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OpaHon 13 Npobnem, BO3HUKAOLLMIX Mpu pa3paboTke

1 NNaHNPOBaHNM NMPOrPaMMbl Fe0I0r0-TEXHUHECKIX
MEPOMNPUATUIA 15 HEDTSHBIX 3a1IEXEN C MPUMEHEHVEM
rmopopaspbia niacta (MPlM), SBnseTcs Boibop CKBaXKMH-
KaHOWOAaToB O/1s MPOBEOEHNSI AaHHOW onepaumn. STom
npobaeMe NOCBSALLEHO MHOXXECTBO UccnenoBaHun [1-3].
Tak, B paboTe [1] Ha OCHOBE MOAENM CTAUMOHAPHOM
dumnbTpaLMM OAHOPOAHOM XNOKOCTU MPOAHATN3MPOBAHO
BMSIHVE TPeLWH [Pl 6eCKOHEYHOM MPOBOAVMOCTM

Ha 2O DEKTVBHYIO MPOOYKTUBHOCTbL CKBEDKWH MU
TPEXPSAOHOM, NATU — N AEBATUTOHEHHOW CUCTEMAX
pa3paboTKM 1 MOKa3aHo, YTo MpW NOOoN crucTeme
HanbOobLLYIO 9PEKTUBHOCTb MOXHO AOCTUYb MPW
npoeeneHnn PN BO BCeX CKBaxKMHaxX ydacTka. B paboTe
[2] Takke nccnegoBanock BAMSIHUE Mapopa3pbiBa Ha
MPOAYKTUBHOCTb CKB2XKMH B Pa3INHHbBIX MEPUOANYECKIX
cucTemax 3aBogHeHVs. B kadecTBe obbekTa
1ccneaoBaHNs UCMo/1b30BasiaCb MOOEb CTaLMOHAPHOM
dumnbTpaLMM OAHOPOAHON XKNOKOCTU, HANTNYNE TRELLMHDI
MOOEMMPOBASIOCh BBEAEHNEM HEKOTOPOIO NPVIBEOEHHOIO
paguyca ckBaxxmHbl. CoenaH BbiBOM, YTO HE3ABUCKMO

OT CUCTEMBI PasdpaboTkm HaMbOobLLNIA OEONT XXUAKOCTU
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When designing and planning zonal stimulation activity
program for oil reservoirs with hydraulic fracturing,

one of the problems is the proper selection of wells

for fracking. This issue was covered in several studies
[1-3]. Among these, study one [1], based on a model

of the static filtration of the reservoir fluids, analysed

the fracture’s influence with non-limited conductivity in
regards to the well’s production with three -, five - and
nine - well spacing patterns; it also showed that the
ultimate production can be achieved when all the wells
undergo fracturing. The study [2] also covered the impact
of hydraulic fracturing on the well productivity in various
periodic waterflood systems. The stationary reservoir
fluid filtration model was used as the object of the study;
presence of fracture was simulated by the introduction
of a certain equivalent well parameters. The conclusion
obtained and independent of the development system,
was that the greatest flowrate is obtained when only the
injection wells are hydraulically fractured.

The study [3] analysed the process of measuring oil
movement in a 3 well spacing pattern whilest hydraulically
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noJly“eH B BapuaHTe ¢ nposeaeHvem [Pl Tofbko B
HarHeTaTeIbHbIX CKBaDKMHAX.

B paboTe [3] npoaHama3npoBaH NPOLIECC NPOABYIKEHS
poHTa BbITECHEHUS HETV BOOOW B TREXPSOHOM
3N1EMEHTE CUMMETPUN NPU BbINoSIHeHUM TPl B
[o6biBatOLLEM POHAE. YCTAHOBIEHO, YTO HAIMYME
TPELLVH B J0ObIBAIOLLIMIX CKBaDKMHAX NEPBOro psaa

NPV oNpeaeneHHbIX YCIOBUSIX 3KCMTyaTaLm MOXET
MPVBOOUTB K UX MPEXAEBPEMEHHOMY OOBOOHEHMIO.

[MpoBeOeHHbIN KpaTKun 0630p PaboT NoKasbIBaeT
HEKOTOPbIE MPUHLIMAMAIBHBIE Pa3HOrnacKs B peaynbtarax
1 BbiBOAAxX. Kpome Toro, B MCCNEAOBAHMAX B OCHOBHOM
paccMaTpUBasIOCh CTaLMOHAPHOE TEHEHE OOHOPOOHOM
YKNOKOCTU Y aHaTM3MPOBasTaCb TOJTIbKO MPOAYKTUBHOCTb
CKBaXKVH. BMecTe ¢ TeM BOMPOC O TOM, Kak BAMSKOT O/inHa
TPELLMHBI U BbIBOP CKBEDKNH-KAHAWMOATOB OJ19 MPOBEOEHNS
[P B yCnoBusix HECTaUMOHAPHOM MHOrodhasHom
dunbTpaumn Ha KoadhduLmeHT n3enederns Hedbtn (KH)
1 TEMM ee OTOOPA, OCTAETCS OTKPbITHIM.

[lns ero peluenns nccnemyeTcs TpexpsaHas cuctema
paspaboTkK, COCTOALLAS U3 ABYX PSAOB HarHeTaTebHbIX
N TPex PSaoB O06IBAIOLLMX CKBaXKUH ( ). B kauecTBe
O6BEKTa NCCNENOBaHMA NCMONB3YETCS ABYyX(ha3Has
MOZesb C OOHOPOOHBIMM CBOMCTBaMW. [lonaraeTcs,

YTO TPELLIMHBI OPUEHTUPOBaHbI NapaseNlbHO Psaam
[06bIBAIOLLMX CKBaXKWH. [daHHas Moae b He orpaHnyeHa
OTOE/bHbIM 3/IEMEHTOM CUMMETPUM, TaK Kak B ByayLLEM
NJaHNPYETCA NCCNeAoBaTb BNSIHME HEOOHOPOLOHOCTU U
OpyrX akTopoB.

Bcero 6bino paccmoTtpeHo 20 BapMaHTOB, pas/inYatoLLMXCS
pacrnonoXeHeM TpeLLyH [Pl B psigax A0ObIBarOLLMX U
HarHeTaTesIbHbIX CKBaXKUH U IBMEHEHMEM WX OJIH (CM.
TabaLy), PacCTOAHME MEXKAY CKBabK/HAMM MOCTOSIHHO.

B chunbTpaupmonHon Mogenn 3a0aBasiich cenyowme
napameTpbl.

[ByxdasHas (HedhTb, BOAA) TPEXMEPHAA MOAENb
nnacra, 81 x 65 x 4 s4eex.

["ny6uHa 3aneraHnsa — 2000 m.

Pasmep s4eek 25 x 25 x 0,5 M.
PaccTtosHne mexay ckBakmHamm R=500 m.
[NopucTocTb — 0,15.

NecyaHncTocTb — 1.

MporuuaemocTb — 0,1 MKM2,

HaudanbHble ycnoBus :
nasneHve — 20 Mla;
BOAOHAChILLEHHOCTb — 0,5.

[MNapameTpbl TpeLyH MPIT:
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fracturing the producing wells. It established that the
presence of fractures in producing wells of first order
can lead to their premature flooding under certain
operating conditions.

A brief overview of the studies shows some fundamental
differences in the results and conclusions. In addition,
the studies mainly focused on stationary flow of reservoir
fluids and they analysed only the wells production.
However, how to control a fractures length and identify
well candidate selection for fracturing based only on the
recovery factor and depletion rates remains unclear, in
conditions of non-stationary, multiphase flow.

The following case was studied: development system,
based on a three-row well spacing pattern, consisting

of two rows of injection and three rows of producing
wells ( ). Two-phase model with similar features are
used as a study object. It is supposed that the fractures
are oriented as parallel to the rows of the producing
wells. This model is not limited to individual elements of
symmetry, because it is planned to investigate the effects
of non-homogeneity and other factors in the future.
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In total 20 options are considered: they are different due to
the fracture location in the rows of producing and injection
wells and change in their lengths (please, see the table);
the distance in-between wells remains constant.

Flow models have the following pre-set parameters:
Two-phase (oil and water) 3D model of the reservoir,
81 x 65 x 4 cells.
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BaszoBbli 0 0 0 0 Basic option 0 0 0 0
'PI1 BO BCEX Hydrofracturing at all
CKBaXXMHaxX 1 6 1 16 the wells ! 6 R 16
"'PI no Bcex Hydrofracturing at all > 7 12 17
[0ObIBAOLLMX 2 7 12 17 the wells
CKBaXXMHax

Hydrofracturing
'PI no Bcex at all second spot 3 8 13 18
006bIBAIOLLMX 3 8 13 18 producing wells
CKBaXknHax BTOpOro
psna Hydrofracturing at all

first spot producing 4 9 14 19
PN no Bcex wells
[0ObIBAOLLMX 4 9 14 19
CKBa)XMHax nepsoro Hydrofracturing at all
psna injection wells 5 10 15 20
P no Bcex
HarHeTartesbHbIX 5 10 15 20
cresnax Depth - 2000 m.

packpbITUE TPELLWHBI — 10 MM;
MPOHMLIZEMOCTb TRELLUMHBLI — 90 MKM?;
O/IMHa TPELLMHBI L f=]/2R=25 0Owm L ,;2/5R=200 M,
L=1/4R=125 m, L=1/8R=63 m.
OpwveHTaums TpeLmH — napasieibHO O0ObIBAKOLLMM
psaam.
[obbiBatoLLpme CKBaKMHbI PaboTatoT C KOHTPOJIEM MO
BofoOHedTAaHOMY pasnesny (BHP) (10 MlMa).

HarHeTaTte lbHble CKBaXKMHbBI PaboTaroT C KOHTPOJIEM MO
BHP (30 Mra).

PacueTbl MpoBOAMIMCE HA OCHOBaHUW pa3padboTaHHOM
MaTeMaTU4YeCKON Modenm [4], Banvaaums CO30aHHOMO
YMCNEHHOMO anNropUT™Ma C U3BECTHLIMY aHANUTUYECKMM
1 YACNEHHBIMU PELLIEHMSMM NPeACcTaBeHa B paboTe [5] n

peanraoBaHa B BMAe NporpaMmMHoro npoaykra FluxSim [6].

PacueTbl Ha Mogensx nokasanu, 4To JobbiBatoLLme
CKBaXKVMHbI NepBoro psaaa ¢ [Pl xapakTepuaytoTcs
HanOOMbLLEN HAKOMMEHHOW O00bI4eN HeddT. B gaHHOM
BapPUaHTE He MPOVCXOAUT ObICTPOrO MPOABVIKEHNS
dpoHTa BbITECHAEMOW BOAbI OT HAarHETaTE bHbIX
CKBAXKVH K CKBaXXMHaM BTOPOrO CTAMVBAIOLLErO psiaa B
OT/M4Me OT BapuaHTa ¢ npoeeaeHnem [Pl B CKBadKMHaX
BTOpOro psga. NP B 4OOLIBAKOLLMX CKB2XKMHAX BTOPOMO
psioa NPYBOAUT K TOMY, YTO MeXy NMEPBbIM U BTOPbIM
psgaMy OObIBAKOLLMX CKBaXKMH 3HAUYUTENBHO CHKAETCS
NnacToBOe AaBfeHME 1 BOAA ObICTPO NPOABUraeTCs K
CKB2XXMHaM BTOPOro psiaa, MPexXaeBpeEMEHHO 0OBOOHSS
CKBaYKVMHbI MepBOro psiaa ( ).

3 cnenyeT, 4To BapuaHT ¢ [P B CKBabKMHaAX
MepBOro OOObLIBAOLLIErO PAAa XapaKTepuayeTcs
HanbonbLwmM KIMIH, ogHako Temn oToopa HedhTu B
BapuvaHTe ¢ npoBeaeHnem [Pl B CKBaXKMHAX BTOPOro
[006bIBaOLLEro psiaa Boille, Yem B BapuaHTe ¢ Pl B
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Cell dimensions: 25 x 25 x 0.5 m.
Distance between wells R = 500 m.
Porosity-0.15.

Sand content-1.

Permeability-0.1 pm?2.

Initial conditions:

pressure-20 MPa;
water saturation-0.5.

Parameters of fractures, resulted from hydrofracturing:
fracture opening-10 mm;
fracture permeability-90 pm?;
fracture length L ~1/2R=250 m, L ~2/5R=200 u,
Lf:1/4R:125 M, Lf:1/8R:63 M.

Fracture orientation parallel to the producing rows.

Producing wells are operated with water-oil interface
control (WOI) (10 MPa).

Injection wells are operated with WOI control (30 MPa).

Calculations are made on the basis of developed
mathematical model-[4]; validation of the numerical
algorithm with known analytical and numerical solutions
is presented in the [5] study and it is implemented as the
FluxSim [6] software.

Calculations with use of models showed that the
production wells with hydrofracturing are characterized
by the greatest accumulated oil production. This option
does not stipulate a fast advancement of displaced
water from the injection wells to the second row wells,
unlike the option with hydrofracturing at the second row
wells. The hydrofracturing in the second row production
wells result in significantly reduced reservoir pressure
between the first and second rows of the production
wells and the water is moving rapidly to the second row
wells, leading to premature flooding in the first row of
wells ( ).
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Basic option without CKBaXXMHax [06bIBAIOLLIX [06bIBAKOLLIX [06bIBAIOLLMX HarHeTaTenbHbIX
hydrofracturing Hydrofracturing at all CKBavKmHax CKBaXKMHaxX BTOPOro CKBavKMHaxX NepBoro CKBavKmHax
the wells Hydrofracturing at all pspa psiaa Hydrofracturing at all

producing wells

ML=-12r ML=25R M L=14r M L=18R

Hydrofracturing at all injection wells
first row production

wells

Hydrofracturing at all
second row production
wells

Puc. 2. BavaHue pacnonoxxeHnsa u oanH tTpewmH Pl Ha KINH
Fig. 2. Influence of location and length of hydraulic fracturing on the oil recovery factor
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Puc. 3 3asucumocTtb KVIH oT obbema npokaydkm npu
pPasIMYHbIX BapuaHTax npoBeneHns [Pl B CKBaXKMHaX npu
TPEXPAOHOM CUCTEME Pa3PaboTKM (MPpOKayKa — OTHOLLEHVE
HaKOM/IEHHOW 3aKayKy BOAbl K MOPOBOMY O6beMy M1acTa):
1 — 6a30BbI BapuaHT; BapuaHT npu Lf = 1/2R: 2 — TPT1

BO BCEX CKBaXKMHaX; 3 — Pl BO BCex 400bIBAOLLIMX
ckBakMHax; 4 — NPl B g00ObIBAKOLLMX CKBaXKVIHAX BTOPOrO
psna; 5 — NPl B 4oObIBAOLLMX CKBaXKMHAX NEPBOro paaa;
6 — 'PI'l BO BCex HarHeTartesIbHbIX CKBa>XKMHaxX

CKBaXXMHaX NepBoro psiga. B maHHOM ciydae ycnosuem
OTKJTHOUEHNS [OObIBAIOLLX CKBaKMH CTaO JOCTVKEHNE
97 %-HoM 06BOAHEHHOCTV KaXKOOW CKBaPKMHbI.

Ha puic. 4 npvBeneHsl nons pacnpeneneHns
HehTeHaCbILLEHHOCTM 415 BAPNaHTOB C NPOBEASHNEM

www.rogtecmagazine.com

0.55
0.50
0.45

S

5 0.40

©

L 035

>

2 0.0

3

o 0.25 — 1 H

o -2
0.20 A ——3 H

4
0.15 A —A— 5 |
-6
0.10 - T
0 20 40 60 80 100 120 140 160
Washing Volume, %
Fig. 3. Figure 3. Dependence of recovery factor from

injection volumes with different options for hydraulic
fracturing in the wells with three row development
system (injection - ratio of accumulated water injection

to formation porosity): 1-Basic option; option, when Lf =
1/2R: 2-Hydrofracturing at all the wells; 3-Hydrofracturing
at all producing wells; 4-Hydrofracturing at all second
row production wells; 5-Hydrofracturing at all first row
production wells; 6-Hydrofracturing at all injection wells.

Figure 3 shows that the hydraulic fracturing option for the
first row wells is characterized by the highest recovery
factor, however, the oil depletion rates are higher in case
with hydraulic fracturing option for the second row wells,
compared to the first option. In this case, reaching 97%
well flooding shall be a reason for the abandonment.
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Pl Ha MOMEHT 0BBOAHEHVSI CKBXKIH MEPBOro psaa
Ha 97 %. MNpeacTaBneHHble KaPTbl pacnpeaeneHns
HePTeHaChILLEHHOCTU CBUOETENBCTBYIOT O TOM,

4yTO Npu NpoBeaeHW Pl B CKBaXKMHAX BTOPOro
pobbiBaroLLero psga (CMm. prc. 4, 6) dMPOHT BbITECHEHNS
npoaBuraeTcs ObICTpee, YeM npu nposeaeHun MPI1 B
006bIBaOLLMX CKBaXKMHAxX NepBoro psaa (CM. prc. 4,

a), BMECTE C TEM HEBbIPabOoTaHHbIX 3anacoB Hedh T B
parioHe 006bIBAIOLLMX CKBEXKMH MEPBOro psaa OCTaeTcs
fonblue.

IUE-

IEIJ

L @1 @z @3 |

Puc. 4. lNone pacnpeneneHns HeTeHachILLEeHHOCT Ha
MOMEHT 0OBOAHEHNSI CKBaXKIH NepBOro psapa Ha 97 %:
a, 6 — npoeepeHvie P B g0ObIBAIOLLIMX CKBaXKMHAX
COOTBETCTBEHHO MEPBOro 1 BTOPOrO psiaa; CKBaXKMHbI: 1
— HarHeTaTesbHble; 2 — 0OObIBAOLLME NEPBOro psaa; 3 —
Jo0bIBaroOLLIE BTOPOro psiga

3akstoyeHne

Takum 06pasom, Hanbobwmn KVIH gocturaercs B
BapuaHTe ¢ nposegeHeM [Pl B CKBaXKMHax nepBoro
[obbiBaroLLEro psga, HambobLLWK TeMn oTbopa HeddTw
— B BapuaHTe C BbiNnoJiHeHnem Pl B 4oObiBatOLLMX
CKBaXKMHaxX BTOPOro psga.
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Flgure 4 shows the field distribution of oil saturation for
the options with hydraulic fracturing at the time, when

the first row wells are flooded at 97%. The oil saturation
distribution maps demonstrate that in case of hydraulic
fracturing at the second row of production wells (Fig. 4, 0),
the displacement interface moves faster than in case of
hydrofracturing at the first row production wells (Fig. 4, a);
however, there are more non-developed reserves of oil in
the area of the first row wells.

IUE-

IEIJ

Qil Saturation

IOil Saturation

L @1 @z @3 |

Fig. 4. Field distribution of oil saturation at the time of the
first row well flooding for 97%: a, b-conducting hydraulic
fracturing at the producing wells of the first and second
rows respectively: 1-injection wells; 2-first row production
wells; 3-second row production wells.

Conclusion

Therefore, the highest total oil recovery factor is achieved
in case of hydraulic fracturing at the first row production
wells; the best oil depletion rates are shown in case of
hydraulic fracturing at the second row of production wells.

If the focus is on the highest recovery rates, in practice
the option with hydraulic fracturing at the second row
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Ecnm ncxooutsb na Kputepus makcumansHoro KMH, to
BapuaHT ¢ [Pl B CKBaXKMHax BTOPOro Ao0bIBatOLLErO
psana apdeKTUBHEE OCTalIbHbIX BAPUAHTOB NPaKTUYECKN
Ha Bcelr 0b61acTu NpokadaHHoro obbema (Cm. ),
3a nckJtoyeHnem npokadkn donee 110 %. Bonbwwe
NpOoKayYaHHble OOBbEMbI COOTBETCTBYHOT OTAASIEHHbBIM
nepuogam, BO BpemMs KOTOPbIX 406bl4a SKOHOMUYECKM
MEHee NHTEepPEeCHa (C Y4ETOM ONCKOHTMPOBAHWS),

4eM B HavasbHble nepuofdpl. C y4eTOM TOro, YTo
NPOOO/KUTENBHOCTL peasibHOro adhdekTa oT [Pl Ha
MECTOPOXKOEHMSAX 0BbIHHO cocTaBnseT 1-4 roga [7],
BapuaHT ¢ npoBedeHnem [Pl B CKBaXKMHaxX BTOPOro
00ObIBaOLLEro psfa SBASETCS JyHLWMM Kak Mo
KOMNYeCTBY OTOBPaHHOM HedTH, Tak 1 TEMMY

ee oTbopa.
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production wells are the most efficient, compared

to other options practically with all the injection area
volumes ( ), with the exception of injecting more
than 110%. Large flooding volumes correspond

to remote periods, when the production is less
profitable from an economic viewpoint (considering the
discounting) than during the initial periods. In view of
the fact that the duration of the real impact of hydraulic
fracturing on the fields is typically only 1-4 year [7],

the option of hydraulic fracturing at the second row
production wells is the best both in terms of volumes of
oil production and of the pace of its depletion.
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