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Polymer flooding technology is an effective tool for enhancing oil recovery of highly watered deposits. The high cost of practical
implementation of this technology necessitates a thorough critical analysis of the accumulated experience in order to effectively
plan its further use. This article is devoted to the analysis of the results of polymer flooding at the Shagirtsko-Gozhanskoye field
in the period from 2012 to 2014. Tracer studies performed at the field before and after polymer flooding did not allow an
unambiguous assessment of its results. The reason for the ambiguity of the assessment was the insufficient duration of the tracer
sampling period. This article proposes a method for evaluating the results of polymer flooding based on statistical analysis of
field data. The main idea of the approach is as follows: a polymer injected into a reservoir is a kind of barrier, and the period of
its passage should be accompanied by a violation of the hydrodynamic connection between the injection well into which the
polymer was injected and the production well that responds to injection. A sign of the emergence of such a barrier may be a
decrease in the correlation coefficient between the performance of production and injection wells. In turn, the fact of a decrease
in the correlation coefficient can be interpreted as the passage of a polymer in the area of the deposit between these wells. The
proposed approach was used to evaluate the results of polymer flooding in the Shagirtsko-Gozhanskoye field. It was established
that the injection of the polymer was implemented effectively only in one injection site.

D(pPeKTUBHBIM MHCTPYMEHTOM IOBBIIIEHUA HepTeoTauu BbICOKOOOBOAHEHHBIX 3ajleXeil ABJIAETCSA TEXHOJIOTUS IOJIMMEPHOro
3aBOfHeHHsA. BhICOKasg CTOMMOCTh MNPAKTUYECKOH peajM3aluy [JAaHHOW TEXHOJIOTMU O6yCJIOBJIMBAeT HeOOXOAMMOCTh
TI[ATEJIbHOI'O KPUTHUYECKOr'o aHain3a HaKOIUIEHHOI'0 ONbITa ITPOBEAECHUA MEPOIIPUATHA C L€JIbI0 BqJ(I)eKTl/IBHOFO IUTaHUPOBaHUA
JlaJibHeHIIero ero UCnoJb3oBaHusA. HacTosmas cTaTha NOCBAIEHA aHAIN3Y pe3yJIbTaToB IPOBeJieHNs II0JIMMEPHOr0 3aBOJHEHHUS
Ha Ilaruprcko-T'oxaHckoM MecTtopoxjaeHnu B nepuoj ¢ 2012 mo 2014 r. TpaccepHble HCC/IeOBaHU:A, BHIIIOJIHEHHbIE Ha
MeCTOPOXX/JIeHU! [0 U MOcJIe INOJIMMEPHOro 3aBOJHEHHUsA, He IMO3BOJIIA OJHO3HAUYHO OLEHUTb ero pesyJibTarhl. [IpudnHON
HEOAHO3HAYHOCTU OLEHKU sABJIAETCA HEOOCTaTO4YHas IMPOMAOJDKHUTEJIBHOCTE Iepuoaa 0T60pa TpacCUPYIOIMUX BEIIeCTB. B
HaCTDH].[[eﬁ cTaThe IIpeaoXeH crnoco6 OL€HKN pe3yJIbTaTOB IIOJINMEPHOro 3aBOAHEHN, OCHOBAaHHBIII HAa CTaTUCTHUYECKOM
aHaJIn3e IIPOMBICJIOBBIX MaHHBIX. OcHoOBHas uaes noaxoja 3akJyIro4aeTrcs B CJIEQYIOIEM: IMoJIMMep, 3aKavyaHHbII B HpDﬂyKTHBHHﬁ
IU1aCT, ABJIAETCA HEKHUM 6ap},ep0M, U IIepuoa €ro MpoxoXAE€HUA AOJDKEH COIIPOBOXAAaThbCA HapyLIEeHUEM I‘I/IHPOL[I/[H&MI/I‘{ECKDﬁ
CBA3M MeXIy HarHeTaTeJIbHON CKBaXMHOI, B KOTOpyI0 MOJMMep 3akayaH, M [JoObIBalollieli, pearupyoljeili Ha 3akKauky.
IMpu3HakoM BO3HMKHOBEHHs Takoro Gapbepa MoXeT OBITh CHIDKeHHe Kod(h@UIeHTa KOppesANM MeXAy IoKa3aTessaMu
9KCILTyaTaluu AoOkIBalollell 1 HarHeTaTeJIbHOH CKBaXUH. B cBOI0 ouepe/b GakT CHIDKeHUA KO3 duIeHTa KOppesAUun MOXHO
TPaKTOBaTh KaK MPOXOXEHUe MoJIMMepa Ha yyacTKe 3ajIeXy MeX/Iy STUMM CKBaXuHaMU. IIpe/yIoxeHHBIH NOJX0/ HCIOJIb30BaH
JUISL OLEHKM pe3yJIbTaToB MOJMMEPHOro 3aBofHeHHsA Ha Illarnprcko-I'oXaHCKOM MeCTOPOXIeHHH. YCTaHOBJIEHO, YTO 3aKauka
noyiuMepa peaan3oBaHa 3GQPeKTUBHO TOJIBKO B OJIHOM OvYare HarHeTaHUs.
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Introduction

Currently, most of the world's oil production comes
from mature fields that are developed through secondary
displacement techniques. The amount of water which is
filtered (injected and extracted) into the reservoir
increases significantly over time until a water-to-oil ratio is
reached that makes further production unprofitable [1].
Recovery of oil remaining in the reservoir after secondary
recovery methods (e.g. waterflooding with water, gas or
others) is accomplished by applying enhanced oil recovery
techniques, which include various technologies such as
thermal and non-thermal [2]. Polymer flooding is one of
the most promising non-thermal enhanced oil recovery
methods. Polymer flooding has been used in industry for
more than 50 years [3-7]. It has several advantages,
including increased mobility of the injected fluid,
improved vertical and area coverage efficiency, less water
required compared to waterflooding, and low cost
compared to other enhanced oil recovery methods [8-15].

The polymer increases the viscosity of the aqueous
phase, helping to reduce the mobility coefficient and
improve the displacement efficiency. In addition,
depending on the type of polymer, the permeability to
water in the zones covered by the polymer can be reduced
[16-19]. This permeability reduction can have a favorable
additional secondary effect by sealing the formation and
restoring some of the pressure of the highly permeable
zones through which the polymer is preferentially filtered
in heterogeneous reservoirs. The effect of these two
mechanisms, which generate the so-called resistance and
residual resistance factors, are combined with the effect of
increased viscosity of the injected water, which further
reduces the mobility factor in displacement of the water-
oil ratio, and hence increases the recovery factor. These
are widely accepted fundamental mechanisms [20]. Other
mechanisms have been proposed to explain macroscopic
and microscopic effects of polymer flooding processes,
which are described in detail in [21].

It is known from the literature review that the
probability of success in secondary polymer injection
projects is higher than in tertiary polymer injection [22,
23]. Tertiary polymer flooding requires more polymer
per ton of oil production. Since the 1990s, it has been
known to increase the performance of the polymer
flooding process in high water cut conditions due to the
use of higher concentration and higher total injected
mass [24]. These fluid characteristics can lead to lower
injectivity depending on the reservoir and pressure-
limited conditions [25].

The evaluation of polymer flooding efficiency has been
widely studied both in experimental works [26-29] and by
numerical modeling [30, 31]. Numerical modeling and
simulation of the recovery efficiency of polymer flooding
can be performed using traditional simulators. Current
flow simulators require a huge number of input
parameters (initial saturation, pressure distribution,
multiphase flow functions, etc.). Matching these
parameters is difficult in terms of simulation run time,
while accurate measurements for these parameters are
often not available. In addition, numerical modeling may
require a large number of physical assumptions for
prediction future characteristics of the underlying process.
Provided that the input and output parameters of the
target functions have extremely nonlinear relationships,
the computation time is also extremely long.

Although numerous studies have been widely reported
in the literature [32-35] to examine the profound effects of
polymer flooding characteristics, this study proposes a new
approach to evaluate the results of this intervention.
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Fig. 1. Scheme of the study area of the Shagirtsko-Gozhanskoye
field, T1-Bb reservoir (at the beginning of polymer flooding)

Geological and physical characteristics of the TI-Bb
formation of the Shagirtsko-Gozhanskoye field

Parameter Indicator

Average depth of occurrence, m 1330.0
Average total reservoir thickness, m 13.4
Average oil saturated thickness of the reservoir, m 3.0
Permeability according to hydrodynamic studies

of wells, pm? 1.233
Sandiness coefficient, fractions of units. 0.4
Dissection factor, fractions of units 2.37
Reservoir temperature, °C 28.0
0Oil viscosity in reservoir conditions, mPa-c 36.46
Gas factor, m*/day 21.3

Object of Study

In order to improve the displacement ratio and
increase the final oil recovery factor under conditions of
highly viscous oil and significant water cut of the
produced products, polymer waterflooding works were
carried out at the TI-Bb object of the Shagirtsko-
Gozhanskoye field.

The studied area of the deposit is characterized by
unfavorable geological and physical characteristics of the
productive formations, what contributes to rapid flooding
of the produced products, reduction of oil withdrawals and
oil recovery factor. Tracer studies were carried out to
identify the presence of hydrodynamic connection, assess
the distribution of injected water flows and clarify the
degree of influence of injection wells No. 298 and 2097 on
watering of the surrounding reactive production wells at
the stage preceding polymer injection..

The analysis of well operation modes together with the
results of tracer studies (Fig. 1) and sample analysis
indicates the presence of good hydrodynamic connection
between production and injection wells of the analyzed
area, as well as between formations By,, Tl,,, Tl,, and Bb,.
The geological and physical characteristics of the study
area are presented in the table.

Tracer studies revealed the presence of zones of low
filtration resistance at the object of research. The main
output of indicators was observed in the first-second day
after injection into injection wells. The appearance of
"labeled" liquid in the control production wells indicates
that they are flooded by water injected into the deposit.
Most of the injected water filtered through low filtration
resistance channels both from well No. 2097 and well
No. 298 flows towards production wells No. 1104, 1105,
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1107, 1120 (Fig. 2). Wells No. 1105, 1107, 1120 are
characterized by maximum current watercut (95-98 %)
and high water/oil ratio (20-40).

The most significant influence of injected water
was found in the section of injection well No. 2097.
The zone of low filtration resistances for this section
is characterized by the highest proportion of water
filtered through high conductivity channels. The presence
of multiple peaks of indicator output concentration
(high permeability filtration channels) in the control
production wells in the section of injection well No. 2097
indicates a developed fracture system in this section and
a high degree of permeability heterogeneity in the
reservoir thickness.

According to the available literature [36-38], we can
conclude that the formation of low filtration resistance
channels (fractures) is predominantly technogenic in
nature — hydraulic fracturing, deep depressions and high
repressions during drilling, development and operation of
wells obviously exceed the critical values of opening of
dynamo-stress zones and thus contribute to the formation
of fractures. Practice shows that at certain water injection
pressures, called critical (0.55-1.47 of the vertical
mountain pressure), in reservoirs representing frequent
interlacing of sandstones, clays and shales, formation or
increase in the number and volume of fractures extending
from injection to production wells is possible.

The use of enhanced oil recovery methods for the
purpose of colmatation of channels with low filtration
resistance makes it possible to eliminate their influence by
an average of 50-60%. However, within some time after
the destruction of the compositions, the number and
volume of channels of low filtration resistance increase.
This indicates the need for periodicity and consistency of
enhanced oil recovery methods.

Pilot Works on Polymer Flooding

Pilot works on polymer flooding have been carried out
at the Shagirtsko-Gozhanskoye field (T1-Bb object of the
North Shagirt uplift) since December 2012. Polymer
injection was started on 28.12.2012 in injection wells No.
298 and 2097.

Polymer injection was accompanied by preliminary and
subsequent short-term tracer studies.

According to the results of a comparative analysis of
tracer studies for both injection centers, a redistribution of
filtration volumes is noted both over the area, and in terms
of permeability ranges (in the volume of characterized
high-permeability filtration channels) after the completion
of polymer injection (Fig. 2). The redistribution of
filtration volumes has taken place in the direction of
reducing the share of highly permeable channels and
increasing the share of less permeable ones, which entails
an increase in the coverage of intervals that have not
previously participated in the waterflooding process, what
should ultimately have a positive effect on the oil
displacement process.

In addition, there is a decrease in the indicator arrival
rate for production wells before and after pilot work.
Thus it is possible to judge about the possible effect of
polymer flooding injection, which influenced the change
of hydrodynamic connection between the investigated
injection and production wells and the mobility of
displacing agent through high-permeability channels.

Despite the visible change in the filtration pattern,
during the engineering support there were difficulties in
assessing the results of the technology implementation
in the field under consideration. The technology is
conditionally recognized as effective [39].
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Fig. 2. Distribution of injected water according to the results
of tracer studies: a — before injection of the polymer composition;
b - after injection of the polymer composition

It should be noted that the low duration of the
sampling period after injection of tracer agents (three
months) may contribute to low reliability of the results
assessment based only on tracer studies. In this regard, it
seems advisable to conduct additional analysis aimed at a
detailed assessment of the results of polymer flooding
technology implementation at the considered object.

Evaluation of the Results of Polymer Flooding
based on the Processing of Field Material

The target of polymer injection into the reservoir is to
increase the amount of oil displaced; An increase in the
oil flow rate of reactive wells should be considered a sign
of effective implementation of the technology. Therefore,
at the first stage of the study, a joint analysis of the
dynamics of this indicator was carried out for wells
located in the immediate vicinity of injection wells —
injection centers (Fig. 3).

As follows from the analysis of Fig. 3 all wells located
near the polymer injection centers show the growth of oil
flow rate for about one year. At the same time, the
increment growth of the flow rate varies from 0.7 to
8.9 t/d, averaging about 5 t/d. The maximum growthe is
typical for wells located in the northern and northeastern
parts of the development system element.

At the next stage of the study, the change in the degree
of interaction between the injection wells and the
production wells located in the immediate vicinity was
assessed [40-44]. For this purpose it was calculated the
coefficients of pairwise correlation between the injectivity
of injection wells into which the polymer composition was
injected (wells No 298 and 2097) and fluid flow rates of
neighboring production wells. The correlation coefficient r
is often used in the practice of solving engineering
problems to estimate the measure of interaction between
random variables. This approach has been successfully
tested in assessing the results of measures to affect
productive layers. For example, some researchers analyze
in detail the behavior of an element of the development
system before and after hydraulic fracturing on one of its
wells. Obviously, similar studies can be carried out in
relation to many other technologies for influencing
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productive formations that can lead to a change in the
interaction between wells.

The possibility of correlation of average daily flow
rates is caused by high permeability of reservoirs at the
object under consideration and, as a result, by the fast
response time of the reacting well to changes in the
operating mode of the perturbing well. For low-
permeability reservoirs correlation of average daily flow
rates may lead to unreliable results, and therefore it seems
appropriate to use other approaches.

In the article [45] it is proposed an approach to
assessment of the degree of interaction between
production and injection wells, based on the correlation of
accumulated indicators (fluid production and injection).
The reliability of the proposed method is confirmed by the
authors with the materials of direct field studies. In this
regard, the final stage of this study is devoted to the use of
this tool to solve the target task of assessing the efficiency
of polymer injection [46].

The essence of the method is to analyze the behavior of
the correlation coefficient between accumulated injection
and production for a pair of wells. It is assumed that a
sharp change in the behavior of the coefficient r indicates
a change in the patterns of oil displacement. Graphs
illustrating the dynamics of the correlation coefficient for
the wells of the considered element are presented in Fig. 4.

The main idea of the approach is as follows.
The polymer injected into the productive formation is a
kind of barrier, and the period of its passage should be
accompanied by a disruption of the hydrodynamic
connection between the injection well, into which the
polymer is injected, and the production well reacting to
the injection. A sign of such a barrier may be a decrease
in the correlation coefficient between the performance
indicators (accumulated production and injection) of the
production and injection wells. The fact of the
correlation coefficient decrease, in turn, can be
interpreted as the polymer passing in the deposit area
between these wells.

It follows from Fig. 4 that for all production wells
located near the injection source - well No. 298, similar
behavior of the correlation coefficient in time is
characteristic: the period of the beginning of polymer
injection is characterized not by a decrease, but by an
increase of the r coefficient. That is, the fact of
hydrodynamic connection violation and polymer barrier
formation is not determined. The probable reason for the
improvement of the connection between the wells and the
growth of the r coefficient can be considered to be the
reaction of the producing wells to the increase in
injectivity of the injection well No. 298, which took place
after the polymer flooding was organized.

In turn, injection well No. 2097 is characterized by a
different situation. The period of the beginning of polymer
injection is characterized by a decrease in correlation with
practically all neighboring producing wells, which indicates a
violation of hydrodynamic connection due to the passage of
the polymer barrier.

For clarity of interpretation of the behavior of the
coefficient r on the displacement processes, Fig. 5 shows a
combined graph reflecting the dynamics of fluid flow rate of
well No. 1120 and correlation coefficients of this well with
two injection centers — wells No. 298 and 2097.

The combined graph shows that the period from
the beginning of polymer injection until February 2014
is characterized by deterioration of hydrodynamic
connection (decrease of correlation coefficient) between
this production well and injection well No. 2097. After
February 2014, the correlation coefficient increases, which
indirectly indicates the resumption of interaction between
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these wells. Obviously, the time period from early
December 2012 to February 2014 is the period of polymer
passage in the deposit area between these wells.
No deterioration of the interaction between this well
and injection well No. 298 was found, hence it
can be concluded that the polymer injected into well
No. 298 did not enter the productive formation operated
by well No. 1120.

Similar graphs were constructed for all production
wells located in the immediate vicinity of polymer
injection centers, their analysis allowed obtaining exactly
the same result: polymer injected into injection well No.
298 did not form a barrier and did not break the
hydrodynamic connection with any production well. In its
turn, polymer injection into well No. 2097 should be
considered successful, since the fact of changing the
filtration pattern in the direction of practically all
neighboring producing wells has been established.

The probable cause of ineffective polymer injection
into well No. 298 should be considered as its vertical
movement due to leaky cement stone.

Thus, the construction and analysis of correlation
graphs of accumulated indicators (injection and
production) also makes it possible to study in detail the
results of the implementation of various enhanced oil
recovery technologies, which is demonstrated by the
example of an element of the Shagirtsko-Gozhanskoye field

development system, where polymer flooding technology
has been implemented.

Conclusion

Assessment of the technological efficiency of a number
of implemented enhanced oil recovery technologies is
often difficult for a number of objective reasons. Thus, the
impossibility of an unambiguous assessment of the
effectiveness of polymer flooding at the Shagirtsko-
Gozhanskoye field was noted during the engineering
support of this event.

Tracer studies are an objective and effective tool for
assessing the results of polymer flooding, but reliable
results can be obtained only with a sufficient duration of
the period of their implementation, which, in turn,
significantly increases the total cost of the event.

In this article the method for assessing the results of
polymer flooding based on statistical analysis of field data has
been proposed. The initial data for the analysis are the
accumulated and current production (injection) indicators,
which are regularly determined in practice. It should also be
noted the simplicity of the applied mathematical apparatus.

The proposed approach is used to assess the results of
polymer flooding at the Shagirtsko-Gozhanskoye field. It
was found that polymer injection was implemented
effectively only in one injection center.
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