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YmncaeHHBIA aJITOPUTM pellleHns oOpaTHOI 3aJadn ompeaeie
MAaJIO! ITPOHUIIAEMOCTH

BHyTpI/I CJIOd B C.quae, KOrga OJaBJICHHE HE MCEHACTCA HOHepeK CJI04. MeTO,Z[a,MI/I TeOpI/II/I P
3aa4 JJIsl JTUIITHIECKUX YPABHEHNH 3a/a49a CBeJIeHa K WHTErpajJbHOMY yPaBHEH

JKEH UTEPALMOHHBINA aJrOPUTM PElIeHUs 3aJa49u, [IPOBEJIEHbI BbIUUCIUTEIbHBIE DACYE,
3aa4.

peiJIo-
O/TeJIBHBIX

Kmouesvie cA06a: BBIYUCIUTENbHAS TUATHOCTHKA, I3MEPUMOE TI0JI€, IIPOH OTHOPO/THOCTD, IIPH-
Mas ¥ 0OpaTHas 33/]a9d, NHTErPAJIbHOE YDaBHEHHE.

B macrosmee BpeMsi MIMPOKO PA3BUBAIOTCA TEOPETUIECK JIAJTHBIE WCCIIEOBAHUS B OOJIACTH BBI-
YUCAUTEIHHON JIMAIHOCTUKY, CBSI3aHHBIE C BOCCTAHOBJICH@EM HAPAMETDOB Pa3JIMUHBIX CPef (€CTeCTBEHHBIX U
UCKYCCTBEHHBIX) 110 M3MEPEHUSIM PA3JINIHBIX 01 (3I1e HUTHBIX, AKYCTHIECKUX U JIP.). DTOMY CIIOCOD-
UX KOMITLIOTEPOB, TAK KaK B 33J[a9aX BBITHC-

Beedenue

0 TOYHOTO DEIIEHNs, II0ITOMY OOJIBIIIOe 3HAT
YHUCJIEHHBIX METOJ/IOB U aJI'OPUTMOB UX pelfeH
HBIX, FA30BBIX, yTOJbHBIX U T.1I.) U POCT WIeCTBa paHee MIPOOYPEHHBIX CKBAXKMH BO3HUKAET HEOOXOINMOCTD
oIIpeJie/IeHUs 30H MaJIol IIPOHUIIAeM 4T YCJIOBJIEHO HEIeJeco00pPa3HoCThIo Oypenust. MeTo nHrerpasib-
HBIX YPABHEHUI SIBJISETCS OTHUM A3 HBIX METOJIOB pelleHus MoJ00HbIX 33189 [1—4|, mepcruekTuBHbIM Me-
TOJIOM SIBJISIETCSI METOJT OObEMHDI VIISPHBIX WHTErpaJbHBIX ypaBHeHuit |5, 6]. B macrosmeit pabore myst
peleHnst 00paTHO! 332N BOCCTAHOBIEHNS T'PAHUITHI 30HBI MAJIO IIPOHUIIAEMOCTH IIPEJJIOZKEH NTEPAITUOHHBII
AJICOPUTM HA OCHOBE CBEJIEHIsI OODATHON 3a/1aMi K WHTErPAJbHOMY ypaBHeHUI0 Ppeirosbma epBoro poja ¢
MOCJIEIYIOMUM [IPUMe a peryngpusaruu TuxoHoBa.

U

1 Hocmanosra npamoti u obpammoll 3adavu

IIpama, PaccmorpuM mocTaTOuHO TOHKUI HEOTHOPOJIHBIN CJIOW M OyJIeM CYUTATh, YTO B HEM JaB-
JIEHUE He TCH nonepek, T.e. P (z,y,z) = P(z,y). ByzmeMm cuurarh, 9TO BHYTPH TOTO CJIOSI IIPOHUIIAE-
b 110 HH@, 33 UCKJII0YECHNEM HEKOTOPOI 30HBI MIOJTHOM HEITPOHUIIAEMOCTH .S, TPAHUIIA KOTOPOI OTpAHIIEHA,

pom C € 30HBI HEIPOHUIIAEMOCTH TpoOypeHo K CKBaXKWH, YCThs KOTOPBIX 33/IaHbl KOODINHATAMMA

xkvyk)a ke []-’K] (pHC' 1)
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Pucynok 1. Cxema 30HD AEMOCTHU

it 006J1aCTH JIABJICHIE PABHO TOCTOSHHOMY 114~
croBomy maByiennio Py. Eciu paboraer qumb ognaa k WHA, B KOTOPOIl JaBjeHne pasHo Py, To maBieHne

na miacre P*) (z,y) spisercs pemennem ciie,

rne Cr, — OKPYKHOCTH 60 0 yca Ry.
Ob6pammas 3adaua. Onupege KOHTYp C' 10 JOMOJHATETLHONW HHMOPMAIMY [T0 U3MEPEHHBIM JIABJICHUSIM
B 3aKPBITHIX CKBAYKUH

) =P®) (2, ym), me[l,K], m#k, kell,K]. (2)
Takum o6p , MblpumeeM K (K — 1) u3aMepeHHbIX JaHHBIX:
P1(1) P2(1) Pz((l)
. p® p®» ... p? . 3)
pE) P )

2 Csedenue kpaesotl 3a0a4u K UHMEZDANDHOMY YPAGHEHUIO

Itst TOro, 9TOOBI CBECTH KPaeByIO 3ajJady nyjis ypaBHenus [lyaccoHa K MHTerpajbHOMY yPABHEHUIO, OyIeM
paccmarpuBarh dyukiuio I'puna nyis 3amaqn Jdupuxite B kpyre paguyca Ry:

G(M,MO)—iln d (M, Mo)

= . 4
27 TO'RO'p(M,Mo) ()
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3aece M — mouka ¢ KoopauHaramu (x,y); My — Touka ¢ KoopauHaTamu (Zo, Yo)

p (M, Mo) = \/(x —20)" + (¥ —y0)*, 70 = \/2d + ¥, d (M, Mo) = \/(7“39j — R3xo)” + (r3y — R3yo)

Permenne kpaesoii 3amaqan (1) GymeM uckaTh B CJIEIYIONEM BUIE

Pt ( )—P0+Pk'G(M,Mk)+Pk~7{u(M0)-G(M My) dlyg,

C

DyHKIWs, onpeJiesieHHas BeipazkeHreM (5), yI0BIeTBOPsieT YPABHEHNIO U KPAeBOMY YCIOBUIQ
type Cr,. [oncraBinsas (5) B Kpaesble yciaoBus Ha C, HOJIYyYUM HHTEIPAJBHOE YPABHEHIE
rernuasa p(M):

1

IIJIOTHOCT
dG (M, M, dG (M, M
SH (M) = fu(Mo) Mdlm _ 96 (M, My)

, MecC.
ony onns
c
Onpenesus u3 ypasuenus (6) p (M), naxogum nasierue P (M) B Touk:

piF )). Torna cormacto (5)

BHEUTHEM

UHATAMA (L, Y ) s

BE€JIECHO 0bo3HaUEHNE

Pk (M):P0+Pk~G(Mm,Mk)+Pk-7{y

(7)

Ecmu Bemonmsiercs ycmosue Ry > D, tne D — makcu
pasHeHne (6) MOXKET GBITH 3aIUCAHO B CJIEMIYIONIEM BUJIE

namerp objactu S, TO WHTErpaJbHOE

Oz 2 p2 (M 2 p2 (M, My)
Kak BH/IHO, pellleHne HHTerpajIbHOro ypaR

mysie (5) 3aBucutr or Rp, TaK Kaxk IIpH
dyukiwst Cpuna (4) numeer caeayrompuii

Ry
1 _ 9
¢ p (M, M) ®)
[TosTtomy naBienue npu p l\% 0, coryiacHo (

, IMeeT BU]L

Py, 1
27T M Mk) + %,U/ (M()) h’lmdlMo + C
C

(10)

1+ f w(Mp) dl Mo) IIpucyrcrBue muOkuTENs In Ry CyIIECTBEHHO BJIMSIET HA TOYHOCTH
C

npu Gobmmx Ry Heobxomumo OyzieT pelnuTh UHTerpaibHoe ypasHenue (6) ¢ J0CTATOYHO
0 TOYHOCTH. B MpOTHBHOM CjIydae BO3HUKAET CYyIECTBEHHAas MOTPENTHOCTh. B ¢BaA3U ¢ 3TUM
AUTCSI BUAOU3MEHSTH [IOCTAHOBKY 32189

(1) ms cnydas Gonbiinx 3HadeHnil R
3 Iocmanosra enewmneti sadavwy Hetimarna

Pacemorpum pacupeiesienue nasienust B ciaoe P (z,y) npu Goabmux Ry, Torna P (z,y) Gymer pemeHneM
cJIeAyIolell KpaeBoi 3a1a4un:

AP (z,y) = =Py -0 (x—x1) 0 (y — yr);
apk) -0
on -

(11)
P(k)(ny)—ug(m,y)—)PU, (E2+y2—)00,
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rie

Pk~1 1

v M) =5 0 1 )

(12)
— nasiienue B Touke M ¢ koopauHATamu (Z,Yy) B OKPECTHOCTU UCTOYHUKA M) M B OTCYTCTBUE 30HBI HEIPOHU-
[IAEMOCTH.

Pemmenne 3amaqn (11) GyjaeM uckath B BUJIE

P = Py 4 ug (M) +u (M), (13)

rue u (M) — naBienue, BO3HUKAIONIEE B PE3yJIbTaTe HAJIMYHMs 30HBI HENPOHUIAEMOCTH S, a — 1wIa oe
JIaBJICHIE.
Hasnenve u (M) ynosiersopsier BHemHel 3anade Helimana:

Au (M) =0,
ouM)|  _  oug (14)
on c - on 1C?

u (M) — 0 na 6eckoneunocru. [losryuennas 3ajada CBOIUTCS K MUHTEPAJIb 51 TOTO 9TOOBI

YJOBJIETBOPUTH YCJIOBUIO Ha GECKOHEYHOCTH, pernenue 3aga4u (14) npes

w(M) = 3 dlng,. (15)

r
CZ{M(MO)IHP

Bynem cunmrarh, 9T0 HAYAIO KOODJAMWHAT IIPUHAIJIEKUT HEOTHEDO, u §. DTO TpeJICTABIIEHUE SIBJISIETCS Pe-

meHueM ypaBHeHus Jlamraca u crpeMuTcs K HYJIIO Ha OECKOH TH, TaK KaK % — 1 upu M — oco.
Ioxncrasigas (15) B rpaHudHOE yCJIOBUE, OJLYIUM HHT HO® yDaBHEHNE
mu () = § o D)l = f (M), (16)
C
M
e K (M, Mo) = 52— n 500 f (M)
B cnygae, korma HEOTHOPOIHOCTD YT PaJUyca a, PEIIeHIe MOXKHO IIOJIy9UTh B SBHOM BHUJE:
k r
u =—1In (17)
’ 21 \/r2 412 —2rr cos
rie {r1 = %, p1 =0 0UKa oxenusi ucrounnka. Oyukuust (17) sBiasgercs pemleHueM ypasHeHust Jla-
IJIaCa U CTPEMUTCS K KoHeuHOCTH. OCTaeTcst IPOBEPUTD BBITOJHEHNE TPAHUTHOTO YCIOBHUS
0 1 7 —T1CO8 P (1 ro (ro — acosp) B
—a ror2+7r2—2rricose ) 2m la  a(rg+a%—2argcosp) |
P a — T( COS
== 2 LA (18)
2r 1§ +a® — 2argcos g
UM Tenepsb, cornacHo (14),
i P, 0 P a — T( COs ou
=2 2 = 2rrgeosp = — — — 5 - 0COS¥ =-21 . (9
[ 2 Or|,._, 2r 12+ 7192 —2rrpcos or |,_,

Urak, nokazano, 4ro rpanudnoe yciaosue 3aaaun (14) soimosnsercs, T.e. (17) gBisercs pemeHueM 3ajadu
(14) mnst xkpyra.
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4 Hucaennorli ar2opumm npamots 3a60a4u U pe3yAbmamol, Pacuemos

YHucsieHHOE UCCIIEI0OBAHNE AJTOPUTMA PEICHUS IIPAMOI 3a/1a9u Oy/1eM MPOBOAUTD JJIs CJIyYIas OTHON 3BE3/I-
HOIl obJsiacT HenpoBoxuMmocTu, KOHTYp C' KOTOpOil 3aiaH B MOJISIPHBIX KoopAuHaTaxX T = T (). B sToMm ciydae
SIIPO MHTErpaJbHOrO ypasHeHus (16) MOXKHO MPEJICTABUTH B BUIE

—K(M,Mo)—%npﬂl\f:(r(@,w); Mo = (r (#0) s 0) (20)
K (p,0) = m ((r (¢) cos — 1 (o) cos o) - (1 () cos p) ) sin p+
+ (1 () sing — 1 (o) sin pg) - (1 (¢) sinp — 1’ (p) cos )
L) = \Jr2 (o) + (7 (907 9% (0,500) = 72 () + 72 (ip0) — 2 (9) 7 ( '

IIocne HecmOXKHBIX Hpe06pa30BaHI/H‘/’I MOJIYYUM $IPO MHTEIPAJIBHOTO yPaBHEHUS

e

K (¢, ¢0) = o o0 {T ) =7 (0) (1 (¢) cos (¢ — @)

3amMeTuM, 4TO PO 3TOr0 MHTETrPAJbHOrO ypaBHEHUS HE UMEET OCOOEHHOGBH 1P COBIAJEHUU APryMEHTOB:
K 2 (@) +2r" (p)—r (o)’ (¢) I
(¢, po) — ki) upu g — . [lpasas gacrb AJILHOT

3Baece M — rouka ¢ koopauHaramu (r (@), @), My — 1o c\koopguuaramu (R, or), rae f(p) = K (¢, k)
upu r (pr) = Ry wm

k) + 1 () sin(p — pr))

fle) = (23)
(¢0) cos (¢ — k)
Yuurssas, aro diy, =1 (po) deo, Moo uHTerpasbHoe ypasHenue (16) B Buje
i (o) 1 (%)
T () Ryl K (9, ¢0) 1 (o) dpo = =37+ (24)
! (%) )
Breng wHOBYI0 HemszBecTHYIO DY () = p(p)l(p), nomydanum cieayionee HHTErPAILHOE YPABHEHHE:
27
7 () + [ K (@ign) U o) dgo = =1 (0). (25)
0
Heobxoanmbie 0bpaPHoil 3a1a4u manHble, coriacHo (15), Boraucisiores no dbopmysie
2 2
f o B2, +72(0)~2Rm-17(9) cos(9—@m-1)
) —uo (M) = u® = Py + 3% f Ul 2, (o) 2R (@) cos(p ) P (26)
JIUTEIbHBIE 3KCIIEPUMEHTBI TPOBOJIMIINCE I CIydast, KOraa KOHTypoM C' SBJIAETCS 3JUINIC
ab ae
() = = (27)

Va2sin?p + b2cos2p B Vsinp + 62c032§0’

rze a, b — nosyocu simnca; a € = b/a — sxcuenTpucuTeT uMIca. IIpu 3T70M CYUTAIOCH, YTO TOYKU U3MEPEHUs
1 BO30OYKJIEHHS HAXOIATCH Ha OKPYKHOCTH pajuyca R, t.e. R, = R, nua modoro m. Ilosromy pe3ysbrars
pactuera u*) apucsT or GespasmeprHoro mapamerpa £ = b/a, MecTa PaCIOTOKEHIsT HCTOTHIKA, (f I H3MEPEHI
Pm-

Ha pucynke 2 IpuBeeHb! 3HaUeHMsT qaBerns u

mpu € = 0,5, R, =3.

k) B 3aBUCUMOCTHU OT Py, IPU PAZJIUIHBIX 3HAYCHUAX Pk,
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§s

e e o o

00082
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0 Aie #
00150 )
D
-00as
PI/ICyHOK 2 3Ha‘IeHI/IH JaBJICHUA B 3aBUCUMOCTH OT pa,CHOJIO}KeHI/Iﬂ CTO HIA

IIJIH uccjea0BaHusd 9yBCTBUTEC/JILBHOCTH U3MEPAEMbBIX BEJIMNYINH K IIOJIO!
Ta€eMOCTHU IIPOBOJUJINCH PaCYeThI 3HaYEeHUN ’Lt(k) B ™ TOYKaX OKPYzKHOCTU

epaM 00JIaCTH HEITPOHM-
nyca R, = 3. Ilpu paznmumanasix

k), (k k
dopmax symunca (MeHIeTCs SKCUEHTPUCUTET JJUIUIICA € ) BLIIIH@] BeJIInHa ¢ () = ul(ni)n Julbl | e ufni)n
k
u ulh), — Munnvaibroe 1 Maxcumasbaoe snauenns u(t) B Toukax HIS.

JIj11 IPOBEPKM TOYHOCTH PENICHHs MPAMOIl 3a1a49u IPOBO,
JIACTH HEIIPOHUIIAEMOCTH, UMelomeil (hopMy Kpyra 1o hopmy.
HUEM HHTerpaJjbHoro ypasHenus (16) u dopmyssr (15).
BBIUUCICHHOE C UCHONB30BAHUEM AHAJTUTHIECCKOTO Pe
ro ypaBHEHHs, COBIAJIAET C JOCTATOYHO GOJIBINON
0,001 %).

Ha pucynke 3 npuBeJieHbI pe3yJIbTATHI PEfIICHN

AaBHCHUE YHCJICHHBIX PAacCY€TOB JJId 00-
pemenusd, IIOJIY9IeHHOro ¢ UCIOJIb30Ba-
€ HCCJIe/IOBaHue IIOKa3aJlo, YTO JaBJICHUE,
91 U IMOJIyYEeHHOE C ITOMOIIBIO MHTETrpPpaJIbHO-
IO (IIOI'PEIHOCTD BBIYUCJIEHUIT COCTaBJIIeT MeHee

[CJILHO 0OpaTHO# 3ama49u. 3/1eCh CIIONIHON JIMHHUEH

IIOKa3aHO TOYHOE DPACIOJIOKEHHE SJIUITUYCCKO OJTHOPOITHOCTH, IIYHKTUPHON JIMHHUEHl — BOCCTaHOBJIECHHOE
PacIIoJIOzKeHNe HEOITHOPOJHOCTH IS 13 us € eHHOI norpemnocTrio 2,5 %.

-2

-2

PI/ICYHOK 3. PeSyﬂbTaTbI BOCCTAHOBJIEHUS SJIJTANITUIECKON HEOJHOPOIHOCTHU

ITpu pereHnn MOJIETBHON 381891 UCTOYHUK HAXOJWIICS B BOCBMHU CKBaxkMHax ¢ KoopzauHatamu (0.0, 2.0),
PaCIOJIOKEHHBIX Ha OKPY?KHOCTH ¢ pajuycoM 2 u marom 7 /4. Kpome Toro, npoBoAuIoch H3MepeHNe JaBJIeHHs,
JUIANITHYIECKAsT HEOIHOPOJHOCTh uMesa mapaMerpbl ¢ = 1.5, d = 0,8, § = w/4— yroa moBopora 3JuIAICA,
¢ nearpom (—0.25, 0.25).

Cepusi «Maremarukas. Ne 4(84)/2016 129



M.A. Cynaranos, I'B. Bakanos u zp.

Paboma ocyuecmeaena npu durancosoti noddepocke Munucmepemea obpasosanus u wayku Pecnybauxu

Kasaxeman (npoexm 0115PK00681).
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KinrieTkisrimrik aiiMarblH aHBIKT ecebiH HIeNIydiH,

CaHJBIK, aJIr'0

Tarbl KilIIOTKI3MIIMTIK aliMarblH TIKTEY Kepi
/18 eCenTil KOWbLILIMBI MEH KabarT i ie-
eyJIep YIIIH MIEeTTIK eCenTep/Ii IIeNry 9iCTEPiHIH,
nren. Ecenri menry/iin urepanusiiblK aJropuTMi

MakaJsaa YHFBIMA/IAFbl KbICBIMHBIH, eJIeysiepi GoibIE
Il KbICBIMHBIH, YJIECTIPLIIiMi 3€PTTEJITeH, SJINIITUKA

TEOPHUSACHl KOMETriMeH eCell HHTEIDAJIIBIK, TEHA
YCBIHBIJIFAH, Y/TLIIK ecernTep YIIiH ecernTeye

M.A.Sultano .BiBakanov, I.LE.Svetov, B.B.Ustemirova

A numerical algorith olving the inverse problem of determining

130

low permeability zone

eCo, cting the boundaries of low permeability zones of the reservoir for pressure
mulation of the problem is investigated and the pressure distribution within the
does not change across the layer, using the theory of solving boundary value
equations, the problem is reduced to the integral equation. An iterative algorithm for
computational calculations performed for model problems.

The inverse proble
measurements in (W
layer when
problems
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