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Practically in all oil fields water injection is performed to maintain formation pressure. At bottom holes of injection
wells pressures are created which significantly exceed formation pressure. In case of significant layer to layer
heterogeneity water from injection wells will start flowing through low filtration resistance channels to productive
wells. In the most intense way movement of injection water from injection well to productive well manifests itself in
high viscosity oil reservoirs. In case of productive well water flooding works on water shutoff and equalizing input
profiles are performed. To evaluate time of water breakthrough from productive well to injection well using software
suite TempestMore a series of mathematic experiments was made to forecast displacement front movement in formation
with different formation oil viscosities, reservoir permeability, bottom hole pressures in injection and productive well.
Information on fluid properties and relative permeability at fields of Nozhovskaya group (Perm territory) was used.
According to results of generalization of simulation data an equation for evaluation of time of displacement front
movement in reservoir is obtained. Analyzing calculation results, it is possible to conclude that time of displacement
front movement for certain distance is influenced by mobility coefficient according to exponential dependency. In
reservoirs with mobility over 2 um?/Pa*sec water-oil front moves with velocity of around 1 m/day. Comparison of
forecasted values of production wells water flooding time for high viscosity oil reservoir obtained by hydrodynamic
simulation and equation developed demonstrates high enough results reproducibility. Usage of the equation will permit
to plan in advance measures on well water shutoff and equalizing input profiles.

ITpakTH4ECKH Ha BCEX HE(DTAHBIX MECTOPOXKIEHUSAX JUIA MOUIEPKAHUS TIIACTOBOIO 1aBJIECHHS IPOU3BOAUTCS 3aKAaYKa BOJIBL.
Ha 3a00sX HarHeTaTeNbHBIX CKBAKMH CO3/IAlOTCSA JIABJIEHHMs, CYLIECTBEHHO IIPEBBINIAIONIME IUIACTOBble. B ciydae
3HAUHMTENILHON MOC/IOHHON HEOHOPOHOCTH BOJIa M3 HATHETATE bHBIX CKBAKMH HAYHET IOCTYIATh 110 KaHaJaM ¢ HU3KUMU
(UIBTPAIIMOHHBIMY CONPOTUBIIEHUAMH B JI00bIBaIOIIME CKBaXKUHBI. Hanbonee MHTEHCUBHO JIBHKEHHE 3aKauHBaEMOii BOJIbI
OT HaTHETaTeNIbHON K JIOOBIBAIONIEH CKBa)KMHE NPOSBIIAET ceds Ha 3aJieXax ¢ BhICOKOBA3KOH HedThio. IIpu 06BOAHEHNM
JIOOBIBAIONIMX CKBAKHH MPOBOJATCS PabOTHI 110 BOIOM3OJISALUN U BRIPABHUBAHHMIO TpoduiIeil npuemuctocty. s oneHkn
BPEMEHH TIOAX0Ja BOJIBI OT JOOLIBAIOIICH CKBAaKMHBI K HATHETATENbHOH B NporpaMMHOM KoMmruiekce Tempest More
BBINOJIHCHA CEPHsi MAaTEMAaTHYECKUX JKCIHEPHMEHTOB IO MPOTHO3HPOBAHUIO IBIDKCHHS (PPOHTA BBITCCHEHMS B ILIACTE C
Pa3IMYHBIMH BSI3KOCTSMH IUIACTOBOI HE()TH, IPOHULIAEMOCTHIO KOJUIEKTOPA, 3a00/HBIMH NaBICHUSAMH B HATHETATEIbHOM U
noObiBatomiel  ckBaxuHax. HMHdopmamus o cBolictBax (MIFOMIOB M OTHOCHTENBHOH (Ha30BOM MPOHHUIIAEMOCTH
HCIONB30BAHCh ¢ MecropoxkaeHuit HosxxoBckoit rpymmsr (ITepmckuit kpaif). ITo uroram 0000INeHHS pe3yIbTaToOB
MOJICIMPOBAHUS TOMYYEHO YPAaBHEHHE I OLEHKH CPOKOB IPOIBIKEHHS (POHTA BBITECHEHHSA IO KOJJIEKTOPY.
AHanu3upysi pesyJIbTaTbl PacyeToB, MOXHO CZEJaTh BBIBOJbI, YTO HA BPEMs IIPOABMKEHHS (POHTA BBITECHEHMS Ha
OIPEJIETIEHHOE PACCTOSHUE 110 SKCHOHEHIMAIbHOH 3aBHCUMOCTH BIUAET KOI(D(UIMEHT NOABHKHOCTH. B KoslekTopax ¢
HOXBIKHOCTBEO Gonee 2 Mkm>/ITa‘c BOXOHE(TAHOM (POHT MPOABHIaeTCs CO CKOPOCTBEO OKOIO 1 m/cyt. ComocrapieHne
IPOTHO3HBIX 3HAYEHHT BpEMEHH OOBOIHEHHS JJOOBIBAIOIINX CKBAKMH JUIS 3aJIE)KH C BBICOKOBA3KOH HE(THIO, MOTyYEHHBIX
C MOMOIIBIO THJPOJINHAMUYECKOTO MOJIEIMPOBAHHMA M Pa3pabOTaHHOIO YPABHEHMs, IOKA3bIBAET JOCTATOYHO BBICOKYIO
CXOJIMMOCTb PE3yJIbTaToB. VIcrosp30BaHHEe ypaBHEHHUs IO3BOJIMT 3apaHee IUIAHUPOBATh MEPOIPHUATHUS 110 BOJIOM3OIALUM
CKB@KMH U BBIPABHUBAHUIO PO(HIIEH TPUEMHUCTOCTH.
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Introduction

Development of oil fields is accompanied with
water injection to maintain formation pressure,
leading to increase of reservoir oil recovery and
increased water cut in productive wells. Injection
water moves in reservoir from injection to productive
wells. If there are sublayers with low filtration
resistance in reservoir, speed of water movement
increases. Along with increase of reservoir layer to
layer heterogeneity and oil viscosity probability of
premature water breakthrough to productive wells
increases [1]. Together with geological parameters
[2, 3, 4], well flooding is influenced by development
systems and well operation process patterns [5-9].
Along with increase of well water flooding during oil
field development current production decreases, oil
recovery coefficient decreases, inorganic salts
sedimentation intensifies and oil production cost
increases [10]. main reasons for well water flooding
are coning and advanced movement of water front
along highly permeable sublayers [11-16]. In Perm
territory water movement along most permeable
sublayers is one of main sources of productive wells
water flooding. To prevent premature well water
flooding and to increase formation coverage they
perform injection of polymers, cyclic water flooding,
and other processes are used, meanwhile greatest
process effectiveness is demonstrated by usage of
gel-forming processes [17-42].

Object of study

Large group of reservoirs with highly viscous oil
in Perm territory is associated with fields of
Nozhovskaya group. Viscosity of formation oil in
carbonate objects of Nozhovskaya fields group
changes from 7,9 to 87,08 mPa-sec, permeability
of productive objects according to core data —
0,060-0,646 pm?, compartmentalization — 1,0-9,6. In
the greater part of carbonate objects in the group
significant advantage of water flooding over
production of recoverable reserves. On a number of
objects well production water flooding exceeds
production of recoverable reserves by 1,5 times and
more. Main reason for production water flooding of
wells associated with carbonate reservoir objects in
Nozhovskaya fields group is water flooding through
more permeable part (separate layers) of laminary
non-uniform reservoir (56,3 %). Also to most
common water flooding reasons pertain edge water

breakthrough (18.8 %) and coning (12.5 %). For
more effective implementation of processes on
equalizing injection wells input profiles and water
shutoff in productive wells it is necessary to evaluate
time of their appropriate application. A task of
practical importance is determination of production
wells water flooding time and time of displacement
front movement in reservoir parts having different
permeability. It is possible to evaluate time of
displacement front passing over distance from
injection to productive well using geological
hydrodynamic displacement method. Availability of
multidimensional statistical models will permit to
substantially simplify and improve promptness of
front movement time evaluation.

Simulation of water front movement

In work [43, 44] dependencies of well water
flooding on production of recoverable resources for
oil having different viscosity are given. These
dependencies permit to forecast amount of water
flooding at different stages of reservoir
development. Oil recovery coefficients and rates of
reserves recovery depend on reservoir permeability,
formation oil dynamic viscosity, levels of
production and compensation of recovery by fluid
injection [45]. Dependencies described in the
literature permit to obtain integral values of water
flooding for reservoirs in whole.

A model is created in software suite
TempestMore of uniform reservoir compartment
with productive and injection wells. Calculations
of displacement front movement from productive
to injection well depending on formation oil
properties, reservoir permeability and bottom hole
pressures of productive and injection wells are
performed. Displacement front movement border
was considered to be increase of water saturation
of model grid blocks. Average reservoir
permeability, relative permeability and fluid
parameters values were set similar to actual fields
of Nozhovskaya group.

Analyzing calculation results we may conclude
that time of displacement front movement over
certain distance is influenced by mobility
coefficient according to exponential dependency
(ratio of permeability coefficient and formation oil
dynamic viscosity) (fig. 1). In sublayers with
mobility coefficient less than 2 pm*/Pa-sec time of
displacement front movement from injection well to
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productive well corresponds to times of oil
recoverable resources production, and premature
water flooding of productive wells is unlikely. In
reservoirs with mobility over 2 pm®/Pa-sec water-oil
front moves with velocity around 1 m/day.
Especially intensely water-oil front moves
in formations with mobility coefficients over
5 um’/Pasec, and time of displacement front
movement between wells may not exceed one year.
It is necessary to monitor in productive objects
water-oil front movement in sublayers with high
mobility coefficient and plan measures on
equalizing injection wells input profiles and water
shutoff in productive wells [46].

In Statistica program regressive analysis of main
model parameters influence on times of water-oil
front movement in formations was performed. The
priority for analysis is area in reservoirs with
mobility over 2 ym?/Pa-sec.

An equation for evaluation of time of
displacement front movement (years) for distance X
from injection well is obtained:

— for objects with mobility coefficients 2-
5 um?/Pa-sec:

T=0,14 X—0,96k/p + 1,82(P;— P,)/P;—1,02; (1)

— i1 00BEKTOB C KOI(DPHUIIHEHTAMH ITOIBHIK-
2
HocTHu Oonee 5 pum*/Pa-sec:

T=0,018 X—0,18 k/u + 1,14 (P,— P,)/P;+ 2.8, (2)

where X — distance from injection well, m;
k — reservoir permeability, 10 -um?; p — formation
pressure dynamic viscosity, mPa-sec; P, P, —
bottom hole pressures in injection and productive
wells correspondingly, MPa; Py — formation
pressure, MPa.

For dependency (1) it is necessary to use
following limits on source parameters:

X —50-500 m;

k/u — 2-30 pm*/Pa-sec;

(P; — P,)/Ps—0,625-1,06 unit fraction.

In one of divisions of Berezovskoe oil field
water flooding of productive well 727 by water
injected into injection well 779 is observed. In
injection well 779 with input profile of 30 m’/day
about 80 % of injected water goes into upper
perforation interval and moves to well 727 (fig. 2).

Study of time of water flooding in well
727 depending on time after activation of injection
well 779 was performed (fig. 3). Water flooding of
well 727 began to rise step by step and reached

85 % in 6 years. According to results of process-
sing well testing average mobility coefficient
in well drainage areas was 16,9 pm?*/Pa-sec.
Bottom hole pressure in productive and injection
wells was 11 and 23 MPa respectively. Forma-
tion pressure — 16 MPa. Time of water-oil
front movement from injection to productive
well during forecasting using dependency (2)
will be 7 years, which corresponds to well water
flooding in fig. 3.
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Fig. 1. Dependency of time of water front movement
over distance 100/200/400 m from injection well
in relation to mobility coefficient

Fig. 2. Directions of filtration flows
in oil reservoir compartment

Before expected well water flooding through
highly permeable sublayer it is necessary to plan
measures on equalizing input profile of injection
well. Timely usage of flow diverting technologies
will permit to increase effectiveness of reservoir
management and will lead to increase oil recovery
coefficient.
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Fig. 3. Dynamics of water flooding well 727 after beginning water injecting to well 779

Conclusions

At present substantial part of productive objects
contains hard to recover oil reserves. Such objects are
characterized by significant layer to layer and zonal
heterogeneity, high viscosity of oil and other
complicating factors. For effective implementation of
input profile adjustment and well water shutoff
processes it is necessary to forecast time of arrival of
water being injected into formation to productive wells.

The work proposes dependencies for evaluation of time
of water front movement in formation. Special attention
should be given to sublayers with mobility coefficient
value exceeding 2 pm*/Pa-sec, as in these substantial
speeds of water-oil front are obtained.
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