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KoMMniekCHbIV MNoaxoa K niaHnMpoBaHuio ornepawimm
MHOrOCTagUMHOro rmapopaspbiBa nnacra Kak
NHCTPYMEHT NOBbILWEHNS O00bIYN B YCITOBUSAX
HU3KOMNPOHNLAEMbIX TPELLMHOBATLIX KOJITEKTOPOB

A Comprehensive Approach to Increase Qll
Production from Low Permeable Fractured
Reservoirs with Multistage Hydraulic Fracturing

BeeneHune

MacuiTabHas paspaboTka 3anexen
TPYAHON3BIEKAEMbIX 3aMaCOB — HN3KOMPOHMLIAEMbIX
TPELLMHOBATbIX KOIJIEKTOPOB, TaKMX Kak MiacTbl
BaxxeHOBCKOW cBUThI, B Poccuickom Pegepaumm
Ha4yaTa OTHOCUTENBHO HEAABHO W B HACTOSILLIEE
BPEeMsi HaxoOMUTCA Ha CTaauy NPOBEAEHNS OMbITHO-
MPOMbILLNIEHHBIX paboT (OlNP). PeaynbTatsl OMNP
CBUAETENbCTBYIOT O HEAOCTUXKEHMM MPOrHO3HbIX
0eONTOB CKBaXKMH MOC/IE BbINOSIHEHHbIX 0OPabOTOK,

B CBA3M C 4YeEM I'IOTpe6OBaJ'ICF| KOMMIEKCHbIN N0aX0a,
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Introduction

The Ambitious development of hard-to-recover reserves
from low permeability fractured reservoirs, such as

the Bazhenov horizons, has been started relatively
recently in the Russian Federation, and, to date, it is in
a stage of experimental commercial development. The
outcomes of the experimental commercial developments
suggest that the estimated well flow rates were not
achieved upon completion of wellflow back operations,
due to which a more comprehensive approach was
demanded, that would take into account the aspects of
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STIMULATION

YUNTBIBAIOLLMIA aCNEKTbI FE0SI0r0-reOMEXaHN4YEeCKOro
CTPOEHMS NnacTa 1 TEXHONIOMMYECKMX NapamMeTpoB
BO3OenCTBUS. B HacTosLLee BpeMst OOHVM M3 OCHOBHbIX
NoaxoAoB K paspaboTke TakMX HETPaOMLMOHHbBIX
0BBEKTOB, Kak DaXKEHOBCKas CBUTa, SBNGETCA co3aaHve
«UCKYCCTBEHHOIO KOJINEKTOPa», UM CTUMYTMPOBAHHOMO
obbema nnacTta (SRV), npeactaBnsoLero cobomn
Pa3BETBMEHHYIO CETb TPELLUMH, KOTOPasi MO3BOASET
OPEeHVPOoBaTh 3HaYMTESbHYIO YacTb nnacta. B

JaHHOM paboTe PaCCMOTPEH KOMMIEKCHbIN NOAX0.q,

K MPOEKTMPOBAHMIO, MOOENIMPOBAHNIO 1 MPOBEOEHMIO
MHOroCTaHoro rapopaspbia nnacta (MIPr) B
YCJIOBUSX HU3KOMPOHNLAEMOr O TPELLWMHOBATOrO
KONNeKTopa — 6aKEHOBCKOM CBUTbI, YYUTbIBAIOLLIMIA KaK
reosIoro-reoMexaHN4ecke OCOBEHHOCTY 0DbEKTA, TaK
N TEXHOJIOMMYECKE NapamMeTPbl MPOBEAEHNS onepaLmn
MIPT1. B pesynbTare npuMeHeHns AaHHOro noaxoaa
paspaboTaH 1 BHEAPEH NnaH BbinonHeHus MITPT,
NO3BOJIMBLLNK YBENNYUTL CTAPTOBbLIN AEOUT HEDTU U
HaKOMNEHHYIO AOObIYY B CPABHEHWNN C aHaNOMNYHbIMA
napameTpamu paHee NpobypPEeHHbIX CKBaXKNH

NMopgrortoBka reomexaHMYeCKOM MoOenm
[ns nnactoB 6aKEHOBCKOW CBUTbI XapakTepHbl Han4me
JNIOKaNbHbIX ON3BIOHKTUBHbBIX HAPYLLUEHNA, ECTECTBEHHAS
TPELWMHOBATOCTb, a TakXKe HEOOHOPOAHOE
HaNPsPKEeHHO-AeOPMNPOBAHHOE COCTOSHME.
CnepoBaTeslbHO, A1 KAYECTBEHHOIO MOAENNPOBaHNS
MIPI1 B ropmaoHTansHom ckeaxkmHe ('C) ¢ y4eTom
hopMMPOBaHMS PA3BETBIEHHOW CETU TPELLMH CHavana
HeobXxoOVMO MOCTPOUTL FEOTOr0-FEOMEXAHNYECKYIO

3D mopenb nnacTa, NPOBECTU OLEHKY AN3BIOHKTUBHbIX
HapyLUeHWI, NOCTPOUTb MOLEb ECTECTBEHHOW
TPELWMHOBATOCTY B PaiOHE NMPOEKTUPYEMOW CKBaXKMHBI,
a Takke 1D reomexaHn4eckyto Modesb nnacra

019 TOYEK NHULpaumn TpewmH — ctaamuni MIPT.

1D reomexaHunyeckas Moaenbs, NoAroTaBnMBaemas

a9 kaxxkgon ctagumn MITPIT, npenctaBnseT cobom
BEPTMKAasIbHBIN pa3pes3 LEeneBoro U NeEPEKPbIBAOLLIMX
NMacToB C onpeaeneHemM OCHOBHbIX FrEOMEXaHNYECKIX
napameTpoB: moayns KOHra, koadduumeHTa lNyaccoHa,
MVH/MabHOTO FOPU30OHTASIbBHOO HANPSXKEHUS 1

ap. Pe3ynbTaTom BbIMOSIHEHHOMO B KOMMEPYECKOM
NporpaMMHOM obecrnedyeHnn pacHeTa MHBEPCUOHHOM
MOENMN HANPSPKEHUM ABASIOTCS KapTbl MJIOTHOCTU, yrna
nageHns 1 NPOCTUPaHVS TPELLWMH Kaxkaoro Tmna: casura,
pacTspkeHus, cxxaTus. [py NOMOLLM MPOrpamMMHOro
komnnekca (MK) «POCT MI'PT» ocyulecTensieTcs
NOCTPOEHNE OBYMEPHOW MOAENM ANCKPETHOMN

cetn TpewmH DFEN (Discret Fracture Network) ans
TPELLUMH KaXKO0ro TUMa B KaXKA0M pacHeTHOW S4enke
061acT1 MOAENMPOBaHNS. YMCNo TPELLUVH B sHelke
HOPMUPYETCS MO MUHUMASIBHOMY 11 MaKCUMasTbHOMY
3HaYEHNAM MIOTHOCTU UX pacnpeneneHns, NoayYeHHON
B pe3y/ibTaTe pacyeTa MHBEPCHMOHHOM MOoOeNn
Hanps>xeHun. Itorom noctpoeHns DFN mogenn
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the geological and geomechanical seam structure and
the process-dependent parameters of the formation
stimulation. The Bazhenov Suite deposits have been
developed in horizontal wells with the use of multi-
stage hydraulic fracturing techniques. This being said,
some complex reservoir structures of the Bazhenov
Suite, as well as a high heterogeneity of its properties,
both along the cross-section and within the whole area
of the license blocks, make it impossible to create a
universal approach for commercial oil production. This
is also due to the fact that a small number of horizontal
wells successfully operated with the use of multi-stage
hydraulic fracturing could not provide a sufficient amount
of statistical data about the outcomes of the performed
multi-stage hydraulic fracturing operations. At present,
one of the basic approaches to the development of
such non-traditional targests, as the Bazhenov Suite, is
to create an “artificial reservoir” or stimulated reservoir
volume (SRV), which is an extensive network of fissures,
making it possible to produce from a considerable part
of a reservoir. Due to the significant differences of the
Bazhenov Suite from a conventional reservoir (extremely
low matrix permeability, natural fracturing, low anisotropy
of rock stresses, etc.) it became necessary to make a
hydraulic fracturing simulator which would enable the
simulation of both planar fissures, and an extensive
network. The Russia-made software system “ROST
MGRP” (Calculation of the Optimal Fracturing System)
has used as a simulator. The developed software product
provides a way of simulating a multi-stage hydraulic
fracturing with a glance to forming both stimulated
reservoir volume, and single planar fissures. The given
article presents a comprehensive approach to design,
simulation and execution of hydraulic fracturing jobs in
the conditions of a low permeable fractured reservoir,
i.e. the Bazhenov Suite, taking into account both the
geological and geomechanical properties of the target,
and the multi-stage hydraulic fracturing job parameters.
This approach resulted in an elaboration and the
introduction of a plan for the execution of multi-stage
hydraulic fracturing jobs, which made it possible to
enhance the initial flow rate and cumulative production,
compared with similar parameters of the previously
drilled wells.

Development of the Geomechanical Model
The Bazhenov Suite reservoirs are featured with

local disjunctive faults, natural fracturing, as well as
heterogeneous strain-stress states. Consequently, to
have a quality simulation of a multi-stage hydraulic
fracturing job in a horizontal well, with a glance to
forming an extensive network of fissures, it is first
necessary to build a geological and geomechanical
3D model of a formation, taking an assessment of
disjunctive faults, building a model of natural fracturing
in the area of a projected well, as well as building a
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€CTECTBEHHOM TPELMHOBATOCTUN ABJIAETCA KapTa
TpewmrH C 3agaHHbIM KOOpAnHaTtaMmn 1 a3nMyToM
nageHnsa Kaxxkaoom TPELWWHbI.

[Nony4yeHHble pe3ynbTaTbl nposeaeHna MITPI B
CKBaXKMHax, NPOOYPEHHbIX Ha BaXKEHOBCKYIO CBUTY, 1
pesynbTaThl MOOEMPOBAHWSA O0ObLIYM HED TN NO AM3anHy
NHXXUHVPUHIOBOTO LieHTpa MPTU MNo3sonstoT caenatb
BbIBOA, 06 3(hPEKTUBHOCTM KOMMIEKCHOIrO Noaxona

K MPOEKTVPOBAHWIO, MOOENMPOBAHNIO 1 MPOBEAEHUIO
onepauun rmapopaspbia NaacToB DaXXEHOBCKOW CBUTbI.

Ele ogH1M pesynsTatoM nocTpoeHns 3D reonoro-
reOMEXaHMYECKOM MOENN N1acTa, UCMOIb3yeMbIM B
MK «POCT MI'PI», aBnseTca kapTa nosis Hanps>KeHN
MOAENIMPYEMOrO y4acTKa, KoTopasi NpeAcTaBniseT
CO60I 3HAYEHNA MUHUMAIbHOIO I MaKCUMaSIbHOMO
FOPW3OHTA/IbHbBIX HAMPSXKEHUIN (YHET aHM30TPOMNMK)

1 3HAYEHNS a31MyTa MaKCUMasIbHOrO HanpPsPKEHNS
(@3MMyT NPENMYLLIECTBEHHOIO PacnpPOCTPaHEHNS]
TpewwH PI) B KaXKOoM pacHeTHOM suenke 061acTu
MOAENMPOBaHVS.

MonrotoBka gusawnHa MPr

Mo pesynbTatamMm PETPOCNEKTUBHOMO aHam3a bbiim
BblOeIeHbl ABa OCHOBHbIX am3ainHa [P, npuMeHsieMbIx
B CKBa>KMHAxX BaXXEHOBCKOWM CBUTbI: Ha MMBpUAaHON
CUCTEME XXNOKOCTU N Ha CLUMTOM refie. Ha onbITHO-
MPOMBILLIIEHHOM y4acTKe MECTOPOXAeHMS X MPODYPEHbI
CKBa>KMHbI, BCKPbIBAIOLLME MPOOYKTUBHbIE MHTEPBASbI
BaXKEHOBCKOM CBUTbI. BO BCEX CKBaXKMHAX peanin3oBaHb!

formation 1D geomechanical model for fissure initiation
points i.e. multi-stage hydraulic fracturing stages. A 1D
geomechanical model, built up for each stage of a multi-
stage hydraulic fracturing job, is an upright projection

of the target formation and its overlying strata, with key
parameters determined, such as, Young’s modulus of
elasticity, Poisson’s ratio, minimum horizontal stress,
etc. The calculation of the inversion stress model,
performed with the use of commercial software, resulted
in a chart of thickness, dip angle, and strike of each
type of fractures: shear fracture, extension fracture, and
contraction fracture. Using the software complex “ROST
MGRP” (Calculation of the Optimal Fracturing System), a
2D model of Discrete Fracture Network (DFN) was built
for fractures of each type, in each calculation cell of the
simulation area. The number of fractures in a cell has
been rated according to the minimum and maximum
values of their distribution density, obtained as a result
of the calculated inversion stress model. The buildup of
the DFN model of natural fracturing resulted in a map of
fractures, with indication of each fracture predetermined
position and dip azimuth.

The results obtained from the multi-stage hydraulic
fracturing jobs performed in the Bazhenov Suite of drilled
wells, and the results of the oil production simulation

in accordance with the design of the MIPT Center

for Engineering and Technology LLC makes it possible

to conclude about the efficiency of the comprehensive
approach to design, simulation, and implementation of
hydraulic fracturing jobs for deposits of the Bazhenov Suite.

MapameTpb! FPT] Homep ckBaxxuHbl/nayku - Well/bench

HydraullC Fracturing Parameters 11 2/11 3/IV 4/\V
Yucno ctaguin - Number of stages 7 6 7 7
YnsanH Ha cwwutom rene 'mbpunaHbIN mbpunaHbIi 'mbpunaHbIN
Design Crosslinked gel design Hybrid design Hybrid design Hybrid design
CpepHuii pacxop, XXMAKOCTU Ha CTaguto, M3/MUH 55 6 6 6
Average fluid consumption per 1 stage, m®/min ’

i1 3

CpegHuii qﬁbeM >KMOKOCTU Ha CTa;qwo, M 450 1300 700 1300
Average fluid volume per 1 stage, m
CpepHsia Macca nponnaHTa Ha cTaguio, T
Average weight of proppant per 1 stage, ton 80 65 70 66
®pakuus nponnaxTa - Proppant volume fraction 40/70, 30/50 40/70, 30/50 40/70, 30/50 40/70, 30/50

Mo pesynbTaTtam PETPOCNEKTUBHOIO aHanmn3a obinn
BblOeNeHbl ABa OCHOBHbIX am3arHa [P, npumeHsieMbix
B CKBaXKMHax 6aXKEHOBCKOW CBUTbI: Ha rmbpuaHomn
ChCcTEeEME XXNOKOCTU N Ha CLUUTOM rerse. Ha onbITHO-
MPOMBILLIEHHOM Yy4aCcTKe MECTOPOXXAeHUS X MPOOYpPEHb!
CKBa>KMHbI, BCKPbIBAIOLME MPOOYKTUBHbIE MHTEPBASbI
OaXXeHOBCKOW CBUTbI. BO BCEX CKBaXKMHAX peann3oBaHbl
TnoBble 'Pl1, X OCHOBHbIE NOKa3aTENV MPEACTABMEHbI
B Tabsmue. B ckB. 1 ¢ 3ape3kon 6OKOBOro CTeo1a

6bl1 NpoBeaeH cemncTaaninHbin MIMPIT Ha cLumMToMm
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One more outcome of the 3D geological and
geomechanical model of a formation, built with the use
of the software package “ROST MGRP”( Calculation

of the Optimal Fracturing System ) has been the stress
field map of the simulated area, which introduces the
values of the minimum and the maximum horizontal
stress (anisotropy accounted for) and the value of the
maximum stress azimuth (the azimuth of predominant
hydraulic fracture propagation) in each calculation cell of
the simulation area.
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resie, pacxon KoToporo coctaBu 5,5 M3/MuH. TP

Ha CLUMTOM resie BKIKYaeT NpoBeaeHWe onepaumim
NCKITOUYUTENBHO Ha BbICOKOBA3KOM Iefie C MOCTOSIHHbIM
yBeJIMYEHNEM KOHLIEHTPALIMI NponnaHTa. [ MapopaspbiB
njacta Ha CLUMTOM resie UMEeT CrepytoLLme
NPENMYLLIECTBA: — BOBMOXHOCTb 1CMOSIb30BaHNS
nponnaHTa KpynHbIX pakLmMi; — BbICOKas KOHeYHas
KOHLIEHTPALIMS NpONNaHTa; — OTCYTCTBYE NPOBEMBI
ocefaHns NponmnaHTa B Npm3aborHOW 30He NNacTa;

— gocTaToyHas WwinpuHa TpeuwHbl Pl ans nepeHoca
nponnaHTa. NoMMMO NPEeMYLLIECTB, CYLLIECTBYIOT U
HEeOOCTaTKN, K KOTOPbIM MOXXHO OTHECTU CliedyoLLme.
— BO3MOXXHbBIN pOCT TPELWHBIB BbICOTY (B 3aBUCKMMOCTH
OT OCOBEHHOCTEN NPOMUNA MEXAHNYECKNX CBOWCTB),
YTO YBE/INYMBAET BEPOATHOCTb BCKPbITUS HELIESIEBBIX
NHTEPBaNOB. — [Noaxon cTaHgapTeH ANt MOLLHbIX
MPOHMLAEMBIX MNACTOB, ABNSIOLLMXCHA MOHOM
MPOTMBOMOJIOXKHOCTBLIO M1acTaM 6aKEHOBCKOW CBUTLI.
— 3akadmBaeMblIii B NAaCT NMof, BbICOKMM JaB/IEHNEM
CLUWTBIM refb NOC/e pa3MeLLeHs MponnaHTa nog,
OEeNCTBMEM AECTPYKTOpa 0bpasyeT B TPELLMHE
TpyaHOyOanseMbli OCafioK, YTO CHUXKAET NPOBOANMOCTb
TpeLwwmHbl [P, OCHOBHOE OrpaHnyYeHeEM NPUMEHEHNS
omsanHa Pl Ha clumToMm rene B niacTax baxeHOBCKOM
CBUTbI — OTCYTCTBME (DOPMUPOBAHNUS CTUMYJTMPOBAHHOIO
obbema nnacta. ObpazoBaHVe Manopa3BeTBIEHHON
CETU TPELLMH VNN MPEUMYLLIECTBEHHO MiaHapPHbIX
TPELMH NPOUCXOOUT NPEXAE BCErO 1N3-3a BbICOKOM
BSIBKOCTU XNOKOCTW, B PE3Y/IbTATE Yero Yallle BCero
peannayeTcs CLIEHaPWN NepeceyeHns r’MapaBIMYeCcKom
TpeLwmHbl Pl 1 ecTecTBEHHON TpELLMHBI 6€3
PACKPbITUSA 1 NOCTeOyoLLEro 3aKpenieHns

nocnegHen [5]. Takom NOOXOA MOXXET MPUMEHATLCS
015 NPUOBLLEHNS CTPYKTYPHbIX HapyLueHnn. Kpome
TOro, NpoBegeHue ctaHgapTHoro MNP Ha cLumMToMm

resie NpeanosaaraeT UCNOSIb30BaHNE MEHBLLINX
OOBEMOB XNOKOCTU, YTO ABMIFETCH MPUYNHOMN

MeHbLLEN MMAPaBINYECKON MOy MHBI CO30aBaEMbIX
TPELLUWH, CNEefoBaTeIbHO, CHKAETCS BEPOSTHOCTb
nepeceYyeHnst ECTECTBEHHOW TPELLUMHbBI U TPELLMHbI
'PT1. TmbpuaHbIn on3anH npegnosiaraeT NPUMEHeHNe
Pa3NYHBIX TUMOB XXNOKOCTX B XO4€ OOHOM onepaumm
['PI. Vicnonb3osaHmne 60bLIOro o6bema MasioBA3KON
YKUOKOCTU CMOCOBCTBYET YAIMHEHUIO TEXHOMEHHbIX
TPELLMH 1 6oN1ee aKTUBHOMY (POPMUPOBAHNIO X
pa3BeTBIeHHON ceTu (puc. 1). g 3akpenneHns
MPONMaHTOM CO3AaHHbIX MTMAPaBANHECKNX TPELLMH
NCMNOb3YeTCs 60MbLLIOE KOMNYECTBO MPOMMaHTHBLIX
nadek. OgHako Npw NpoBeaeHUM gaHHoro Tuna MPr
3aka4ymBaeTcs 60bLIOE KOMMYECTBO XKNOKOCTH,

YTO NPUBOAUT K CAEOYOLLM OCIOMKHEHNSM: —
dopMmpoBaHMe rTMaPOANHAMUYECKN HE CBSA3aHHbIX
Yy4aCTKOB CETU TPELLMH;

— HanNoJIHeHWMe TPEeLUMH NPOoNnaHTOM Mason
KOHLIEHTpAaLIMW, YTO B NpoLiecce paboTbl CKBaXKMHbI
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Development of Hydraulic Fracturing Design
Based in the outcomes of the post-event analysis, two
basic hydraulic fracturing designs were singled out,
which are now being used in the Bazhenov Suite wells,
namely, fracs with hybrid-fluid system and crosslinked
gel fracs. Some wells were drilled in the experimental
commercial development area of the X-field, which
penetrated pay intervals of the Bazhenov Suite.

Standard fracs were implemented in all the wells, their
main aspects are presented in the Table on the previous

page.

A seven-stage hydraulic fracturing job was carried out

in the sidetracked Well 1, using crosslinked gel, whose
consumption amounted to 5.5 m3/min. A crosslinked gel
hydraulic fracturing job pumps an exclusive high viscosity
gel with a constant increase in proppant concentration.

Crosslinked gel hydraulic fracturing job has the following

set of advantages:

e it enables the use of a coarse fraction proppant

¢ high final proppant concentration;

* no proppant-settling problem in the bottom-hole area;

e hydraulic fracturing fissures are wide enough to
transfer proppant.

Along with the advantages, some shortages are present,
which are as follows:

Potential vertical growth of fractures (depending on

mechanical property profile) which increases the

likelihood that no-target intervals may be penetrated.

e The process is standard for thick permeable
formations which are a direct opposite to the
Bazhenov Suite deposits.

e After the proppant is delivered, the crosslinked gel
is injected into the formation under high pressure,
forms under the effect of a breaker fluid hard-to-
remove sediment, which can reduce hydraulic fracture
conductivity.

The main limitation to the use of the crosslinked gels

for hydraulic fracturing in the deposits of Bazhenov
Suite is non-development of the stimulated reservoir
volume (SRV). The formation of poorly branched fracture
networks, or predominantly planar fractures, takes
place, first of all, because of the high viscosity of the
fluid, which often results in the scenario of intersections
between the hydraulic fracture and an intrinsic fracture,
without opening and consequently reinforcing the latter
[5]. Such an approach can be applied for commingling of
structural faults. Besides, using the standard crosslinked
gel, operations suggests lower volumes of fluid, which
causes lower half-length of the created hydraulic
fractures, hence, the probability of intersection between

www.rogtecmagazine.com
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CHVDKAET LLUMPWHY 1 MPOBOAUMOCTb TPELLMHbI OO
HYJIEBbIX 3HAYEHWI; — paspyLUEHME 1 BOABVBAHMNE
nponnaHTa B CTEHKM TPELUMHBbI BCIEACTBUE Er0 HU3KOM
KOHLIEHTpaLMK. AHaNN3 3Ha4YeHUIn CTapTOBbIX AebUTOB,
a TakxKe TpeHda Ux nageHns nokasasl, YTo CkB. 4 1 1
VIMEIOT CXOXWe CTapTOBble AeOUTbI U HAKOMMEHHYO
0o6bi4y (prc. 2). Y CKB. 4 CTapTOBbIN AEOUT BbILLE,

HO B Mpouecce oTbopa XXMAKOCTU MPON30LLIO ero
ObicTpoe nageHne. OOHOM U3 NPUYNH SBNSETCS NoTeps
yacth SRV 13-3a CMbIKaHNSA HE3AKPEMIEHHbBIX TPELLWH
NMBO TPELLUVH, C Masion KOHLEHTpAaLMEN NponmnaHTa no
NMPVY1He ero BOaBvBaHUS B CTEHKW TpeLwmWHb! [PTT.
CKB. 1 MMEeeT MeHbLLWIA CTapTOBbLIN AeOUT, OOHAaKO
TEKyLMA 0edbuT CTabuneH B TeYEHMe NoYTK 2 NeT.
MI'PI1 B aHHOW CKBaXKMHe MPOBEAEH Ha CLUWMTOM rene,
4YTO NPUBOAUT K POPMUPOBAHNIO NPENMYLLIECTBEHHO

natural fractures and hydraulic ones decrease. The
hybrid design suggests the use of different types of fluid
in the course of a single hydraulic fracturing operation.
The use of large volume of low viscous fluids facilitates
the expansion of man-made fractures and a more active
formation of their extensive network (Fig.1). To reinforce
the hydraulic fractures created with proppants, a large
number of proppant slugs are used. However, when
carrying out this type of hydraulic fracturing operation, a
significant amount of fluid is injected, which results in the
following complications:
e Formation of hydrodynamically isolated fracture
network sections;
e Fractures are filled with low concentrations of
proppant, which, while the well is operated, reduces
the width and conductivity of a fracture to zero;
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Puvc.2: OyHamrka febuta CKBaXKMH Ha MECTOPOXXAEHM X mocne nposeaenns onepauymin MIrPr1
Fig.2: Dynamics of well flow rate at the X field upon completion of multi-stage hydraulic fracturing jobs
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nnaHapHbIX TPeWmH. CKB. 2 1 3 XxapaKTepusyoTcs
Bo1ee BbICOKMMW CTApTOBbIMW U TEKYLLIMMUK AebuTamu, a
Takke

6o/1ee BbICOKOW HAKOMIeHHOW JobObiden. B ckB.

3 1MCNoMb30BaHO MeHbLUe xunakoctu [Pl npu
HEN3MEHHOW CPedHEN Macce NponnaHTa, T.e. co3gaHa
CETb TPELUMH C MOBbLILLEHHOW KOHLEHTPaLUMEN
nponnaHTa. Bcneactame aToro NpoBOAMMOCTb
TpeLnH B Npouecce paboThbl CHMKAETCA MeHee
3Ha4YNTENBHO. B CKB. 2 cuUTyal s cxoxa C cutyaumen
B CKB. 4. AHANOMMYHbIV OM3arH 3aKadkmn No3BONNA
00BUTBCA MakCUMasibHOro CTapTOBOro Aebuta (0Kono
20 T/cyT), 04HaKO B JaslbHENLINM NPOM30LWNI0 ero
peskoe nageHne. C y4eToOM HaKOMMEHHOrO OnbITa
npoBeaeHUs rnapopaspbiBa NIacToB BAXXEHOBCKOM
CBWTbI, aHaM3a paboTbl CKBaxkuH nocne PI1,
reoIoro-reomMexaHn4yeckux akTopoB (HeogHOPOAHOE
nosie HaNPSKEHNN, KapTa eCTECTBEHHOMN
TPELLMHOBATOCTY B OKPECTHOCTAX CKBaXKWHbI, 1D
reoMexaHndyeckas Moaesb AN KaXKOon cTaamm), a
Tak>XXe MUPOBOro onbiTa pa3paboTKn ClaHLEBbIX
3anexen cneumanmctamn VIHXNMHUPOHIOBOro LIEHTPa
MOTU 1 TeXHONOMMYECKOro LeHTpa «baxxeH»

07151 yCNOoBUin 6aXKEHOBCKOW CBUTLI paspadoTaH
anbTepHaTuBHbIN amn3anH MIPI (puc. 3).

OH npencTtasnaeT cobon rmbpuaHbin MPI,
BKJIIOYAIOLLMIA TPU PasfiNyHbIX TUMa XXUAKOCTU: BOAY C
NOHN3UTENEM TPEHUSA, NUHENHbBIV LU CLUUTBIV renun. Bo
nsbexaHve gerpagaumm CETU TPELUMH CHXKEH OBLLNI
00BEM XUOKOCTU 3a CHET YMEHbLLUEHNSA 0Obema
XKNOKOCTW MPOAABKM MEXOY CAaroBbIMU Madkamm.
Vicnonb3oBaHne 60MbLION OO0V MaTOBA3KOMN
XKNOKOCTW CNOoCOBCTBYET 60S1Iee aKTUBHOMY
dhopmrpoBaHmio cetn TpewmrH. Ons Hanbonee
PaBHOMEPHOro 3akpenieHns chopMUPOBAHHOM

ceTun TPELLMH NpeanaraeTcd 3akadka nponnaHTHbIX

15

e Disintegration of the proppant, due to its low
concentration, and being impressed into the walls of a
fracture.

The analysis of the initial flow rates, including the trends
of its decline, revealed that Well 4 and Well 1 have
similar initial flow rates and cumulative production (Fig.2).
Well 4 had a higher initial flow rate, but its rapid decline
took place in the course of fluid withdrawal. One of

the causes of this has been partial loss of SRV due to
closing of unreinforced fractures, or the fractures having
a low concentration of proppant, as it gets pressed into
their walls. Well 1 had lower initial flow rate, however
its current productive rate has been stable for almost

2 years now. The multi-stage hydraulic fracturing job
performed in this well, used crosslinked gel, which
resulted in formation of predominantly planar fractures.
Well 2 and Well 3 are featured with higher initial and
current flow rates, as well as with higher cumulative
production. Lower fluid volumes were used in Well 3,
with an unchanged average proppant weight, it has

an extensive network of fractures which were created
with a higher proppant concentration. Due to this, the
conductivity of fractures in the course of well operation
decreases less considerably. In the case of Well 2 the
results are similar to the ones of Well 4. The similar
injection design made it possible to achieve a maximum
initial flow rate (circa 20 ton/day), however, it decreased
considerably afterwards. Taking into account the
gathered experience of performing hydraulic fracturing
of the Bazhenov Suite reservoirs, the post hydraulic
fracturing well operation analysis, the geological and
geomechanical factors (heterogeneous stress fields,
well area natural fracture map, 1D geological and
geomechanical model for each stage), as well as the
worldwide experience of developing shale deposits,

the specialists of MIPT Center for Engineering and
Technology “Bazhen” developed an alternative multi-

1000

2 14
S o
E E 900 13

» 200 =
. gw(](} 1. E 12
T lSEN [
E 1% ’ "’E c 10 o
526001206 9 A . 3
ag 38 8 Bopga ¢ noHnsuTenem TpeHus JInHeHbIN rent CLunTbIN rent c
E Q 500 + g S Water with friction reducing agent Linear gel Crosslinked gel -
58,0182 ] 2
T -40-5 6 %)
[l o3 e
E® X 5 =
& 2380488 =

Q S 4 4
9 o g
ca204 £ 3 — 5
X 5 N

100 | — =
0 - 0 =T ] Hl
5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 8 90
Bpewms, MuH - Time, min
Prc.3: AnbTepHaTVBHBIN rnbpuaHbii ausarH I'PIM, paspaboTtaHHbii B OO0 “UHXUHUPUHIOBLIN LieHTP MDTW»
Fig.3: Alternative hybrid hydrauilc fracturing design, developed by “MIPT Center for Engineering and Technology LLC”

www.rogtecmagazine.com ROGTEC | 45



B CTVMYTIALNA

nayek C MOCTEMNEHHBIM YBEIMYEHNEM KOHLIEHTpaUMN
nponnaHTa, 4To CNOCOBCTBYET 3aKPEMIEHMIO

onee Menknx 1 yaaneHHbIX TPELLWH B OTnYne

OoT TMnoBoro amaanHa [P, Takxe nowaroBoe
yBeJIMYEHNE KOHLEHTPaLIMX NponnaHTa cnocobCcTeyeT
YBEJIMYEHNIO MPOBOAVMMOCTM TPELLUWH MO Mepe
NPUBNXEHNS yOANEHHON CTUMYIMPOBAHHOW 30HbI
nnacTta K npusadonHon. [na nepeHoca nponnaHTa B
MaJI0BSA3KOM XNOKOCTY OOHUM U3 INaBHbIX (DaKTOPOB
ABSISIETCA UCMOJIb30BAHME BbICOKOPACXOAHOMO

dnota MPI1. B gaHHOM Criydae BbICOKMIA pacXxof,
CNYXXKUT 0719 NoOAep>KaHNsa pacKpbITUst CUCTEMbI
TPELLMH 1 KOMMAEHCAUMM YTEYeK MPY akTBaLmn

a

TpeLyHbI:
Fractures:

rngpasnnyeckne
Hydraulic fractures

stage hydraulic fracturing design for the conditions of
Bazhenov Suite (Fig 3).

It corresponds to a hybrid hydraulic fracturing job
comprising three different types of fluid: water with
fraction reducers, linear gel and crosslinked gel. To avoid
degradation of the fracture network, the total amount of
fluid was reduced due to lower amount of overflush fluid
used between proppant slugs. The use of large volume
of low viscosity fluid facilitates more active formation of
the fracture network. To more uniformly reinforce the
formed fracture network, injection of proppant slugs
with gradual increase in proppant concentration was

6

3aKpensieHHble
Reinforced fractures

Puc.4: [padhryeckoe npencrasneHne passutmns SRV npu anbTepHaTVBHOM (a) 1 TUMoBom (6) ansanHax [Pr1
Fig.4: Graphic representation of the SRV development in case of (a) alternative hydro-frac design (b) standard hydro-frac design

TPELLMHOBATOCTU. MIcnons30BaHne OTHOCUTESNBHO
HebOoNbLIOro 06bemMa CLUMTON XMAKOCTU obecnedmBaeT
hopmrpoBaHme TpeLLVH B NPOOYKTMBHOM UHTEPBAE
BaKEHOBCKOWM CBUTLI. CHYDKEHWE 00N CLUMTOrO rens
obecnedmBaeT MYHMASIBHOE 3arpsasHeHVe TPELLVHBI
npoayKTaMmu oectpykumm rens P, Mo pesynstaram
MOLEeNMpoBaHus (puc. 4) oTMedaeTcs apdheKTnBHoe
NPVMEHEHNEe paspadoTaHHOro amaanHa MPI1.

MmopogouHamnyeckoe mogennpoBaHue
Ona noateep>xaeHNs sPPEKTUBHOCTY NPpOBeaeHNS
onepaunn MIPIN no pasnunyHbiM nnaHam 06paboTku,
a TakXxe NMporHosa gebuta Hed Ty nocne MIPIT 6bino
nNpoBeAEHO MOAEMPOBAHNE B M’MAPOONHAMNYECKOM
cumynatope PEBI. JaHHbIn cuMynaTop NO3BOASET
paccyMTbiBaTb MPOrHO3MPYEMbIN OEOUT XKNOKOCTU

1N HePTN C y4eTOM CAHOPMUPOBAHHOM CETU TPELLMH,
nony4eHHom B cumynarope «POCT MIPI». Mo
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proposed, which would contribute to reinforcement of
massively smaller and distant fractures, in difference from
the standard hydraulic fracturing design. Besides, the
stepwise increase of proppant concentration contributes
to increasing conductivity of fractures as the uninvaded
stimulated reservoir zone nears the bottom hole area.

To transfer proppant in low viscosity fluid, one of the
major factors is using high rate hydraulic fracturing

fleet. The high rate, in this case, serves to support the
opening of the fracture system and compensation of
leaking when the fracturing process becomes active.
The use of relatively small amounts of crosslinked gel
provides formation of cracks in a productive reservoir

of Bazhenov Suite. The reduced amount of crosslinked
gel provides the minimal contamination of fractures with
products of hydrofrac gel decomposition. The simulation
results (Fig.4) speak for an efficient use of the developed
hydraulic fracturing design.
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pesynbTatam rmgpoanHaMmn4eckKoro MoaeiMpoBaHns
cTapToBbin aebut ona 'C ¢ 15 ctaguamn MPT1
cocTaBnseT 88 T/cyT. Bbicokuin MOAENbHbIN
CTapTOBbIV OeOUT NO3BONSET CAeNaTb BbiBOA

06 ahPEKTUBHOCTU NprMeHeHUs anaanHa [Pl
VH>XmnHupmHrosoro ueHtpa MOTU. B cBA3K ¢ 9TuM
ObINI0 NPUHATO peLleHne o nposegeHun MIMPTT ¢
anbTEPHATMBHbIM ON3aNHOM B MPOEKTUPYEMON CKB. 5.
B oaHHOWM CKBaXKMHE MO pe3yfibTaTaM MOOENMPOBaHUS
ObIN10 3ansaHnpoBaHo NpoBeaeHne 15-cTagunHoOro
[Pl ¢ npuMeHeHEM anbTepHATUBHOIO naaHa
06paboTku. MNMonyyeHHbIn SRV nmeeT 60bLUEE YUCNO
TPELUMH, 3aKpPenIEHHbIX MPOMMaHTOM.

3akJiroueHue (aHanms MOoJ1Iy4YeHHbIX
OaHHbIX)

B xone npoeenerHus onepaunn Pl B ckB. 5
COrNacHo yTBEPXXAEHHOMY MaHy paboT OCNOXHEHNN
He BO3HMKNO. Ha puc. 5 npuBegeHa anHamMmka
MNPOrHO3HOIrO N haKTUYEeCKOro AedbuToB HeddTH
nocJie BbIBOAA CKB. 5 Ha pexuM. B ypaBHeHMsAX
MaTepuanbHoro 6anaHca npv rmapoanHaMUYecKoMm
MOOENNPOBAHNN YUNTbIBASIMCh OOBEM 3aKa4yaHHOro

donga B xode nposepeHnsa onepaummn MIrPI,

a Takxxe nocnenywouwasa ero otpaborka. lNocne
OTPabOTKM XXNOKOCTN CTAPTOBLIN AeBUT Hed TN
CckB. 5 cocTaBun 88 T/CyT, 4TO NOKA3bIBAET
XOPOLLYK CXOONMOCTb C (DaKTUYECKNM CTapTOBbIM
nedutom — 83 T/cyT. DakTUYECKNN TpeH NageHus
006bl4M HedpT coBnafaeT C PacYeTHbIM, YTO
CBUOETENBbCTBYET O JOCTATOYHOW MPOrHO3HOM
CMOCOBHOCTW AaHHOW MoAeNV. 1onyYeHHble
pesynbtatbl nposeneHus MIPI1 B ckBaxknHax,
NPOBYPEHHBIX Ha BaXXEHOBCKYIO CBUTY, U PE3Y/bTaTbl

Hydrodynamic Modeling

To confirm the efficiency of multi-stage hydraulic
fracturing operations based on various designs, as
well as the predicted oil flow rate after multi-stage
hydraulic fracturing operation, hydrodynamic modeling
was carried out in the Perpendicular Bisection (PEBI)
Hydrodynamic simulator. The given simulator makes

it possible to calculate the predicted flow rate for

fluid and oil, taking into account the formed fracture
network, obtained in the simulator “ROST MGRP”
(Calculation of the Optimal Fracturing System). Based
on the results of the hydrodynamic modeling, the
initial flow rate for horizontal wells with 15-stage
hydraulic fracturing job amounts to 88 ton/day. The
high simulated initial flow rate brings us to conclusion
that the hydraulic fracturing design developed by

the MIPT Center for Engineering and Technology has
been effective. Due to this, it was decided to carry
out a multi-stage hydraulic fracturing operation with
alternative design in projected Well 5. Based on the
results of the modeling, a 15-stage hydraulic fracturing
job was planned in this well, with the use of alternative
treatment design. The obtained SRV has greater
number of cracks reinforced with proppant.

Conclusion (Data Analysis)

The hydraulic fracturing jobs carried out in Well

5, according to the approved work plan, had no
complications. Fig.5 presents the dynamics of the
predicted and actual oil production rate after bringing
the Well 5 to stable production. The volume of the fluid
injected

in the course of the multi-stage hydraulic fracturing
operation, as well as its further treatment, were
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Fig.5: Dynamics of the actual and projected flow rate obtained a result of modeling oil flow rates of Well 5
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MOOENMMPOBaHNSA OOObIHYN HEDTN MO AM3aiHy
VH>xmnHupuHrosoro ueHtpa MOTU nossonstoT
coenatb BbiBOA 06 3hHEKTUBHOCTY KOMMIEKCHOIO
noaxoga K NPOEKTUPOBAaHWID, MOOEMPOBAHMIO

1 MPOBEOEHWIO OnepaLmi rmapopaspbliBa naacToB
6axxkeHoBcKoM cBUTbl. MITPT1, BbINOJIHEHHbIN COrNacHO
paspaboTaHHOMY AM3aiHy, NPUBOAUT K 3HAYNTENBbHOMY
YBEIMYEHNIO CTUMYSIMPOBAHHOINO 06bemMa NaacTa, YTo
MOOTBEPXKAAETCS Kak pesyibTatamMy MOAEMPOBaHMS
no hakTUYeCKMM OaHHbIM 3aKadek, Tak U
yBEMYEHNEM OebnTa B peayfibTaTe 00padoTkn B 2
pasa no CpaBHEHUO C AEOUTOM COCEAHUX CKBaXKMH,
MPOCTUMYIMPOBaHHbLIX MO TUMOBOMY MJ1aHy
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taken into account in the material balance equations
during the hydrodynamic simulation. After flow back
of the well the initial oil flow rate of Well 5 amounted
to 88 ton/day, which indicates a good convergence
of it with the actual initial flow rate i.e. 83 ton/day.
The actual trend of oil production decline agrees
with the predicted one, which speaks for sufficiently
good predictability of this model. The data obtained
as the result of the multi-stage hydraulic fracturing
jobs carried out in the wells drilled in Bazhenov
Suite deposits, and the results of the oil production
simulation according to the design developed by the
MIPT Center for Engineering and Technology, make it
possible for us to conclude that the comprehensive
approach to design, modeling and carrying out of
hydraulic fracturing operations in the formations of
Bazhenov Suite are efficient. The hydraulic fracturing
job carried out in accordance with the developed
design resulted in considerable increase in stimulated
reservoir volume (SRV), which has been confirmed
both by the results of modeling based on actual
injection volumes, and by the production rate
increased by double, as a result of the treatment,
compared with the flow rate of the neighboring wells
stimulated in accordance with a standard plan.
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