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Kniouesvie cnosa:
THPOPA3PBIB ILIACTA,
He(TeHACHILICHHOCTb TJIaCTOB,
K09 PHIMEHT TPOSYKTUBHOCTH,
TPEIMHHO-TIOPOBbIit
KapOOHATHBIH KOJUIEKTOP,
00BOIHEHHOCTh CKBAXKHH,
TOPU30HTAJIbHBIE HATIPSIKEHUS,
3a0o0ifHOe naBeHuE,
ONTUMH3ALHUS AU3aiiHa
TUJPOPa3phIBa IIACTA.

The paper presents the results of the analysis of the efficiency of improved oil recovery (IOR) methods designed to restore and
increase the productivity of wells of Kashirskiy and Podolskiy reservoirs of the certain Perm region oil field. Indirect evidences
prove that the carbonate reservoir of the formations exhibits fracture-pore-type reservoir properties, which affects the productivity of
wells and results of IOR methods.

Comparative analysis of the efficiency of IOR methods implemented on production wells poined out on higher values for proppant
hydraulic fracturing (HF). The increment in well production oil rate after HF increases with an increase in the specific consumption
of proppant.

The calculations are performed according to the wave acoustic cross-dipole logging (cross-dipole sonic). According to the results of
studies and calculations, the profile of horizontal stresses in the reservoir was constructed, the values of bottomhole pressure at
which the closure of the fracture occurs in individual layers are substantiated. A retrospective design of the main HF was performed
for a certain well. It is showed that the height of fracture development is limited by dense barriers above and below the perforation
interval, while the part of the fracture formed is not packed with proppant.

Proppant HF is accompanied by a significant increase in well water-cut after IOR methods implementation, the nature of which
changes in subsequent periods indicates a high probability of involvment of formation drainage through a fractured interbeds with
low natural oil saturation to the process.

The analysis of the results of IOR methods, well logging data, taking into account the built retrospective design of the main HF,
leads to the conclusion that it is necessary to optimize the technological parameters while designing the HF for production wells of
the Kashirskiy and Podolskiy reservoirs of the certain Perm region oil fields That is controlled by increasing the specific
consumption of proppant, reducing the polymer load and the share of the buffer stage of the main HF.

IpencTaBiaeHbl pe3ysIbTaThl aHAIM3a TEXHOIOTHIECKONH 3()(PEKTUBHOCTH reojoro-rexHudeckux meponpustaii (I'TM) no
BOCCTAHOBJICHUIO M YBEJIMYCHHUIO IMPOJYKTHBHOCTH JOOBIBAIONIIMX CKBAXHMH KAIIMPCKOTO U IOAOIBCKOTO OOBEKTOB
pa3paboTkn Ha ofaHOM U3 He(dTAHBIX MectopoxaeHuit (ITepmckuit kpaif). ITo KOCBEHHBIM TNpU3HAKAM KapOOHATHBIN
KOJUIEKTOpP Ha YKa3aHHBIX OOBEKTax MpOSBISCT CBOHCTBA KOJUIEKTOpA TPEIIMHHO-TIOPOBOrO THIIA, YTO OTPAXKAETCS HA
MPOAYKTHUBHOCTH CKBaXKMH M pesynbTarax ' TM.

CpaBHUTENBHBIH aHATU3 TOKaszaTenel 3((EKTHBHOCTH NMPOBEACHHBIX I'€OJOrO-TEXHUYECKHX MepOonpusTHii mo (oHmy
JIOOBIBAIONIMX CKBAXKUH yKa3bIBaeT Ha Oojiee BBICOKME 3HAYCHUs MOKa3aTesel HMpH MPOMAHTHOM TI'MAPOpPa3phIBE ILIACTA
(I'PID). Ipupoct nebura ckBaxus no Hedru nocue I'PI1 Bozpacraer ¢ yBenmmyeHHEM yIeIbHOTO Pacxoja MporaHTa.
BrInomnHeHs! pacyeTs! 10 JAHHBIM BOJTHOBOT'O aKyCTHYECKOTO Kpocc-HIoNbHOro Kaporaka (BAK-/1). ITo pesyibraram BBIOIHEHHBIX
HCCIeIOBAHMUI M PACUECTOB TTOCTPOCH MPOGIITh TOPU3OHTATIBHBIX HANPSIKEHUH B IUIACTE, 000CHOBAHBI 3HAYEHHMS 3a00HHOT0 JaBJICHUS,
TIPY KOTOPBIX MPOMCXOIUT CMBIKAHHUE TPEIIMHBI B OTJEIIBHBIX NPOIUIACTKAX. JIyisi OXHOM M3 CKBaXKMH BBITIOJIHEH PETPOCIICKTHBHBINA
Jw3aitH ocHoBHOro I'PII, KOTOpBI MOKAa3aj1, YTO BBICOTA Pa3BHTHS TPCLUMHBI OIPAHMYCHA IUIOTHBIMH OapbepamH BBIE M HIDKE
nHTepBaIa nephopariii, IpH 3TOM 4acTb 00Pa30BaBIIEHCS TPEIMHBI HE yIIAKOBAHA IPOMTAHTOM.

[Iposenenne npomnantaoro I'PIT compoBokiaercs 3HAUNTENBHBIM YBEIHMYEHHEM OOBOJHEHHOCTH CKBaxnH nocie I'TM,
XapaKkTep WU3MEHEHHsI KOTOPOii B MOCIEAYIOIIHE IEPHO/IbI YKA3bIBACT HA BEICOKYIO BEPOSITHOCTH ITOJAKIIOUCHUS K TIPOLIECCY
JIPEHUPOBAHUS TIACTa Yepe3 00pa30BaHHYIO TPELIMHY IPOILUIACTKOB C HU3KOH €CTECTBEHHON He()TEHACKIIEHHOCTBIO.
AHanu3 pe3ynbTaToB BBIMOMHEHHBIX ['TM, JaHHBIX reo(U3MYECKHX HCCICJOBAHHIl CKBOXHH C YYETOM IMOCTPOCHHOTO
PETPOCTIEKTHBHOTO u3aiiHa ocHOBHOro I'PII mpHBOAMT K BBIBOAY O HEOOXOAMMOCTH ONTHUMH3AILUH TEXHOIOTHIECKUX
apamMeTpoB IpU IOCTPOCHHH au3aiiHa mponantHoro I'PIT s 0OBIBAIONMX CKBaXKHH KAIIMPCKOTO M IMOAOJIBCKOIO
00BEKTOB HAa OJHOM M3 HE(QTAHBIX MecTOpokaeHHH [lepMckoro kpas myTeM yBeIHUYEHHs yJelbHOTO Pacxoja MpOoIaHTa,
YMEHbIICHUS 3arpy3Ku MosuMepa u noiu oydepHoit cragun ocaoBHoro I'PIIL.
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Introduction

Productive carbonate formations with moderate
thickness and not very high oil saturation which
contain oil with high or higher than average viscosity
are characterized by low productivity ratios of oil-
producing wells. When the formation pressure and
bottom hole pressure start declining in the process of
reservoir development, the effective tension in the
formation increases and that affects the expansion of
natural fractures that often complicate the rocks’
structure in carbonate collectors and causes
significant reduction of the formation permeability
and well productivity [1]. Geological and technical
actions aimed at recovering and boosting the
productivity of producing wells is one of the means
for managing oilfield development [2, 3].

In the last decade, the technology of hydraulic
fracturing (hydrofracturing) has been widely used
in the oilfields located in Perm region. This
method is cost-intensive and its effectiveness
depends on many factors. The evaluation of
hydrofracturing results in the given geological and

physical conditions and the optimization of

technical parameters for carrying out well
operations is a critical task.
Main Body

The productive formations of Kashirskian
and Podolskian horizons of mid-Carboniferous
period located in one of the oilfields in the south
of Perm region are characterized by low natural
oil saturation and productivity (see Table 1).

A carbonate reservoir of Kashirskian (Ksk) and
Podolskian (Pod) formations manifests the features
typical of fractured-porous type of reservoirs,
which is confirmed by the information provided in
Table 2 [4, 5].

Well No. 1 was commissioned into operation
in Kashirskian deposit in 1989 and at first had a
productivity ratio (Kpoq) of 3.4 m’/(days-MPa)
with the bottom hole pressure (Pgup) of 7.8 MPa
and formation pressure (AP.s) of 2.2 MPa. After
the reduction of Pgpp in 1990 to 3.5 MPa and
increase of drawdown pressure to 6.7 MPa, Kroq
was reduced 5.7 times (Table 2).

Table 1
Geological and Physical Characteristics of Production Targets

Description Ksk Pod
Average depth of occurrence, m 1,103 1,027
Type of deposit Anticline Anticline
Type of collector Porous, carbonate Porous, carbonate
Absolute oil-water contact point, m —890 —812
Average net oil thickness, m 3 4
Initial formation temperature, °C 26.5 25
Initial formation pressure, MPa 11.7 11.2
Average oil saturation, unit fractions 0.63 0.63
Porosity, unit fractions 0.16 0.19
Permeability, um’ 0.19 0.073
Sand content ratio, unit fractions 0.66 0.48
Average number of permeable intervals, unit fractions 3 5
Qil viscosity in reservoir conditions, mPa-s 45.7 18.6
Qil density in reservoir conditions, kg/m’ 891 880
0il density in aboveground conditions, kg/m’ 911 890
Formation volume factor, unit fractions 1.033 1.026
Bubble point pressure, MPa 53 7.52
Gas/oil ratio, m3/g 8.5 12.6

Table 2

Technical Parameters of Wells No. 1-3

Well No Target Switch on production / after hydro3fracturing After the Pgyp drop (rise})
) Ppyp, MPa | AP, MPa | K4, m’/(dayssMPa) | Pgyp, MPa | AP, MPa | K4, m/(days-MPa)
1 Ksk 7.8 2.2 3.4 3.5 6.7 0.6
Pod 2.8 8.4 0.2 4.7 6.5 0.8
) Ksk 5.6 5.4 0.3 2.5 8.5 0.2
Pod 5.0 6.0 0.4 1.9 9.1 0.1
3 Ksk 7.4 4.0 39 24 4.6 22
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Podolskian horizon was completed in 1990 with
Pgpp= 2.8 MPa and AP,.s= 8.4 MPa and productivity
ratio of 0.2 m*/(days-MPa). After the increase of Pgp
to 4.7 MPa and the reduction of draw-down pressure
to 6.5 MPa, K grew 4 times.

Well No. 2 was commissioned into operation in
formations Ksk and Pod in 1993. It can be seen from
Table 2 that upon significant reduction of Pgyp and
increase of AP, the productivity ratios for each
target, especially Podolskian, declined materially.

Well No. 3 was completed in Kashirskian
horizon with a transfer from Bashkirian horizon
(Bsh) in 2017 and carrying out a proppant
hydrofracturing. With the formation pressure of
11.4 MPa, bottom hole pressure of 7.4 MPa and
AP.s = 4 MPa, the productivity ratio totaled
39 m3/(days-MPa). In a year, P, went down to
7 MPa with the draw-down pressure at 4.6 MPa and
the reduction of Pgpp to 2.4 MPa. Provided that, Koq
went down to 2.2 m*/(days-MPa), i.e. 1.8 times.

Taking into account low water cut in wells No. 1
and 2 and the same level of this indicator during the
periods under review, the information about the
reduction of K, alongside the decline of Py and Pgp,
and the increase of drawdown pressure, and the
information about the increase of Kjy,q With the growth
of Pgyp and reduction of AP, (Well No. 1, Pod) indicate
the manifestation of characteristics of a fractured-
porous type of reservoir and its deformation [6-12].

In order to recover and enhance well productivity
and increase oil production rates at an oilfield,
production enhancement operations are performed in
respect of the formation and the bottom hole area
[13-15]. In the period from 2008 to 2017, 19 acid
treatments were performed with the average specific
incremental oil output per treatment of 0.6 tonnes/day/m
and a 3-month effect and 29 production enhancement
operations with the average specific oil output of
1.7 tonnes/day/m. By 2015, two acid hydrofractures
had been performed, one at each target. In 2015, one
operation was performed, followed by 10 in 2016 and
16 in 2017 (Table 3).

Two operations of acid hydrofracturing (2008)
showed low efficiency (specific incremental output of
0.3 tonnes/day/m with the plan of 2.4 tonnes/day/m
and the length of effect of 108 days), possibly, due to
incomplete removal of reaction products [16-18]. The
specific incremental oil output achieved in connection
with nitrogen and foam and proppant hydrofractures
slightly exceeded the plan and amounted to 2.1 and
1.9 tonnes/day/m, respectively (Fig. 1). No nitrogen

and foam or proppant hydrofractures were performed
in 2017 due to organizational and technical reasons.

Table 3
Hydrofracturing in 2015-2017

Number of operations
Type of hydrofracture | 2015 2016 2017
Pod | Ksk | Pod | Ksk | Pod
Nitrogen and foam 1 2 2 — —
Proppant - 4 2 10 6
25 600
22
% 20 488 478* | 500 2
E: =
3 400 3
S 15 =
':134 [-*]
= 300 2
3 10 L S
5 200 8
g 5 5
Z ST 3 =
19 21 18 19 100 =2
0 - - 0

Nitrogen and foam
hydrofracture

Proppant hydrofracture

Number of hydrofractures
® Average planned specific incremental oil output, tonnes/day/m
Average actual specific incremental oil output, tonnes/day/m
® Average duration of the effect, days

Fig. 1. Efficiency of hydrofractures performed in respect
of Ksk and Pod targets of the oilfield under review
(* - the values are taken for the wells with complete effect)

The key parameters of proppant hydrofractures
are set out in Table 4.

Table 4
Key parameters of proppant hydrofractures
Parameter Value
Consumption of blend, m*/min 3.5
Loading of gallant, kg/m’ 3
Maximum concentration of proppant, kg/m’ 800
Proppant size, mesh 16/20
Specifi tion of t, tons/ Ksk 62
ecific consumption of proppant, tons/m
P P Propp Pod 9.2
Ksk 27
Share of buffer stage, %
Pod 29
L Ksk 19.2
Average wellhead pressure of injection, MPa
Pod 17.5
Average effective pressure in case of mini Ksk 5.9
hydrofracturing, MPa Pod 5.4
Effectiveness of fracture fluid in case of mini Ksk 82
hydrofracturing, % Pod 72
a dient. MPa/ Ksk | 0.0161
t
osure gradient, MPa/m Pod | 0.0155
Ksk 16.8
Bottom hole closure pressure, MPa
Pod 14.7
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A close-to-linear dependence of specific
incremental oil output on specific proppant
spending was detected (Fig. 2).
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Fig. 2. The dependence of specific incremental
oil output on the consumption of proppant
in relation to formations K (a) and Pod (b)

of the oilfield under review

A significant increase of water cut after
hydrofracturing (Fig. 3) that exceeds 2-4 times the
same indicator for the wells with a proppant
hydrofracturing is noted in the south group of
oilfields developed by LLC LUKOIL-Perm
(Kashirskian and Vereiskian formations). No
correlation has been found between the increase of
water cut and the increase of proppant
consumption by the wells of the oilfield under
review.

In order to identify the source and reason of
water cut and to optimize the technology of
proppant hydrofracturing, the results of researches
(hydrodynamic, flow measurement, cross dipole
variable density logging — VDL-D) performed in
respect of the wells with hydrofractures and
information about the natural oil saturation of

stringers involved in the fluid inflow into the well
were analyzed.
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Fig. 3. Efficiency of hydrofractures in performed Ksk
and Pod targets of the oilfield under review

For the well No. 4 (Ksk) of the reviewed
oilfield a profile of horizontal tensions was defined
based on VDL-D results on the hydrofracture
interval prior to its performance (Fig. 4) [19-21].

The calculated values of tensions in the
expected interval of hydrofracture development
interval are fully compliant with the interval from
the actual bottom hole closure (Peosure BHP 5) tO the
bottom hole initial shut-in pressure (ISIP),
indicating the reliability of the obtained results
(Fig. 5) [21-25].

Taking into account the effect of circular
compressive stress in the rock, the closure of
fractures close to the wells is detected if the
pressure is twice as low as double lateral
rock pressure Py, [S], which is defined through
horizontal stress ratio Kia: Platr = Kiat* Pyert.r, WEIre
Pyery 1s  vertical rock  pressure.  The

. L . . .
ratio K :1—, where v is Poisson ratio

lat -V
[26-29].

For the conditions of Kashkirian target Pyen, =
= 26 MPa, Poisson ratio for the rocks completed
by Well No. 4 amounts to 0.24-0.25 in the
hydrofracture interval (see Fig. 4). Doubled lateral

2v-P
rock pressure 2P, =% =16.4...17.2 MPa.
-V

The minimal bottom hole pressure of fracture
closure Pgosuenap s 18 equal to 16.2 MPa
(see Fig. 5), i.e. the condition Pgjosure BHP < 2Platr.
is fulfilled.
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Fig. 4. Profile of horizontal pressures in the target interval for hydrofracturing performance on the Well No. 4
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Fig. 5. The graph of G-function of mini hydrofracture on the Well No. 4; bottom hole closure pressure — 164.1 atm;
closure pressure gradient— 0.1556 atm/m; wellhead closure pressure— 59.7 atm; time of closure — 306.5 min;
injection time — 9.2 min; implied blend efficiency— 86.9 %; calculated effective pressure — 48.3 atm

The obtained profile of horizontal tensions
allowed evaluating the hydrofracture of the
formation in its productive part and in the tight
barrier stringers [30, 31]. The following findings
were made as a result of researches’ analysis:

1. The height of hydrofracture is limited by
right barriers / and 2 (see Fig. 4).

2. The bottom hole pressure Ppgp is a
minimal horizontal component of the rock pressure
for the productive part of the formation close to the
well walls; this pressure defined the condition for
full closure of the hydrofracture in the perforation
interval.

3. The calculated tensions in the fracture
development interval correlate to the actual
pressure values of its closure in the bottom hole,
determined according to the graph of mini
hydrofracture G-function (see Fig. 5).

The existence of several bottom hole values of
fracture closure pressure in this graph can be
explained by non-homogeneous distribution of
formation permeability across section and,
therefore, different volumes of crosslinked gel that
penetrated into separate interlayers [32, 33].

A retrospective design of main hydrofracture for
the Well No. 4 performed on the basis of obtained
data has shown that a part of the fracture is not
packed with proppant (Fig. 6), which is probably
due to high efficiency of breakdown agent and its
low filtration into the formation [34-36].

Similar information has been obtained for
Kashkirian target for Wells No. 5-7. Researches and
calculations using VDL-D data indicate the presence
of highly tense barriers above and below the
productive part of the formation and incomplete
packing of hydrofractures with proppant.
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Part of the fracture

‘ 1’ s }; that is not packed
{2 == 2 with proppant
R — S e it S

Fig. 6. Profile of the hydrofracture based
on retrospective analysis for the Well No. 4

The Well No. 3 (Ksk) featured high water cut
(73 %) after a proppant hydrofractrure with the
specific incremental oil output of 1.3 tons/day/m with
the plan of 1.7 tonnes/day/m. The assumption that the
hydrofracture could have perforated the water
stringer in the interval 1,151.4-1,152.2 m (with the
perforation interval 26 m below) was not confirmed
by the results of tension calculations or
hydrofractures performed on neighbor wells, which
indicate that hydrofractures are limited with tight
layers (see Fig. 4) above and below the productive
part and do not penetrate the water-saturated stringer.

The increase of wells’ water cut after
hydrofracturing with account to this indicator’s
changes in subsequent periods of their operation
can be explained by high water saturation of the
stringers involved in the production process after
the fracturing [37]. For example, for the Well
No. 3 the average natural oil-saturation of the
layers identified with flow-metering amounted to
38 %. Gradual reduction of water cut in this and
other wells during several months after the

hydrofracture by 10-20 % with its further
stabilization indirectly indicates that the fracture
does not penetrate to the water-saturated layers
and to the displacement front and oil-water
contact [38-40]. In the Well No. 3 the water cut
went down from 73 to 56 % during 11 months
after the hydrofracture and in the Well No. 1
(Pod) — from 72 to 64 % during 5 months.

In connection with incomplete filling of
hydrofractures with proppant, a new design for
wells No. 4 and No. 1 was performed with the new
technological parameters (Table 5).

The calculations related to the new design
have shown that with the increase of specific
spending of proppant and reduction of polymer
consumption and the share of buffer unit, the
technological efficiency of hydrofracturing may
be enhanced.

The optimization of technological parameters
was carried out in connection with performing a
proppant hydrofracture on Pod target in Wells
No. 8 and No. 9. In the Well No. 8 the
hydrofracture was performed in December, 2017.

As a result of mini hydrofracture, polymer
consumption was reduced from 3.0 (basic design) to
2.8 kg/m’ and the specific consumption of proppant
was increased from 7.7 to 10.4 tonnes/m. The hydro-
fracturing on the Well No. 9 was performed in May,
2018. The basic design included polymer consumption
reduced to 2.8 kg/m’ and specific proppant
consumption increased to 10.6 tonnes/m. As a result of
mini hydrofracture, the share of buffer was additionally
reduced from basic 27 to 22 %. The information about
the wells operation are provided in Table 6.

Table 5
Technological Parameters of Proppant Hydrofracture
Parameter Well No. 4 (Ksk) Well No. 1 (Pod)
Actual hydrofracture New design Actual hydrofracture New design
Specific consumption of proppant, tonnes/m 4.9 6.8 9.2 11.0
Polymer consumption, kg/m’ 3.0 2.8 3.0 2.8
Share of buffer volume, % 24 22 27 22
Specific oil output, tonnes/day/m 1.3 1.5 1.9 33
Table 6
Indicators of the performance of Wells No. 8 and 9
Well No. 8 Well No. 9
. Prior to After hydro- | . After hydro-
Indicator hydro- Plan fracturing, Prlf(;;g[)u}rli};] dro- Plan fracturing,
fracturing Jan. 2018 & June 2018
Specific fluid output, m*/day/m 1.1 11.5 11.9 2.5 11.6 15.2
Specific oil output, tonnes/day/m 0.7 4.6 4.9 1.5 5.0 7.2
Water cut, % 34.0 55 53.4 36.0 50 47.0
Specific oil output increment, tonnes, day/m — 3.9 4.3 — 3.5 5.7
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Conclusions

A dependence of specific growth of oil output
on  proppant  consumption  during  the
hydrofractures performed on the wells of Ksk and
Pod targets of the oilfield under review was
established.

As a result of calculating horizontal tensions,
the boundaries of hydrofractures development
were determined (by height).

The productive formations with low natural
oil-saturation involved in the draining process are
the main source of water cut growth in the well
produce after hydrofracturing.

The evaluation of proppant hydrofracturing
results with account of geophysical well research
indicates the necessity to optimize technological
parameters of hydrofracturing design
development for Kashkirian and Podolskian
targets. Taking into account retrospective
hydrofracture design for the Well No. 4 and the
hydrofracrtures performed in Wells No. 8 and 9,
it is proposed to optimize technological
parameters with an increase of specific proppant
consumption to 9 (Ksk target) and 11 tonnes/m
(Pod target), and reduction of polymer
consumption to 2.8 kg/m’ and the share of buffer
volume to 21-22 %.
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