkhT R )

P?_P? = AQ+BQ?,

31ech P, — JaBieHHe Ha TpaHWIE 30HBI HEJTMHEHHON
¢mwisTpanyy, [la; 4 — BI3KOCTH Ta3a B INTACTOBEIX YCIO-
BusX, [la'c; Z — koaduIMenT cBEpXCIKUMAEMOCTH B IIa-
CTOBBIX YCIOBHSX, 0/p; Py —
T., — mmacroBas Temmepatypa, °K; K — npoHnijaeMocTs
miacra, m% h — Tonmuna muacra, M; Te, — CTaHapTHAs
temnepatypa, °K; Ry — paauyc KoHTypa mutanus, m; R, —
pazuyc 30HbI HEMHEHHOH QHIBTPALNH, M.

CxnapnbiBast ypaBHeHHS (2) U H30aBIAACH OT HEM3-
BECTHOTO JHaBICHHUS P, momydaeM ypaBHEHHE s IpH-
TOKa K Ta30BOH CKBAXUHE C JIMHEHHBIM 3aKOHOM (DHIIb-
Tpalyy B yJANCHHON 30HE IIACTA U HEIMHEHHBIM 3aKO0-
HOM B Ipu3a00iiHoit 30HE:

propro| Halw 0t R alorBo?, O
27kNT LRH J
P T (R)
371€Ch A= —<2|n 2 1+C,+C, |,
: AT | )T
= 27T \r J

u

Cy, C3 u Cy, C4 — GunbTpalliOHHBIE CONPOTUBIEHUS CO-
OTBETCTBEHHO T10 XapaKTEPy U CTEIICHH BCKPBITHS TLIACTA
[3, 7-9].

[locne ynpomieHns monyyaeM ypaBHEHHE TIPHTOKA Ta-
32 K HECOBEPLICHHOM Ta30BOi CKBAXUHE C YUETOM paju-
yca 30Hbl HEMTMHEHHON (QUIBTPALIHHL:

(JRR)
propr =Bl NRA o0
khT_ r,
pPT (1 1
(Pallalmy = 2 L0y, 4
27I0T. \r R JQ @

H

Kak BugHo, npu R,=Ry ypaBHeHue (4) npeBpamaercs
B ypaBHeHue npodeccopa E.M. Munckoro.

HewnsBecTHRIMU B 3TOM ypaBHEHHH SIBIIOTCS JEOHT
CkBaXHMHBI QQ ¥ paguyc 30HBL, B KOTOPOW Habmomaercs
HENMHEHHBIN 3aKkoH (unbTpanuu R,. Paguyc 3T0i 30HH
MOKHO OTIPEJIENNTh, 3Has KPUTUUECKYIO CKOPOCTh (PUITb-
TPALUH Ta3a Vi HA IMIMHIPUYECKOH TOBEPXHOCTH Pajiu-
yca R,

Ckopoctb duibTpanuy Vg Ha paccTosHuM R, OT cKBa-
KWHBI JIOJDKHA OBITh paBHAa KPHTHYECKOH CKOPOCTH
(ribTpanmm:

v, = LoPelw  _\ (5)
27hmR zT P, ®

cT na

3[1eCh M — MOPUCTOCTH IJIACTA, I.€.
Orkyna
27zhmR zT_P
LA ©)
Q= z. P.T »

CcT' CcT  mn
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atMocgepHoe rasnenue, [la;

[oxcrasnss 3Havenne Q B (3) momydaem:

R -P=
P T (R 27hmR 2T_P,
— Cl T1J1 Ln LS A CT I i
27Z-khTCT L RHJ ZCT PCTTHJ'I i

2
27hmR zT_P
(ﬂzmpi_a "“vkp\. )

CT CT Il

KpI/ITepI/IeM CIIpaBCAMUBOCTH JMHEMHOTO  3aKOHa

(unbTpanuy cayxur urcno Peitnonszca [10], 6/p:
Vo8P ®)
Y7

e Ve — cKopocTh (uibTpanuu, M/c; p — IIOTHOCTH
KHIKOCTH, Kr/M3; 11— K03 (DHUIMEHT BA3KOCTH KHIKOCTH,
[Ta'c; a — xapakTepHbIil pa3zMep MOPHUCTOM Cpepl, M, KO-
TOPBIH pa3HBIC aBTOPHI OTPEACISIOT T0-Pa3HOMY.

Ecnu uucno Peiinonbaca, onpeneneHHoe mo Gpopmyie
(8), HE MPEBOCXOAUT HEKOTOPOTO KPUTHUECKOTO 3HAYE-
Hus Rey,, To nuHeiHsIH 3akoH Quibrpanuu [lapeu co-
xpamsiercs. [l BBIYMCICHHS 3HAYCHHUS KPHTHIECCKOI
CKOPOCTH (PWIIBTpAIMK CYIIECTBYET P hopMmyd [4 1 1p.]
pasnuunbix aBTopoB. B.H. Illenkaués [4] ompenmenun
nuanasoH 3HaueHuit 1<=Re,<=12 npu

10vk )

a= .
m23

Re =

[Ipu pacuere neOWTa Ta30BOW CKBAXHHBI HAXOAUM
3HAaUeHHE KPUTHYECKON CKOPOCTH (PUIBTPALMH, UCTIONb-
3y ypasHenus (9) u (8). U3 nenuneiiHoro ypasuenus (7)
HaxoJMM HeW3BecTHOe 3HaueHue Ry, a 3aTeM U3 ypaBHe-
HAs (6) HCKOMOE 3HaYCHME J1eOUTa CKBAXHHBI Q.

PesynbTathl. 06cyxaeHue

[IpoBenem pacyeTsl I COBEPLICHHOM ra30BOH CKBa-
KuHbl [3, 6, 11-16] npu cnenyomux 3HAYSHAR HCXOJ-
HBIX }j[aHHI)IX TonmuHa miacta h=12 M, IpOHUIAEMOCTH
k=10" M2 miactoBoe gasnenue P=10 MHa [UIOTHOCTB
rasa B CTAHJIAPTHEIX yCTOBUAX P= =0,8 Kr/M°, BSI3KOCTB Ta-
3a u=4-10" * MITarc, paanyc KOHTypa HI/ITaHI/If{ R=800 M,
pajyc CKBAKHHBI I= 0,1 M, K03 dHIHEHT MakpoIIepo-
xoBaroct [=8,5:10", koaddumment cBepxcxKUMacMOCTH
B ImIacToBeIX ycnoBusx 2=0,85, xoad¢uuueHt cpepx-
CKUMAEMOCTH B CTaHJAPTHBIX YCIOBUAX Z,=0,8, mmacro-
Bas Temmeparypa 1=303 °K, cranmapTHas Temmeparpa
T=293 °K, nopuctoctb m=0,2.

Kpurnueckyto ckopocTh (UIBTpanMM B ILUIACTOBBIX
yclmoBUAX W3 ypaBHeHMA (8) TMOITydaeM paBHYIO
Vip=0,0015 m/c. Jlnd pasnuyHbIX 3HAYEHMi Jempecchu
NONy4YaeM CIeyolie 3HAUEHHUs pajuyca 30Hbl HENU-
HeliHo# ¢unbTpann R, n nebut ckBaxunsl Q (Tabmuma).

Kax BumuM, paguyc 30HBI HEMMHEHHON (HIBTpaIuu
pacTeT ¢ yBeNMUICHHEM ACHpeccHy Ha miacT. B dpopmyme
(5) mpu pacuere KPHTHUECKOH CKOPOCTH (DHIBTparin
CIeyeT YYUTBIBATh TAKXKE OCTATOUYHYIO BOJAOHACHILICH-
HOCTb, HACHIIIEHHOCTh KOJUICKTOpa KOHACHCATOM B IIpH-
3aboiinoit 30me [17-21]. [loaToMy B TaHHBIX clydasx pa-
JUyC 30HBI HENWHEHHOW (mubTpamuu Oyner Ooiblie.
Pacuernerii nebut ckBaxuusl M0 (popmynam (6) u (7)
Ooxblle, 4eM 10 TPAMIMOHHON IBYWIEHHOH (opmyie.
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C yBenuueHHeM JENPEecCUd 3Ta PasHUIA YMEHbIIAETCH.
Jlnst HeCOBEpIUIEHHOW CKBAKWHBI CIEAYET YYECTh TAKKE
(WIBTPANMIOHHBIE  COMPOTHBJICHUSA,  O0YCIOBICHHBIC
nep¢oparmeil 1 HECOBEPIICHCTBOM ITI0 CTENECHH BCKpEHI-
Tus macra [3, 13, 17].

Tabnuya. Pe3ynomamol pacuemog

[o pe3ynbraTaM pacyeToB MOCTPOEHBI HHAMKATOPHBIE
maaun (WJT) [2, 17] nmns §OByX ciydaeB: JHMHEH-
HBI+HETTMHEHHBIN 3aKOH M HETMHEHHBIH 3aK0H (puc. 2).

U3 ypaBHeHus (4) ciemyer, 4To MO CpaBHEHHIO ¢ (op-
MyJIOH HeNTMHENHOro 3akoHa (GuibTpanuy (1) B HeM u3Me-
HImch kodddummenter A i B. B abcomrotHOM BBIpaxe-
HUH HanOoJee 3HAUNTENBHO M3MEHsETCS KodpdumueHt A.

Table. Results of the calculation Kax BunHO 13 puc. 2, koadgument A mmermics Ha 30 %
o] = (mepeceuenne rpauKOB ¢ OCBIO OPJIMHAT).
= > - L x| ° o _
§ E 5 c28| ¢ o2z £ c:\s VBI)IJ'IO MPOU3BEJIEHO CPABHEHHE HMHIMKATOPHBIX JH-
=L |2=£8] 2 BE | 2% S| 5 TS| HU IOCTPOCHHBIX IO ABYM (hopMynam, ¢ HHINKATOPHOM
=5 |Es6¢| £ 88|52 8E |8 £° 5 E| mmHmeii, nocTpOCHHOI MO (akTHUECKHM 3amepaM. B ka-
by 3] S = = 2 hL o
£S5 | =5e¥ 25 s s § 55 02|32 g éf-_’ = | uectBe (axTHuecKoil ObLTa B3ATA CPEHSASL HHIMKATOPHAS
%) R _ o BT v
52|k 5“6 2 ‘é 23 E é £ g Elgsz g S | XapakTepuCcTHKa pa3BeIOYHON CKBaxuHb Iimacta 1K
7 o £ S 2 < =
E( 2 i;g_g = Lé?[ gé’ “E S 5 SE § &€= g | boBaHEHKOBCKOro HedTera3zoKOHAEHCATHOIO MECTOPOXK-
= = = o = = B
&g E 22 s | = s 3 El8 gg nenus. YcpenHennsie mo 10 pa3BelOYHBIM CKBAKHUHAM
A~ = = 22|65 = | HCXOIHBIE IIaHHLIf)S J:[sz pacueroB WJI: mpornnaemocts
0,05 0,32 243000 161000 33,51 wiacta k=510-10" M , TOJIIHHA ILIacTa h:17,2 M, IIEp-
0,1 0,55 426000 306000 28,33 (bOpI/IQOBaHHaﬂ tonmuHa h,=16,4 M, BA3KOCTh Tasa
0,2 0,91 724000 559000 22,78 p=10" Ia‘c, koapduuuent ceepxcxumaemoctu z=0,85,
03 121 970000 780000 19,58 macToBas Temneparypa T=293 °K, miotHocTs mepQopa-
0.4 147 1180000 977000 17,42 mu N=12 oTB/M, pamuyc neppOpalrOHHBIX KaHAIOB
0,5 1,70 1370000 1160000 15,83 ~0.005 P.=6 MII
06 1,91 1550000 1320000 14,59 r=0,0U0> M, IUIaCTOBOC NaBNCHHE Fy= a, pauyc
07 210 1710000 1480000 13,60 koHTypa utanus R=800 m, pamuyc ckBaxunsl Ic=0,1 m.
08 2,28 1860000 1620000 12,79 [TocTpoeHbl MHAMKATOPHBIE JUHUM JUIS CIy4YacB: JH-
09 2,45 2000000 1760000 12,10 HEeWHBIH+HETMHEHHBI 3aKOHBI, HETMHHEHHBIH 3aKOH,
1,0 2,61 2130000 1890000 11,51 (akTHYeCKas HHAMKATOPHAs TMHKS (pHC. 3).
2 2
P — P 2,,63
, Ma“/ 10 m /eyr
Q
1,20E+13
1,00E+13 /
8,00E+12
6,00E+12
4,00E+12
2,00E+12
0,00E+00 ‘ — )
Q10" m
INGEESEENNS S I R RS RS R RN IR AR o
U Y EF S Y oF
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1 ——2

Puc. 2. Unouxamopnvle nunuu: 1 — nuHelHbli+HeIuHelinblll 3aKoHbL, 2 — HelTUHelHblll 3aKOH
Fig. 2. Indicator lines: 1 — linear+non-linear laws; 2 — nonlinear law
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3

Puc. 3. Hnouxamopuwie aunuu 6 koopounamax (P2—P2%; Q): 1 — nuneiinviti-+nenunerinbiii 3axkoHbl; 2 — HEIUHEIHbLI 3AKOH;
3 — ¢paxmuueckas onsn cpeoneil ckeaxcunvl niacma I1K, bosanenxosckoeo HI'KM

Fig. 3. Indicator lines in the coordinate (P,>~P.2%; Q): 1 — linear+non-linear laws; 2 — nonlinear law; 3 — actual for the
average well of the PK; formation of the bovanenkovsky field

Kak BunHO U3 puc. 3, pakrmueckas UJI n mocrpoen-

Has MO IpejnaraeMoil ¢opMysie MOKa3bIBAIOT XOpolee
COBMAJICHNUE, B TOM YHCTIE TI0 opMme.
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ACCOUNTING FOR CHANGES IN THE FILTRATION LAW WHEN CALCULATING
THE FLOW RATE OF A GAS WELL

Sergey K. Sokhoshko,
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Tyumen Industrial University,
38, Volodarsky street, Tyumen, 625000, Russia.

Relevance. For the time being, when calculating the flow rate of a vertical gas well, a trinomial formula is used, which discounts the fact
that at cost-efficient flow rates there are two simultaneous zones around a vertical gas well, where each zone has its own Darcy’s law. The
extents of these zones depend both on the formation’s permeability/porosity parameters and on formation’s draw-down pressure.

The aim of the research is to determine a relationship between the flow rate of a vertical gas well and the formation’s draw-down pressure,
as well as the formation’s permeability/porosity parameters, taking into account the extents of areas of linear and nonlinear gas flows.
Objects: gas formations and perfect gas well, laws of linear and non-linear gas flow.

Methods: analytical methods of subsurface hydrodynamics.

Results. Currently, to calculate a flow rate of a vertical gas well, the well-known trinomial formula is used. This formula implies that gas
flow is governed by nonlinear law throughout the entire flow area starting from the well through to the external reservoir boundary.
Whereas in reality, the law of nonlinear flow only occurs in a narrow area around the well. The extent of this area depends on the flow rate
of the well, formation parameters, gas properties, etc. The use of analytical subsurface hydrodynamics methods enables to find formulas
and an algorithm for calculating the flow rate of a gas well, as well as fo determine flow coefficients, accounting for the extents of the non-
linear flow areas. The radius of the nonlinear flow area can be determined from the derived equation taking into account the critical flow
rate calculated based on the formation’s permeability/porosity parameters. Equations of flow coefficients have been derived for the
trinomial formula of the gas inflow to the well. The derived formula was used to calculate gas well production rate with various values of
formation’s draw-down pressure. The difference in calculation results of flow rates obtained using traditional versus the derived formula
decreases after the draw-down pressure growth due to the increase in the extent of the non-linear flow area. Indicator charts are
constructed according to the obtained and traditional formulas. Inflow performance relationship curves were plotted based on the derived
and traditional formulas. Compared to the traditional trinomial formula, the equations for the A and B flow coefficients are changed, which
now also account for the extents of the non-linear flow area.

Key words:
Vertical gas well, flow rate, trinomial formula, flow coefficients, laws of linear and nonlinear flow, critical flow rate.
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