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Beenenue

VYTIIeBOIOPOJHOE CBIPEE OTHOCUTCS K LIEHHBIM HEBOCITOJIHSIEMBIM peECypcaM.
[ToaTomy KpaiiHe Ba)KHBIM SIBJISIETCS BBIOOp pallMOHAJIBHOW CHCTEMBI pa3pabOTKU
MECTOPOXKIAEHUM, KOTOpas BO MHOIOM OIIpEeAeNsieTcss O0BbEMOM U TOYHOCTBIO
uHpoOpMallMu O IMapaMeTpax IMPOJYKTUBHOIO IUIacTa M CBOMCTBax (Quironja.
[IpombICcTIOBO-HCCEAOBATENIBCKUE PAa0OTHl HAa CKBaXUHAX — TIeoPU3NYECKUE,
TMJIPOJAMHAMMYECKME M Ta30KOHJCHCATHBIE  HCCICHOBAaHUSA  SIBISIOTCA
OCHOBOIIOJATAIOLIMMH CTIOCO0AMU MOJTYYEHHS 3TOM nHOpMaLuu.

OCHOBHBIM METOJIOM HU3YUYEHUSI COCTOSIHUSI CUCTEMBI «IJIACT-CKBAKUHA) Ha
CETONHSAIIHUN  JI€Hb  SIBJIETCSI  HCCIENOBAaHUE  Ta30BBIX CKBAXKWH  Ha
YCTAaHOBUBLIUXCS pexuMax (uibTpanuu. Pe3ynbTaTbl Takoro McCCieI0BaHUS
MO3BOJIIOT ONPEAEIIUTh MOTEHI[HAIbHBIE BO3MOXXHOCTH CKBAXXHHBI 110 100bIYE ra3a
U KOHJIEHCATa, OLEHUTh NPOAYKTHUBHYI XapaKTEpUCTUKY CKBaKMHBI. [lomMuMoO
3TOr0, JAHHBIA METOJ TO3BOJISIOT YCTAHOBUTH MAKCUMAalbHO JIOMYCTHUMYIO
IUIACTOBYIO JICTIPECCHI0, TEMIEpPaTypHBIM peXUM M YCJIOBUS O€3BOJHOW U
0e3ruapaTHON padOThl CKBAKUHBI.

Opnako omnpeneneHrne (QUIBTPALMOHHO-EMKOCTHBIX CBOWCTB IIIacTa ¢
NOMOILBI0 WHJIMKATOPHOM JuarpaMMbl YK€ JAaBHO CUHUTAETCS HENPHEMIIEMBIM.
Jlaxke Ha HEPTAHBIX CKBaXXMHAX MOTPEUIHOCTh UX onpeaeneHus npesbimaet 100%.

[ToMHMO 3TOrO, Ba)KHBIM SIBJISIETCS TOYHOE OIpejaesieHue KodppuiueHra
(GUIBTPALIMOHHOTO CONPOTHUBIICHUS B, KOTOPBIN HCTIOIB3YETCS MPU UHTEPIIPETALIUN
KB/I. Takxe xoadduimeHT (GUIBTPallMOHHOTO CONMPOTHUBJIEHUS B MoOXeT ObITh
UCIONIBb30BaH JUIsl pacuera D-daxrtopa, ompezensromero MponoplroHaIbHOCTh
pacxojy 4acTU MHTETpabHOTO CKUH-(DaKTOpa, OTBEYAIOLIEH 3a CKOPOCTHBIE TOTEPU
rasa.

HccnenoBanusi k€ Ha HEYCTAHOBHUBIIMXCS pPEXUMax (QUIbTpaluu
MO3BOJISIOT  ONpPENeNuTh  (UIBTPAIMOHHO-EMKOCTHBIE W DHEPreTUYECKUe
mapaMeTpbl IJIacTa, COCTOSHUE MpU3a00MHOM 30HBI:  THJIPOIPOBOJIHOCTb,

MMPpOHNLACMOCTD, IIACTOBOC AABJICHUC, CKI/IH-(l)aKTOp U T.AO.



[Ipu >TOM TpamWIIMOHHBIE METOABI WHTEPHPETANUA KOMOWHUPOAHHBIX
['IUC obmamaroT psaOM  CYNMIECTBEHHBIX HEAOCTATKOB. Tak, BO-TEPBBIX,
IJJAHUPOBAHUE MCCIIETOBAHUM 10 UX MPOBEACHUS IPUBOAUT K MPOCTOSIM CKBAXKUH
Y, CBSI3aHHBIM B TOM YHCJIE C 3TUM, 3HAUUTEIbHBIM MaTepUalIbHbIM 3aTpatam. Bo-
BTOPBIX, TPAJAUIIMOHHBIE rpadoaHanuTHueckue Metoasl uHTepnperanuu I'IUC He
MO3BOJIAKOT ONEPATHUBHO OINPEIETATh IMapaMeTpbl NPOIYKTHBHBIX IUIACTOB U
CKB)XKHH B ITPOIIECCE MPOBEICHUS CCIICIOBAHUI B PEKUME PEATLHOTO BpEeMEHH 0€3
y4acTus KBaU(DUIIMPOBAHHOTO CIEIUANKNCTA (MHTEPIIPETATOPA).

Bmecte ¢ Tem B HacTosilee BpeMsl  YBEIMYMBAECTCA  YHUCIO
WHTEJJICKTYaJIbHBIX CKBa)XKUH, OCHAIIEHHBIX CTAallMOHAPHBIMH WHQPOPMAIIMOHHO-
U3MEPUTEIbHBIMU CHCTEMAMHM, YTO I[IO3BOJISIET IOJY4YaTh [aHHBIE B PEKUME
peanbHOro BpeMmeHu. [lo 3Tol mpuymHe ceroaHs TpeOyITCs HOBBIE TEXHOJOTUU
MIPOBEJCHUS HUCCIIEIOBAHUIN U UX UHTEPIPETALUU.

Lenpro maHHOM pabOTHI sBIAETCS pa3paboTka MOJENEH U aJrOpUTMOB
aJanTUBHOW HACHTHU(PUKaUMU U HHTeprpeTanuu kKoMOuHupoBaHHbIX ['JIUC 1o
WHJMKAaTOPHOW JuarpaMMe W KPUBOW BOCCTAHOBIICHUS JABJICHUS, MOBBIIICHUS
TOYHOCTH OIIEHOK MapaMEeTPOB ra30BBIX MJIACTOB U COKPAIICHUSI BPEMEHU MPOCTOs
CKBaXUH.

B pamkax 0603Ha4€HHOM 11€IM paCCMAaTPUBAIIUCH CIICAYIONINE 3a/1a4u:

1. Pa3paboTka Mojeneit u airopuTMOB afgantuBHou uaTepnperanuu UK ¢ yuetom
JOTIOJTHUTEIHHON anpuOpHOM HHPOPMAIIUU U C PA3MHOKEHUEM MPOMBICIIOBBIX
AHHBIX 3a00MHOI0 JaBJIEHUS U 1EOUTOB CKBAKUHEIL.

2. Pa3paboTka u uccieqoBaHue aarOPUTMOB aganTuBHON uHTEeppeTaruu KB/ ¢
y4e€TOM MEPEMEHHOTO J1e0uTa CKBXUHBI JI0 €€ OCTAHOBKU M PE3yJbTAaTOB
uHTepnperaunu MK.

3. PazpaboTka u uccineqoBaHNE AJTOPUTMOB U MPOTPAMMHBIX CPEACTB Mpolecca

amanTuBHOW uHTEpIpeTaruu komonaupoBanubix ['JIMC(UK-KB/I).



AHHOTANUA

[Ipu  wuccienoBaHMM  CKBOXKHMH  Ta30BbIX W Ta30KOHACHCATHBIX
MECTOPOXKACHUI 00s3aTeNIbHBIM SIBJIIETCA NMPOBeAeHUE KOoMOMHMpoBaHHbIX (M/I-
KBJl) razommnamuueckux wucciefoBaHuil. B Hacrosiiee Bpemsi yBEIHMUMBACTCS
YUCJIO  MHTEJUICKTYalbHBIX  CKB&XXMH,  OCHAIICHHBIX  CTAI[MOHAPHBIMU
WH()OPMAITMOHHO-U3MEPUTEITLHBIMU CUCTEMaMHU, KOTOPBIE IO3BOJISIOT IMOTy4YaTh
3200l HBIC TapaMETPhl CKBAKUHBI B PEXKUME peaibHOro BpeMeHu. O1HaKO MOAXOAbI
K MIPOBEJICHUIO UCCIICIOBAHUHN U UX UHTEPIPETALINH JI0 CUX TTOP TPUHIUITHAIBHO HE
MeHsarTcs. McenenoBarensckue paboThl, B OCHOBHOM, HAMPABIIEHBI HA YIy4YllIEHUE
TPAAULMOHHBIX METOJIOB, KOTOPBIE MPEAIOIATraloT MIAHUPOBAHUE UCCIEAOBAHUN
3apaHee. [Ipy 3TOM IUIAaHMPOBAHUE MCCIEAOBAHMI 10 MX MPOBEACHHS 3a4acTYIO
MPUBOJUT K MPOCTOI0 CKBAXHUH, YTO CBSI3aHO CO 3HAYMTEIbHBIMU MaTE€pUaIbHBIMU
3aTparamu.

B cBsizu ¢ 3TUM 1enbi0 JaHHON paOOThl OBUIO MOCTABIEHO CO3JaHUE U
UCCIICIOBAHUE aJITOPUTMOB, MOJEJIEM M MPOTPAaMMHBIX CPEACTB pean3aluu
aJanTUBHOM  HJCHTHU(PUKAIMA W HUHTEpPHIpPETAllMM  KOMOWHUPOBAHHBIX
ra3oJIMHAMUYECKUX MCCIICIOBAHUN CKBaXKWH, ITO3BOJISIONMIUX TOJIy4aTh OoJjee
TOYHBIE OIIEHKH MapaMeTpPOB Ta30HOCHBIX IUIACTOB M 3HAYUTENBHO COKpALIATh
BpeMsI IPOCTOSI CKBAXKUH.

OOBEKTOM HCCIEAOBAHUS SABJISIIOTCS PpE3yJIbTaThl KOMOWHUPOBAHHBIX
ra3oIMHAMUYECKUX MCCIEIOBAHUM CKBAXUH Ta30KOHIAEHCATHBIX MECTOPOKIECHUMN
ceBepa TrOMEHCKOM 00JacTH.

[lepBbIit pa3gen MarucTepcKON JUCCEPTAIMM OIKCHIBAET MPOOJIEMBI H
MEPCIEeKTUBBl  Pa3BUTHUS  METOJOB  MACHTU(UKAIUM U UHTEpHpeTaluu
ra3oJMHaMHYEeCKUX HCCIeOBaHUM CKkBaxuH. Ilpu 3TOM  BbIOEIEH Pl
CYILIECTBEHHBIX HEJOCTATKOB TPAJAUIIMOHHBIX METOJIOB. Tak, MOMUMO yIIOMSIHYTOTO
BBIIIE MPOCTOSI CKBaKMH, HEBO3MOXKHOCTh ONpENENICHUsI MapaMeTpoB IUIacTa Mo
Mepe TOCTYIUIEHHS] HCXOIHBIX JaHHbIX HE TO03BOJSET NPUMEHATh HX B

COBPEMCHHBIX CHUCTCMaAx OHepaTHBHOﬁ 06pa60T1<1/1 JaHHBIX HMHTCIJICKTYaJIbHBIX



ckBaxuH. OJHAKO OMUCAaHHBIA B pa3leie METOJ aJalTUBHON HMHTEPHpETALNU
pemaer 3Ty mpoOiemy, oOecriedyuBas BO3MOXKHOCThH OIpPEACNICHUS TapameTpoOB
IJjacTa ¥ BPEMEHU 3aBEPUICHUS] UCCIIEAOBAHMI HEMOCPEACTBEHHO B MPOIIECCE UX
MPOBEJICHUSA B PEXKUME PEaNbHOrO BpeMeHU. Bmecte ¢ TeM craBuTCs 3a1ada
opraHuzainuu copmectHor o0padotku M| u KBJI, co3manus cCOOTBETCTBYIOIIUX
MOJIeJIe ¥ aJanTUBHBIX aJITOPUTMOB UJICHTU(UKAIIUN U UHTEPIIPETAIIUH.

Bo BrOpom paszzmene MpPEenCTaBICHO ONKHCAHUE  HEMOCPEICTBEHHO
aITOPUTMOB U MoJieJiel afanTuBHOM uaeHTuukamuu u uarepnperanuu I'/JIUC no
NJI ¢ pazMHOXKEHHEM JaHHBIX M Bcero Komruiekca komOuHupoBanusix ['/IUC mo
NI n KB/l ¢ nepemeHHBIMH IapamMeTpaMy U Y4ETOM JOTIOJIHUTEIBHOW alpUOPHON
nHopmanuu. IlpuBenennas cucrema B3aumoaeicTByromux moaeneir MJ1 n KB/
MO3BOJISIET ONMPEAENATh UICKOMBIE MapaMeTphl (KO3DPUIUEHTHI PUIBTPAMOHHOTO
COTNIPOTUBRJICHUS, TIJIACTOBOE JaBJICHHUE, IPOBOIUMOCTD, IThE30IIPOBOHOCTD, OOIITHI
1 MEXaHUYECKHUI CKUH-(PAKTOP CKBaKUHBI), HECOOXOMMOE YHCIIO PEKUMOB U BpeMs
3aBEPIICHUSI TUAPOJAMHAMUYECKUX HMCCIEAOBAHUN. BmecTe ¢ TeM HMCIOJIb30BaHUE
JIOTIOJITHUTEJIFHOW anmpuOpHOM HMH(pOpPMAIMK U TpoIecca CUCTEMHON WHTerpaluu
mozenert MJ1 u KB]] no3BosisieT monydath 00Jiee TOYHBIE U YCTOMYMBBIC OLICHKU
napameTpos. [Ipy 3TOM cokpaleHne KoJIm4uecTBa peXUMOB UccaeaoBanuii mo M/ u
COKpalleHus BpeMeHu 3anucu KB/l 103BOJIIET CYIIECTBEHHO COKPAaTUTh
MaTepHUaJIbHbIC 3aTPAThl, CBA3aHHBIC C MPOCTOEM CKBAYKHH.

B Tpetpem pazgene mpoBeIEHO HCCIEIOBAHWE TOYHOCTH HHTEPIPETALIUU
koMOuHupoBanHeix ['JIMC Ha mnpumepe ra3oBbIX UM Ta30KOHIEHCATHBIX
MectopoxkaeHuit 3anmagHoit Cubupu. 37ech HMHTEpHpeTanus MPOBOAWIACH KaK
TPaAUIIMOHHBIMU MeToJlaMH, B T.4. ¢ npumeHeHnuem IIK Saphir, tak u
COBPEMEHHBIMM METOJaMU aJanTUBHOW HACHTU(DUKAIMU W HHTEPHpETaluu C
IIEPEMEHHBIMU [TAPAMETPAMH, PA3MHOKECHHUEM JIAHHBIX U YYETOM JOMOJHUTEIBHOMN
anpuopHoit  mHpopManmu. [lodydeHHbIE  pe3ylabTaThl  MOKA3bIBAIOT, UTO
MPEIOKEHHBINA B pabd0TE METO/ TTO3BOJISIET ONPEEATh MapaMeTphl IJ1acTa, YUCIIO0
PEKUMOB MCCIEIOBAHUSA U MNPONOJDKUTENBbHOCTh 3anucu KB/ mo wMepe

MNOCTYINUICHUSA UCXOJHBIX JAHHBIX, YTO MOKCT OBITH p€aln30BaHO HCIIOCPCACTBECHHO



B IIpolleCCE MPOBEIAEHUS HCCIENOBAHHUS B PEKHUME pEATbHOIO BPEMEHHU C
NPUMEHEHHEM COBPEMEHHBIX CPEACTB OOpaOOTKH [aHHBIX WHTEIJIEKTYalbHBIX
ckBaxuH. [Ipu 3TOM JaHHOE MPEUMMYIIECTBO MO3BOJSET 3HAYUTENBHO COKPATUTH
BpeMsl MPOCTOSA CKBaXUH. Tak Xe W3 pe3ysbTaToB BUAHO, YTO 3a CUET y4yeTa
JOTIOJTHUTEIBLHOW anpuoOpHOM HWH(GOpPMAIMU TOYHBIE M CTAaOWJIbHBIE OILICHKHU
napamMeTpoB IUTacTa MOTYT OBITh IMOJY4YEHbl HAYMHAsi YXKE CO BTOPOTO pexuMa
uccienoBanuii. Enie oJHUM 3HaYMMBIM IPEUMYILIECTBOM SIBIIIETCA TO, UTO METO[
MOKET OBbITh peau30BaH 0€3 y4acTusi KBAIM(PUIIMPOBAHHOTO HHTEPIPETATOPA.

B derBeproM pa3nene MNpEACTaBICHO OINPEACICHHE PECYPCHOW H
PKOHOMHUYECKOH 3(h(PEKTUBHOCTU MPUMEHEHHUSI TPEII0KHOTO B pabote Meroaa. Tak
KAaK OJHUM M3 TJIABHBIX INPEUMYIIECTB METOJA SIBJISAETCA COKpPAILIECHHUE IPOCTOS
CKBOXMH, B paboOTe NPHUBEAEH pacyeT CHIKEHHS MAaTepUajbHBIX MOTEPh IPHU
COKpAILIEHUH NPOAOJDKUTENBHOCTH HccieqoBaHuil Ha 24 4vaca. Tak, BO-IepBBIX,
pacCUMTaHO  COKpAIleHWE pPacxXOJOB  HEMOCPEACTBEHHO Ha  IPOBEICHHE
uccienoBaHuii. B gaHHble pacxonpl ObUIM BKIIOYEHBl 3apa0oTHas Iulata H
CTPaxOBBI€ BBIIUIATHI, AMOPTU3ALMOHHBIE OTUMCIIECHUS, PAacXOAbl HAa MaTepHalbl,
IpoYuMe M HaKJIaJIHble pacxojbl. Bo-BTOphIX, ObUIa paccuMTaHa BBIPYYKa,
HEJOMOJIyYeHHasi B pe3yJibTaTe MpeKpaleHus: padoTbl CKBAKMHBI Ha TEPHOJ
uccienoBanus. Pe3ysbraTel MOKa3bIBalOT, YTO UMEHHO HENOIOJIYYEHHAs! BBIPYyUKa
COCTAaBJISIET OCHOBHYIO A0J10 (98%) MaTepuaibHbIX OTEPb.

[larerit pazmen pabOTHI TMOCBAIIEH COIUATBLHOM OTBETCTBEHHOCTH TMIPH
NPOBEICHUH Ta30JAMHAMUYECKUX HCcheoBaHui CckBaxkuH. lIpoBeneH ananm3
BO3JICUCTBHS U CPEICTB MHAMBUAYAJIbHON U KOJUIEKTUBHOM 3allIUTHI OT BPEAHBIX U
OTMACHBIX MPOU3BOACTBEHHBIX (akTopoB. Hambonee BpemHbiM (pakTopoM mpH
nposenennn ['JIMC sBisieTcss BO3A€MCTBUE NMPUPOJHOIO ra3a U COMYTCTBYIOIINX
BEIIECTB, MOMAJa0IUX B pabouyl0 30HY B pe3ysbTaTe yTe€YeK WM B IMpoLecce
orbopa npoO. OnucaHbl UCTOYHUKUA M BO3JCHCTBHE MEXAaHMYECKOH OIMacHOCTH,
MPaBUIIO BJIEKTPO- U MOKAPOOE30MaCHOCTH. PaccMOTpeHbI BIMSHUE HCCIIEOBAaHUMN
Ha OKPYKaIOIIyI0 Cpely M MEpONpusTUS TO ee oxpaHe. Brimenensl Hanboiee

THUIINYHBIC IIpe?;BBI‘I.':‘lI\/’IHBIC CuTyaliuyd, MCPbI 110 WX MPCAYINPCKACHUIO U



JUKBUOAIINH. ITomumo 9TOro, pacCMOTPCHLBI OPraHHU3AIHMOHHBIC U HOPUANYCCKUC

acreKkThl o0ecreyeHns 6€30MacHOCTH MPU MPOBEACHUN UCCIIETOBAHUIM CKBAKHH.



Models and algorithms for adaptive identification and interpretation of

combined gas well tests by IPR curve and pressure buildup curve

1 Models and algorithms for adaptive identification and
interpretation of gas well deliverability tests by IPR curve with

generating data by power law

The basis to develop algorithms for gas well deliverability test data
interpretation is an integrated system of IPR curve models with variable parameters

dependent on the number of the test stage, and takes into account of generated values

of squared bottomhole pressure y ., additional a priori data on the formation pressure

2

p.and flow coefficients a,,b. :

rn

Y, = prz,i —ag,-hgl +& =y, +&,i =1n,
— R
yj:yj_'—’]j!pr,n:pin+vnyJ=1’|’ . (1)

an=a,+&.,,bn =0, +¢&,,,n=2,nk,

where Y, = |DV2“,qi — values of squared bottomhole pressures and flow rates obtained
at test stage number i;

P..v,=p,, — estimates of formation pressure and generated values of
squared bottomhole pressures;

y, = p*;-a,q,-b,q; — values of squared bottomhole pressures given by model
(1.2) with generated values of flow rate q;

nk — unknown parameter that determines the number of test stages of well n
to ensure the required accuracy of the formation pressure estimate and flow
coefficients pz,a ,b ;

Sl V€&, — random variables, i.e. errors in measurements, recovery

data, and estimates of flow coefficients, as well as deficiencies of gas filtration

models etc.
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The additional data on formation pressure p; and parameters estimates A

and y, of model (1.11) can be obtained by solving the following optimization

problem:

an =argmin Y (¢ -y (e, ~)") @
i=1
where argmin f () IS minimum point x* of function f(x) (f(x*):mxin f(X);
ar= (P, An.y,) — a vector of estimates;

f 1S a known function. The additional data on flow coefficients a..b, can be

obtained from the system of linear equations:
Z, =aq, +bqi2’i :L_n (3)

which is the result of grouping models (1.2),(1.11) for depression pz— pz where

z, ="3q/2. , q, is a value of the flow rate obtained at test stage number i;

An,y, are optimal estimates obtained by solving problem (2).

The optimal values of squared formation pressure P;, and flow coefficients

a_,b. 0f model (1) represented for convenience as matrix

T (4)

y.=FRa, +§ . k=1n+l,
(;k(n) =a, +1,,n=3nk,

are calculated using the method of adaptive identification by solving optimization
problems (5),(6)

a;(Bk'hk)Zarg nlin(Jo(ak1hk)""Ja(ak’Bk))’ (5)

B..h =arg g:,lh? Jo(o (B, h) (6)

where y, =(y,.k=Ln+l,n=3,nk)=(y;,y,,i=Ln, j=11,n=3nk)" IS a combined vector of

initial data and generating data on squared bottomhole pressures;
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F.=(¢,.@) k=Ln+l,n=3nk —acombined matrix of vectors ¢, =(Lg,5’),i=i,n
and ¢, =(Lq,.q; ), j=11;
o, = (o, = P2 @y, = 8,0, =b,).k=Ln+l — a combined vector of parameters
(@;,0,,i=1n,j=11)" of initial data and generating data;
) = (auk = P,y @2k = A, aax =), — & vector of additional a priori data obtained

at stage number n;

n-+l T . 3 —
‘]O(ak)zzwk(hk)'!/lo(yk_q)kak)"]a(ak"}k):ZBj,kl//a(a)j,kajvk_aj,k) — measures of
k=1 =1
model (6);
B =@, i=13) — a vector of control parameters defining the importance

(weight) of additional a priori data j«, j=13;

w,.w, are known functions;

o ((k=i)/h),i=Ln+l-Lk=Ln+l) — a weighting function with decay
parameter n, to secure adaptive identification and interpretation (w(x) < o(x,),x <x,);
kr,, — an adjustment parameter for additional data Ty

The solution on the time for deliverability test with the resulting IPR curve
to be completed can be taken via visual analysis of the graph (see figures 2-4) or

using the criterion for estimates stabilization, where nkis such test stage k that

‘(a;,k (B?,k’h:)_a;k—l(ﬁ?,k—l’ h;—l))/a;k(ﬁ}k’ h:) ‘S & i= 1,_3; k =Ky, Ky +1,... (7)

is a valid inequality, where ¢; is required accuracy.

It is noteworthy that there are many strategies to generate data of IPR curve
Y, = p%.q,i=1n to define values of additional flow rates q ; and bottomhole pressures
y,=p.;. i=11 (1). In this research we use a simple method to generate data of the IPR

curve that the total number of data n+l is doubled n=l,

(8)
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I3""*]:IDW,i_'_Aipr,i+(F>W,i-¢—1_|:>w,i)/2 ! qj:ﬂn(p'ﬂn_p ')yn’J: ’n

2

where p, , 1.y, are the estimates of power law parameters for gas filtration (1.11)

rn?

obtained by solving problem (2).
The algorithm given below represents the method of adaptive interpretation

of the IPR curve with generating data:
1. Forming combined vector y, (1) of initial and generating data g, 0., (8),

beginning with the minimum number of test stage n = 2.

—2 —

2. Defining the vector of additional data e« = (c1x = p, ,, a2 = ax,aax =bi),,, DY

solving problem (2) and system of linear equations (3).

3. Selecting measures of model (4) quality 5, (e, .h.),J, (o,.B,) -

4. Solving problems (5), (6) using the appropriate method of function
optimization.

5. Checking condition (7): if the condition is fulfilled, the test is completed;
if condition (7) fails to be fulfilled, the next test stage n+1 is arranged, and one
should start new research with step 1 of the algorithm.

The results of a case study of the deliverability test with the resulting IPR
curve run in wells 1 and 2 of the Urengoy gas and condensate field are given in
figures 1-4 and tables 1, 2.

For example, figure 1 shows the IPR curves for wells 1 and 2, initial data on

five test stages and generating data on bottomhole pressure and the flow rate.

w
w
o

- —— |SM —8— MA| —&— RLSM &

c -B—welll —o— well2 c 320 |
g 3 + 315 ’i
) 3 9]
S 550 EI\A\ g 310
a E\A 2 305
S 200 V@\t S 300
@ SN c
S O S 2%
< 150 = A
[= = S 290
=) IS
% 100 S 285 A&
m % 20 |

50 275

50

10

0 150 200 250 300

350

400

w
N
w

1

2 3

4

5

Flow rate, thousand m3/day
Figure 1 — Initial and generating data (A) of
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Figure 2 — Formation pressure
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IPR curves for wells 1 and 2 estimates for well 1

Figures 2-4 show the estimates of formation pressure and flow coefficients
of well 1, which are obtained using the following techniques:
1. the method of adaptive interpretation (MAI) (5) with quadratic measures

of quality w,(x)=w,(x)=x* by solving the system of linear equations when
kr, = (kr,,, j=13) and B, =B, j=13.

(FTW, (W)F, +B 1) a; (Be,h) = (FIW, (R))y, +B; -kr, -0 ), k(n)=2n, k=4.5,..., nk (9)
where the estimates of control parameter g: and decay parameter n- are defined by
solving problem (6) using the downhill simplex method;

W (h;) = diag (exp((k —i) / h),i=1,2n-1) is a diagonal matrix of weighting function
values;

2. the least squares method (LSM) from (9) with B, =0, axm =0

3. the regularized least squares method (RLSM) from (9), with i =0,
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180 —— LSM ——|MA| —&+—RLSM | /'4 0.40
§160 / § 035 \\
o~ 140 - 030
E 120 / E”
§ 100 / -c% 02 \
> / 4 0,20
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S 20 T‘/‘ =005 g liem —— VAT | —a— RISM
0 = 0,00
0 1 2 3 4 5 6 0 1 2 3 4 5 6
Number of test stages Number of test stages
Figure 3 — Estimates of flow coefficients a Figure 4 — Estimates of flow coefficients b
inwell 1 inwell 1

Table 1 shows the estimates of flow coefficients and the formation pressure
of well 1 given by different methods.
Table 2 gives the estimates of the formation pressure and flow coefficients

ake = @k = P, a2k = ax, @ =bi),, Of wells 1 and 2, which are used as additional data

in (1) and obtained by solving optimization problem (2) using Gauss-Newton

method with f(x)=x? and the system of linear equations (3).

14



Table 1 — Flow coefficients and formation pressure estimates of well 1

Number of | The total Flow coefficient estimate Formation
the test amount pressure estimate
Method * LR
Stage (n) of (.j|_a|ta a* - a;,k (ﬁk*'h;) ’ b* = a’;k (ﬂ;’ h;) , pr,n = al,n (ﬂn ] hn) ,
() atm?(thousand atm?(thousand atm
mé/day) m®/day)?

MAI 68,946 0,27598 290,796

2 4 LSM 73,018 0,26637 291,526

RLSM 20,435 0,38926 281,848

MAI 68,210 0,29952 292,269

3 6 LSM 64,580 0,30625 291,434

RLSM 29,748 0,37209 283,458

MAI 78,432 0,26463 293,155

4 8 LSM 171,571 0,11765 317,287

RLSM 70,963 0,27660 291,165

MAI 88,974 0,23809 294,626

5 10 LSM 189,760 0,08333 321,264

RLSM 80,811 0,25000 292,252

Table 2 — Additional data

] Flow coefficients
Number of Formation

the test Well pressure p, ., a, atm?/(thousand b, atm?/(thousand

stage (n) atm mé/day) m3/day)?

2 1 226,3 29,866 0,23840

2 286,8 46,844 0,32772

3 1 225,7 29,001 0,23406

2 285,2 31,319 0,38070

4 1 225,3 23,875 0,25546

2 286,8 49,194 0,32053

5 1 225,3 24,810 0,25108

2 289 61,940 0,29035

As can be seen in figures 2—4 and table 1, the suggested method of adaptive
interpretation of the IPR curve with generating data as well as taking into account
additional data allows obtaining more accurate estimates of the formation pressure
and flow coefficients with less amount of field data, compared to the method of least
squares. For example, for the adaptive interpretation method, three test stages are

enough (see figures 2—4 and table 1).
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2 Models and algorithms for adaptive system identification and
Iinterpretation of combined gas well tests by IPR curve and pressure
buildup curve with variable parameters and with regard to

additional a priori data

Introduction of the pseudo-pressure function, as well as the averaging of the
fluid properties in the range of possible changes in the thermobaric conditions,
allows us to generalize the analytical dependencies used for the liquid on the
conditions of the gas-bearing formation, and also use a full arsenal of
methodological tools in gas wells.

However, if it is necessary to take into account more reliable data on physical
properties of the pressure gas, and the piezoconductivity of the reservoir can not be
regarded as a constant, a reliable estimate of the parameters of the formation is
possible only by combining it on the basis of a numerical model describing filtration
processes in the collector. However, this does not completely exclude the diagnosis
of the main flow regimes and the model of the "well-reservoir" system using a
logarithmic derivative.

The use of multicyclic well tests by the "IPR-PBC" technology for a liquid
is only an additional means to improve the reliability of the results. The use of such
technologies is a required condition in gas reservoirs. The nonlinearity of the
filtration law necessitates a complex analysis of the results of multicyclic combined
well tests. It proves itself as an additional skin factor proportional to the flow rate.
The coefficient of proportionality is known as the "D-factor".

To estimate the value of the D-factor the value of the integral skin factor S;
is determined in several cycles of pressure buildup differing in the flow rate Qcmi.

Points with coordinates {Qcmi, Si} are applied to a cross-plot and
approximated by a linear relationship. The tangent of slope of this linear relationship

is numerically equal to the value of D-factor.
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As mentioned above, a significant effect on the behavior of the gas-bearing
formation in the course of well testing is exerted by a significant dependence of the
gas density on the pressure, and at high rates - the nonlinearity of the filtration law
also. For this reason, the integral skin-factor is related to the flow rate. To research
this relationship, well tests are needed on several test stages that are characterized
by depressions on bottomhole formation zone. If you evaluate the skin-factor only
by one cycle, then it will usually be abnormally high even in the absence of

significant contamination of the bottomhole zone.

In general, the interpretation is realized in the following sequence:

1. At the first stage, the traditional interpretation of the long pressure buildup
curve is performed, with identification of the radial flow and the
determination of the formation's filtration parameters. An example of such

an interpretation is shown in figure 5.

o E‘.
L=] =
E :
Pseudopressure i
oDerivative
log t log (,+At/AL
(a) (b)
Figure 5 — The process of traditional interpretation on the derivative plot (a) and

Horner plot (b)

2. Then, the history of the whole well test is restored using the obtained
parameters, as shown in figure 6. As can be seen in the figure, the obtained
model is consistent with the results of measurements only within the cycle,
on which the interpretation occurred.
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. Other cycles will be characterized by their own integral skin factors. In
this case, for all pressure buildup cycles, an integral skin factor is selected
that ensures consistency during the radial flow period, as presented in

Figure 7.

Figure 7 — Comparison of results on a semilog plot
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4. The dependence of the integral skin factor on the flow rate is constructed,
as in figure 8. In this case, the value cut by the continuation of the straight
line on the ordinate axis will be the true skin-factor, and the tangent of

slope — searched D-factor.

50 100 150 200 250

Q, thousand m3/day

Figure 8 — Dependence of the integral skin-factor on flow rate

5. The obtained result can be analyzed by the model's consistency with the
results of measurements, as well as in 2" paragraph. This process is
demonstrated in figure 9. The model coincides with the history of the

bottomhole pressure changing at all cycles now.

In this dissertation, offered and researched a new method of interpretation
of the results of combined well tests based on adaptive interpretation technology. It
allows obtaining reservoir filtration parameters, determining the number of test

stages and the time of their completion in real time as the initial data arrive.
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Figure 9 — Adjustment of the model with an integral skin-factor that depends on
the flow rate to the history

Models and algorithms for adaptive interpretation of combined gas well
tests. The developed method is based on an integrated system of IPR curve of
Forchheimer models with variable parameters dependent on the number of the test
stage, with regard to expert’s evaluation of reservoir pressure.

T o=p’ —ag, —-bg’+&,
{ymn Pro — 8,0, —b,a3 + &, (10)

_Pf,(n_l) =pZ, +1,,n=123,...,n,,
and integrated system of PBC models with variable parameters dependent on time

and taking into account additional a priori data

{Yi* = oy +ap;lg(t)+<j,
(11)

Gi = Oj +n1,i’xi =Xi +T]2’i, i=1,2,3,...,nt,

where y  =p;,.0, — values of squared bottomhole pressures and flow rates

obtained at test stage number n;
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Pro — expert estimates of formation pressure;
n, — the number of well test stages;

y; = py; — values of square of bottomhole pressures PBC at time t,;

b
w,mod

2,25 2,39,T .2
;= Pvf,o T, Ig{ 2 £ ]+bnq§' 2 :%'
ist

oi =kih/ 1,5, — conductivity coefficient and its expert estimate;
2 =kp, Imy, 7 —piezoconductivity coefficient and its expert estimate;
&n.&imniMyiin2,i — random variables, i.e. errors in measuring the flow rate

and downhole pressure, errors in the expert evaluation of reservoir pressure, and the
inaccuracy of the filtration model.

Proposed the following main stages of the algorithm realizing the described
method of adaptive interpretation of combined well tests using models (1.2),(1.11):

1. We obtain data on the parameters of the formation using adaptive
interpretation (Al) PBC (11) technology after the first test stage by IPR curve (n =
1). The obtained data are used as additional a priori information in IPR curve (10).

2. As a result of the IPR curve interpretation (1) (which starts with the
second test stage (n = 2) with the generating bottomhole pressure and flow rate using
the power law), we obtain the flow coefficients @, u b, .

3. We obtain the values of permeability, reservoir pressure and skin-factor
after the second test stage (n = 2) using Al PBC technique (11). Then, if necessary,
we continue our research, moving on to the third, fourth, etc. test stage. The decision
to complete the well test is taken by analyzing and comparing the obtained estimates
of the reservoir parameters with the approximations obtained at all stages of the well
test.

Interpretation of the wells of the gas condensate field. The results of the
interpretation of combined (IPRC-PBC) well test of a gas well in the Tyumen region

are presented in figures 10, 11 and in table 3.
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- Time, m

Figure 10 — The result of adaptation of the IPRC-PBC model system obtained by

two cycles of pressure buildup
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Figure 11 — The combination of the initial data and the model obtained from two

(@) and three (b) test stages

Table 3 shows that the obtained estimates of permeability, piezoconductivity
and skin factor, begining from the second pressure buildup cycle, are practically
equal to results obtained in subsequent pressure buildup cycles, as well as the

estimates obtained using the program «Saphir».
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Table 3 — The results of the interpretation depending on the number of the test
stage and the duration of pressure buildup

Method Number of the test stage 1 2 3 4
Coefficient a, at?/(t. m3/day) - 12,34 9,93 12,5
ISM-IPR Coefficient b, at?/(t..m3%/day)? - 0,018 | 0,026 0,019
Formation pressure, at - 378,8 378,6 378,9
Time, h Parameters PBC1 | PBC2 | PBC3 P.BC 4
Parameters | Time, h | Parameters
Permeability, mD 188,8 | 193,1 | 181,3 195,4 183,9
ISM- 0,25 Piezoconductivity, m?/sec 3,57 3,65 3,43 3,70 8 3,48
PBC Skin factor 3,7 4,1 3,7 42 3,7
Permeability, mD 183,3 | 186,2 | 1857 186,5 188,8
0,5 Piezoconductivity, m%/sec | 3,47 3,52 3,33 3,49 20 3,57
Skin factor 35 3,8 35 3,7 3.9
Permeability, mD 194,2
Saphir 22 Piezoconductivity, m?/sec 3,72
Skin factor 4,0

In this regard, it is advisable to stop well testing on the second pressure

buildup cycle.

3 Conclusions

1. Formulated the problem of increasing the accuracy of determining the
parameters of the IPR curve model during the well test. Offered the method for
solving it based on the joint use of the binominal and power-law gas filtration laws
with the generating of bottomhole pressure and well flow rate data.

2. The system of IPR curve models with variable parameters that allows
integrating the initial and generated bottomhole pressure and well flow data,
additional a priori information about well productivity and reservoir pressure, which
ensures the process of adaptive identification and interpretation.

3. The presented models and algorithms for adaptive identification and
interpretation with the integrated system of IPR curve models make it possible to
determine the formation pressure, the flow coefficients, and the necessary number
of stages in the course of well testing real-time.

4. While studying the interpretation of combined well tests, we offered a

new solution based on the integrated system of interacting IPR curve and pressure
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buildup curve models with variable time-dependent parameters, taking into account
additional a priori information.

5. Presented the adaptive algorithms for identification of the integrated
system of IPR curve and pressure buildup curve models allowing to determine the
formation parameters (conductivity, piezoconductivity, reservoir pressure, general
and mechanical skin factor of the well), the necessary number of stages and the
completion time of well test.

6. Researched the problem of adaptive interpretation of pressure buildup
curve under conditions of variable production. Offered a method for its solution
based on the use of the superposition method and the method of the correction factor

of the effects of wellbore.
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3ak/IroueHue

B xozme paboThl omMcaHbl MIMPOKO PACTIPOCTPAHEHHBIE TPATULIUOHHBIC
METOJIbI TPOBEICHUS MCCICIOBAHMA W WX HUHTEpOpEeTaunu. BeiaeneHel w#x
NPUHIIMIHATbHBIE HEAOCTATKU. Tak, TpaAUIIMOHHbIE rpad0aHATUTUYECKUE METOIbI
unrepnperaunn ['JIMC He mNO3BOJSIOT ONEPATUBHO ONPENENATh MapaAMETPhI
MMPOAYKTUBHBIX IUIACTOB M CKBAXWH B MIPOLECCE NMPOBEICHUS HCCIEHOBAHUMN B
pexUME peasibHOr0 BpeMeHH 0€3 yuacTus KBaau(UIUPOBAHHOTO UHTEPIPETATOPA.
[To aToit mpuunHe Bpems 3aBepiueHusi komOuHUpoBaHHBIX ['JIUC mmanupyercs
3apaHee, 4TO MPUBOAUT K MPOCTOK CKBAXKUHBI U, CBA3aHHBIM BO MHOTOM C 3THUM,
3HAYUTEJIbHBIM MaTEepUAIBHBIM 3arparaM. lloMumMO 3TOro, takue MeETOAbl HE
MO3BOJISIIOT HUCIIOJIB30BaTh BO3MOXKHOCTH COBPEMEHHBIX CPEICTB O00pabOTKHU
JTAHHBIX UHTEJUJIEKTYAJIbHBIX CKBA)KHH, 10JI1 KOTOPBIX B HACTOSIIIEE BPEMS PACTET.

[TosToMy B gaHHOUW paboTe MpeAsIoKEHbI HOBBIE MOJICTH, AITOPUTMBI U
MPOrpaMMHBIE CPEJICTBA peallv3alnu aAanTUBHOM mHTepnperauuu W]l ¢ yuerom
JIOTIOJTHUTEIHHOW anpuoOpHOW HH(OpPMAIMKM U C PA3MHOKEHHUEM MPOMBICIOBBIX
JTAHHBIX 3a00MHOTO JaBJCHUS U JACOUTOB CKBAXKMHBI, a TAKXKE PE3yJIbTATOB BCETO
koMmruiekca komOunupoBanubix ['JIUC (MI-KB/).

[IpenyioxkeHHBI METOJ IMO3BOJSET [0 MEPE MNOCTYIUIEHUS HCXOIHBIX
JTAHHBIX B PEKUME PEAUTBHOTO BPEMEHU:

* TIOJIy4aTh (PUIBTPAIIMOHHBIC TAPAMETPHI I1J1ACTA;
* OIPEIEIIATh YUCIIO PEXKUMOB UCCIIEIOBAHUN;
* OIPEIEIIATh BPEMS 3aBEPIICHUS UCCIECAOBAHUM.

JlaHHOE€  NPEnMYyILIECTBO MO3BOJISIET  CYHIECTBEHHO COKpPATUTh
IPOJOJKUTEIBHOCTh HCClieoBaHusl. B paboTe npoBeleH aHaau3 TOYHOCTH
MOJIEJIEN W aNrOpUTMOB  AQJANTUBHOW  HWHTEPNPETAUMH  PE3YJIbTAaTOB
koMOuHupoBanHbix ['JIMC  ra3okoHAEHCATHBIX  MECTOPOXKICHHM  ceBepa
TroMmeHckoit o0mactu. Pe3ynbTaTsl moka3bIBaOT, YTO JAHHBIM METO 00eCIeYynBaeT
MOJIYYCHUE TOYHBIX U YCTOMUYMBBIX OIEHOK KOI(PPHUIIMEHTOB (PUIHTPAIIMOHHOTO

COIIPOTHUBJICHUS, ILIACTOBOTO JOABJICHUS, IIPOHUIACMOCTH, CKI/IH-(l)aKTOpa u
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MTEE30MPOBOTHOCTH 0€3 y4acTusi KBATM(UIIMPOBAHHOTO UHTEPIIPETATOPa, HAUMHAS
y>K€ CO BTOPOIO PEXUMa UCCIIETOBAHUS.

[Tpu 3TOM pacuet 3koHOMUYECKON A (HEKTUBHOCTH, HA PUMEPE OJTHOTO U3
MECTOPOKACHUM, MOKa3aJl, YTO COKpPAUIEHUE MPOJOKUTEIBHOCTH HUCCIEHOBaHUS
Ha 24 yaca TOJIbKO OJTHOM CKBa)KMHBI CHUKAET MaTepuaIbHbIC 3aTpaThl O0JIEe YeM
Ha 3 MIWIMOHA pyOeit.

Pe3ynbTaThl auccepTaliiv  JIOKJIAIbIBAIMCh W OTMEYEHBI auriomom |
creneHu Ha XX| MexIyHapoJHOM CHUMIO3UYME CTYACHTOB U MOJOJBIX YUEHBIX

uMeHH akagemuka M.A. Ycosa "[IpoGaembl reoioruu u ocBoeHus Heap', r. Tomck

- 2017r.
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