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The Upper Visean-Bashkirian oil and gas complex makes a significant contribution to the volume of oil production in the Perm
Krai. The development objects of the oil and gas complex are characterized by a complex geological structure with high
heterogeneity of the formations. At most of the production objects, a decrease in reservoir pressure was noted in the zones of
selection of production wells, which was due to the insufficient influence of the applied flooding systems to maintain it. One of
the factors that has a negative impact on the efficiency of the flooding system is the uneven influence of injection wells on
production wells in the conditions of development of a highly dissected formation. When developing production objects with a
large operating stock of production and injection wells, the task is to find the most optimal scheme of the injection wells
influence on production wells. High variability of possible combinations of perforation intervals due to significant dissection and
inconsistency of the reservoir layers distribution over the area significantly complicates the solution of this problem.

The authors propose an approach to optimization of the reservoir pressure maintenance system based on multivariate calculations
using a permanent geological and hydrodynamic model. The essence of the approach lies in comparing multiple scenarios for
redistributing the injected agent across the section by enumerating options with different perforation intervals in the injection wells.
The recommended option is selected based on a combination of two factors: maximizing oil production and restoring or stabilizing
reservoir pressure in the deposit. Using the proposed approach, complex geological and technical measures were formed in the
injection wells. They included isolation of injection intervals that may potentially experience a water breakthrough, or intervals that
did not affect production wells, as well as completion of unperforated reservoir intervals. The use of the proposed approach improves
the efficiency of the current reservoir pressure maintenance system by increasing reservoir pressure, involving new intervals in the
process of displacing injected water, and reducing the risk of a water breakthrough.

BepxHeBH3elCKO-0alIKMPCKUiT HedTera3oHOCHBIE KOMILIEKC BHOCHUT 3HAUMUTEIbHbIN BKJIaJ B 00beM Jo0bun HedTH B [lepMCKOM Kpae.
OGBbeKThl pa3paboTKH paccMaTpHBAeMOro HedTerasoHOCHOrO KOMILIEKCA XapaKTEPHU3YIOTCA CJIOXKHBIM T'€OJIOTHYECKUM CTPOEHHEM C
BBICOKON HEOJHOPOAHOCTBIO IUIACTOB. Ha GOJBIIMHCTBE paccCMaTpPUBAEMBIX OKCIUTyaTALMOHHBIX OOBEKTOB OTMEYAEeTCs CHIDKEHHe
IUIaCTOBOTO JaBJIeHUsA B 30HaX OTOOpa AOOBIBAIOIUX CKBAKWH, YTO OOYCJIOBJIEHO HENOCTATOYHBIM BJIMSHHEM IPHMEHAEMBIX CHCTEM
3aBOAHEHUA JUIA ero mojjepxaHud. OOHUMM 13 (aKTOpPOB, OKa3bIBAIOIIMX HeraTHBHOE BJMAHUME Ha 3(@GEKTUBHOCTb CHCTEMBI
3aBOJHEHNs, SBJIAETC HEPABHOMEPHOE BJIMAHME HAarHeTaTesbHbIX CKBOKMH Ha MA0CBIBaoIUe B YCJIOBUAX pPa3pabOTKU
BBICOKOpacwIeHeHHOro IvlacTa. IIpu paspaboTke 3KCIUTyaTalldOHHBIX OOBEKTOB OOJIBIIMM [AeHCTBYIOIM (OHIOM JOOBIBAIOMINX U
Har"HeTaTeJIbHbIX CKBaXMH CTOMT 3aJayda IoMCKa HauboJiee ONTUMAJIBHOM CXeMbl BIMSAHMS HAarHeTaTeIbHBIX CKBKUH Ha }IOGHB&IOH.]V[Q.
BbIcokas BapHaTHBHOCTh BO3MOXHBIX COYETAHHI MHTEPBAJIOB Nepdopanyi 13-3a 3HAUUTEIBHOM PACwIEHEHHOCTH 1 HEBBIEPKAHHOCTH
PacIpocTpaHeH s MPOILUTACTKOB KOJUIEKTOPOB IO IUIOMAJU CYILIECTBEHHO OCJIOXKHSAET pellleHHe 3TOkH 3aaul.

ABTOpaMI/I NpeaJIOkKeH NoAXO0A K ONTHMHU3alUWH CHUCTEMbl MOAAEPXaHMA IUIAaCTOBOIO AaBJIeHHMA HAa OCHOBE MHOI'OBapHMaHTHBIX
pacueToB € HCIOJIb30BaHHEM IOCTOSHHO AeNCTBYIOIEH reoJioro-rufipofuHamMuydeckoii Mogeau. CyTb MOAXoAa 3akilioyaercs B
CpaBHEHMH MHOXECTBA CLleHAapHeB IepepaclpefiesieHns 3aKaulBaeMOro areHTa IO pas3pe3y NyTeM IepeGopa BapUaHTOB C
pa3/JIMYHBIMU HHTepBajaMH INepdopaluy Ha HarHeTaTesJibHOM ¢oHAe. BHOOp pexkoMeHAyeMOro BapuaHTa peajM3yeTcsi Ha
OCHOBe codeTaHusA ABYX (PaKTOPOB — MaKCUMHU3aLMK AOOBYM He(pTH U BOCCTAHOBJIEHHUU JIMOO cTabMIM3aluH IJIAaCTOBOTO
AaBJieHus Mo 3ajexy. C IoMOMIbIo IpejjlaraeMoro nojgxoja copMrupoBaHbl KOMILJIEKCHbIE Fe0JI0ro-TeXHUYeCcKre MepOoIpUATHA
Ha Har"eraresJbHOM ¢oHAe. OHU BKJIIOYAIOT B ceOs M30JIALMI0 MHTEPBAaJIOB 3aKauyKH, 0 KOTOPBIM MOTEHIHUAJIPHO MOXeT OBITh
MIPOPHIB BOJBI, JIN0O MHTEpBAJIOB, He OKAa3bIBAIONIUX BJIMAHHE Ha JOOBIBAIOIMe CKBAaXUHBI, a Takke JOCTpes HeoXBaueHHBIX
nepdopaiueii MHTepBajoB IulacTa. IIpuMeHeHHe IIpejaJjiaraeMoro IMOJXOJa IO3BOJIAET MOBHICUTbh 3((EKTUBHOCTh TeKyIei
CHUCTEMBI IOAJEPXKAHNMA IJIACTOBOI'O [AaBJIEHHA 3a CYET YBEJIWYEeHHA IJIAaCTOBOI'O AaBJIeHM:A, BOBJIEYEHUA B MIPOLIECC BHITECHEHUA
3aKa4BaeMoii BOJIO} HOBBIX NHTEPBAJIOB U CHIDKEHNUA PHUCKA MIPOPbIBA BOJBL.
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Introduction

The most common method of hydrocarbon field
development is reservoir pressure maintenance by water
injection into the reservoir. Despite the enormous
experience of application, the theory and practice of this
method are constantly improving [1-4]. The diversity of
geological and physical conditions in different oil and gas
bearing regions of the world, the need to develop objects
with increasingly complex geological structure and lower
productivity stimulate the continuous development of
reservoir pressure maintenance methods [5-7].

In the modern period of oil production in Perm Krai,
one of the main oil and gas bearing complexes (OGCQC) is
the Upper Visei-Bashkirian one [8, 9] which accounts for a
quarter of all oil produced in Perm Krai and 20 % of the
annual production at the moment. At the same time, 25 %
of residual oil reserves in Perm Krai are concentrated in
this OGC. The reservoirs are predominantly medium-
permeable limestones saturated with oil of both low and
high viscosity. The productive sediments are characterised
by significant heterogeneity of the geological structure
with high values of compartmentalization.

In the Upper Visei-Bashkirian OGC the reservoir
pressure maintenance (RPM) system is organised at 42 of
the 64 production facilities (PF). At the same time, the
majority of PFs (83 %) use an intra-contour flooding
system, while the remaining (17 %) use a near-contour
flooding system. More than half of the PFs have zones of
low reservoir pressure, what indicates insufficient impact
of injection wells.

The analysis of the energy state and the dynamics of
technological indicators revealed an insufficient
efficiency of the waterflood system with compensation
for the waterflood system of about 100 %. Besides,
intensive breakthrough of injected water is observed
when the volume of agent injection increases.

Improvement of reservoir pressure maintenance
systems at the development sites of the Upper Visei-
Bashkirian complex will increase its efficiency. This
increase can be comparable, and in some cases even
exceed the efficiency of expensive tertiary enhanced oil
recovery (EOR) methods [10-13].

Improving the Efficiency of the RPM System

Analysis of the works of specialists who studied the
efficiency of RPM systems has revealed a number of the
most typical negative factors affecting the reduction of its
efficiency, except for the losses of surface and technical
working agent in the well: the outflow of injected water
into the contour area from the contour and near-contour
injection wells; the organisation of reservoir pressure
maintenance in low-productive formations with complex
geological structure after a significant decrease in the
initial reservoir pressure; incomplete impact of injection
wells on the operation ones due to the heterogeneity of
the lithological structure of productive deposits; random
distribution of agent injection over the area of the
productive formation [14-17].

Due to the high compartmentalization and
heterogeneity of the section of the PFs under consideration
inefficient injection volumes are identified due to the
discrepancy between the perforation intervals of injection
and production wells. At the same time, a complete
comparison of intervals does not guarantee the efficiency
of the reservoir pressure maintenance system since this can

lead to water breakthroughs through highly permeable
channels [18].

It is difficult to trace such channels due to the dissected
and highly differentiated by filtration-capacity properties
section in conditions of high variability of interval
comparison with a large number of active wells. In
general, if at the initial stages of field development the
main focus is on reservoir pressure maintenance, at later
stages the main objective of optimising the RPM system is
the reduction of water cut and injection without loss of oil
production [1]. At the same time, the introduction of the
analysis method which consists in preliminary modelling
of the situation, identification of possible problems
and reaction to them, allows preventing possible oil losses
in advance [16]. Multivariate calculations on the
hydrodynamic model allow us to identify the optimal
waterflooding system and, consequently, to determine the
parameters of waterflooding systems, both leading to oil
losses and increasing its recovery. At present, multivariate
hydrodynamic modelling has proved itself in assessing
uncertainties in parameters affecting production levels
[19-21].

Multivariate calculations on the hydrodynamic model
are preceded by the stage of analysis of the applied
waterflooding system. The analysis focuses on the
separation of non-productive injection and assessment of
hydrodynamic connectivity between injection and
production wells [15, 21, 22]. The following types of
methods are used to find hydrodynamic connectivity
between wells: technological methods, such as tracer
injection and interference testing [23-27]; analytical
methods, which consist of processing and analysing field
data using various mathematical and numerical methods.
[28-31]. Such methods are based, among others, on
hydrodynamic modelling of different levels of complexity
[32-34]. At the moment, development engineers use a
wide variety of analytical methods to assess the mutual
influence between wells, starting with the simplest
statistical methods, such as the Spearman and Kendall
rank correlation methods [35-37]; they are used mainly
for rapid assessment. There are also the most resource-
intensive methods, such as hydrodynamic modelling and
neural networks [28, 38].

Non-productive injection means not only inefficient
injection which does not perform useful work in the
productive reservoir, but also the volume of water that did
not reach the wellheads of injection wells due to the
failure of the surface RPM system, and the volume of
water that did not reach the target facility due to technical
reasons — violations of the well structure [39]. In order to
identify non-productive injection development engineers
usually use the hydrodynamic modelling tool, but at the
same time, for operational evaluation analysis, many
methods are used to assess the efficiency of injection based
on the material balance equation [14].

To solve the problem of RPM system optimization in
the conditions of developing highly dissected and highly
heterogeneous PF such as Upper Visei-Bashkirian OGC of
Perm Krai the authors used multivariate calculations with
the application of constantly operating geological and
hydrodynamic model. The essence of the approach is to
compare multiple scenarios of redistribution of injected
agent across the section by selecting variants with
different perforation intervals in the injection well stock
[40]. As a result, on the basis of calculations, a set of
geological and technical measures (GTM) is selected at
the injection stock, including repair and insulation works
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Fig. 1. Comparison by accumulated compensation:
a - basic variant; b — recommended variant
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Fig. 2. Dependence of WOF on cumulative oil production

of injection intervals that do not affect the producing wells
as well as having a probability of water breakthrough, and
completion of reservoir intervals not covered by
perforation to increase the influence on the extraction
zones [41-43].

Compared to the traditional method, in which the
determination of optimal perforation intervals consists of
sequential selection and calculation of each GTM on the
HDM, the proposed approach allows not only to speed up
the process of selecting measures on the injection
reservoir, but also to cover a greater number of alternative
scenarios for optimising the RPM system.

Approbation of the approach was carried out on the PF
C2b (Bsh) of one of the fields of Perm Krai. More than 300
variants of calculations were carried out. The variants
differed from each other by perforation intervals for all
injection wells. Within the framework of the calculations,
the parameter of "reservoir — well" connectivity was varied
for each injection well in the range from 0 to 1. This
parameter is taken as an uncertainty indicator. A total of
150 modifications were incorporated into the model for
15 injection wells. On average, about 10 parameters of
connectivity were varied for each well (0 or 1) by
perforation interval. The forecast period was 10 years [40].

Such characteristics as the increase in cumulative oil
production, stabilisation or increase in reservoir pressure
were chosen as target functions [43-46]. When analysing
various options it was chosen the recommended one
which provides maximum oil production for 10 years,
contributes to stabilisation of reservoir pressure in the
field and minimises water flooding of production wells.

In the recommended variant it was possible to ensure
equalisation of injection along the section, which is

confirmed by the distribution of accumulated compensation
by layers of the hydrodynamic model in comparison with
the basic variant (Fig. 1, a, b). When analysing the
distribution of accumulated compensation, redistribution
of injection from the bottom part to the roof and middle
part of the formation is noted. At the same time, in the
basic variant (with actual perforation intervals in injection
wells), the accumulated compensation reaches high values
in some layers; in the recommended variant, the
accumulated compensation is equalised at the average
level of 100-120 %. By redistributing injection in the
reservoir section, the risk of premature water breakthrough
into production wells was reduced.

The recommended option compared to the base case
is characterized by a lower rate of well water flooding
and high cumulative production (Fig. 2), which is caused
by more optimal penetration and coverage by injection
along the reservoir section.

Intervals for which there is a possibility of water
breakthrough are isolated in the recommended version;
the dependence has the form of a straight line and is
characterized by uniform displacement. Cumulative oil
production for the recommended case was 2611 thousand m?,
water-oil factor (WOR) at the end of the calculation -
1.64 m®/m?3 Base Case — 2406 thousand m3, WOR -
2.7 m®/m>. The increase in oil production was 8.5 % with
a decrease in WOR by 39 %.

Also, in the recommended option it has been noted a
change in the penetrated layers for injection wells by
24.5 % compared to the base option, which includes
insulation and re-perforation of layers in the ratio of
30/70 %. It is enough to isolate 30 % of the opened
interlayers in order to get almost half as much water. To
obtain 8.5% of additional oil production, it was
necessary to open more than twice as many additional
layers. At the same time, it should be mentioned that
additional perforation was carried out on the layers of
the top part of the formation, where there are more
penetrated layers in the production well stock compared
to the injection one (Fig. 3).

In addition, the middle part of the reservoir (layers
40-42) was isolated as far as production and injection
wells connectivity was clearly broken (Fig. 4).

Analysis of Multivariant Calculation Results

According to the results of the analysis of the
performed calculation variants, it was found that in 26 %
of variants there is an increase in the weighted average
reservoir pressure compared to the base variant, in 27 %
of variants the reservoir pressure does not change, and in
half of variants the reservoir pressure is lower than in the
base variant.

To determine the amount of unproductive injection,
the authors determined the probable share of influence of
injection wells on production wells using the tracer
function and drainage matrix in the hydrodynamic
model. Thus, the entire volume of injected water is
divided into effective and ineffective water, which in
turn is divided into injected water escaping into the
lenses and out of the loop, as well as water entering
previously watered perforation intervals and high-
permeability channels leading to premature watering of
production wells.

In comparison of different options (Fig. 5), the lowest
volume of effective injection (18 %) is observed in the
option with maximum penetration since the intervals
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leading to premature intensive watering of production
wells are involved. The recommended variant with the
highest oil production, relative to other variants, is
characterised by a smaller opening of watering intervals
and a higher percentage of effective injection.

To analyse the influence of the injection well
perforation system on the energy state of the PF, the
variants were ranked according to the dynamics of the
average reservoir pressure of the deposit. The obtained
variants were differentiated by efficiency groups into
positive, negative and neutral. Positive variants were taken
as calculation variants for which the average reservoir
pressure in the deposit is 1 MPa or more higher than the
reservoir pressure of the base variant. Neutral variants are
those for which the reservoir pressure changed by no more
than 1 MPa. Negative variants showed a decrease in
formation pressure by more than 1 MPa.

To analyse the effect of changing the perforation
pattern of injection wells on the performance of
surrounding production wells, the options are grouped
separately for each injection well kitchen (table):

— with a greater impact of perforation change, where
both reservoir pressure and additional oil production
increased compared to the base case;

—with partial impact from perforation change
(increase in oil production without affecting reservoir
pressure);

— with the smallest impact from perforation change or
no impact at all (increase in reservoir pressure with no
impact on oil production).

The greatest impact from the change in perforation in
injection wells is observed in the kitchen in the dome part
of the reservoir, which is characterized by higher oil-
saturated thicknesses and better reservoir properties. The
zones with the least impact are located in the marginal
part of the reservoir, mainly in the eastern part, the wells
of which are located in lower thicknesses and worse
reservoir porosity and permeability, as well as with higher
stratification of the reservoir in the interwell space.

Analyses of production and injection wells connectivity
were carried out for the base and recommended variants. In
the recommended variant the number of producing wells
where previously the injection stock had insufficient
influence increased, their number was about 16 %. The
main growth of oil production is caused by two reasons:
complete redistribution of pumping in completion wells
(closing of current intervals, perforation of new ones); new
distribution of injectivity profile due to additional
perforation of other intervals.
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Distribution of the ensemble of variants by watercut centres
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A complete change in the configuration of perforation
intervals at single injection wells relative to the base case
is noted on wells located behind the contour, where there
is a low connectivity with nearby production wells.

For example, for the area of the well located in the
north-eastern part of the deposit according to the
results of calculations it is recommend the penetration
into the roof part of the formation which is more
productive in terms of its characteristics compared to
the middle part recommended for isolation. Such
redistribution of injection makes if possible to increase
the efficiency of injection impact on the producing
reservoir and reduce the amount of injection going
beyond the contour.

According to the results of multivariant modeling in
the area of the well located in the eastern part of the
reservoir it is recommended to perforate the bottom part
of the formation. Such operation makes possible to
redistribute injection so that a smaller volume of
injection agent falls into relatively highly permeable
channels connecting the injection well with one of the
surrounding production wells. Calculations show that as
a result of the redistribution of the injected water flow
the watercut of the production well decreased by 10 % in
the last of calculations compared to the baseline scenario
(Fig. 6).

Analysis of each kitchen separately showed that there
is a potential to increase the efficiency of the implemented
development system by changing the perforation scheme
of injected wells.

Conclusion

High heterogeneity of the reservoir of the Bashkir
sediments complicates the processes of oil displacement
by injected water and maintenance of the reservoir
pressure owing to the violation of reservoirs
connectivity both vertically and horizontally. Under
these conditions the achieved water flooding coverage
can be increased by optimizing the perforation system
of the injected wells.

The authors used the method of multivariate
calculation on the hydrodynamic model. The
application of the proposed approach makes it possible
to speed up the process of selecting measures for the
injection fund at the expense of automatic enumeration
of injection well perforation intervals and cover more
alternative options.

In the process of analysis of the recommended variant
it was concluded that in the application of multivariate
modeling approach it was possible to involve new
reservoir intervals in the displacement process, reduce
the risk of water breakthrough by isolating highly
permeable intervals, and increase the volume of effective
injection.
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