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Keywords: Due to the constant increase in the number of fields entering the final stage of operation, oil-producing companies are raising their
polymer flooding, polyacrylamide, demand for integrated technologies that can increase the coverage of the formation by the displacement process and reduce the water
absorbent, rheological cut of well products at the same time. A traditional technology used for this purpose is flooding with viscous solutions of water-
characteristics, water inflow soluble polyacrylamide. The paper provides an overview of polymer flooding technologies, identifies the advantages and
limitation, injectivity profile disadvantages of this approach, in particular, lists the factors that can influence the rheology of a polymer solution. Despite the
alignment extensive use of flooding based on polyacrylamide gels, this method has a number of limitations, primarily associated with the

rheological characteristics of the polymer. The instability of such rheological characteristics of the polymer is a significant obstacle
on the way to achieving the target oil recovery factor.

An alternative way of injectivity profile alignment is the flooding technology using polymer gel particles based on a suspension of cross-
linked polyacrylamide particles. Such a polymer is synthesized in advance to form a three-dimensional structure (3D polymer). Backed
by the literature review, the effectiveness of technologies based on water-soluble polyacrylamide and preliminary cross-linked
polyacrylamide particles was compared; as a result, a conclusion was made about the superiority of the latter by a number of significant
indicators. Polymers based on polymer gel particles do not change their rheological characteristics during the injection process, while the
particles can change their shape and tear, enveloping the obstacles. Besides, the technology injecting the suspension with a smaller
volume of reagent, successively selecting the optimal particle size distribution depending on the specific geotechnical conditions of the
formation. The flooding based on polymer gel particles has good prospects for implementation in the Russian oilfields.

Kniouesvie crosa: B cBf3u ¢ MOCTOSHHBIM yBEIMYEHHEM YHCIA MECTOPOXKACHUH, BBIXOASIIMX HA 3aBEPIIAONIYI0 CTa[UIO SKCILTyaTallud, y
MOJIIMEPHOE 3aBOJHEHHE, HeTeJoOBIBAIONINX KOMITAHNH YBETMIMBACTCS 3aNPOC HAa KOMIUIEKCHBIE TEXHOJIOTHH, CIIOCOOHBIC OJTHOBPEMEHHO 00ecIeunBaTh
HOJIHAKpHIaMU], a0COpOeHT, yBEJIMYECHHE OXBATa IUIACTA HPOLIECCOM BBITECHEHHUS U CHIDKEHHE OOBOIHEHHOCTH MPOIYKIHH CKBAXKHH. IIpH 9TOM TpaguIOHHOM
PEOIOTNYECKHe XapaKTePUCTUKH, TEXHOJIOTHEH SBISIETCS 3aBOAHEHHE BS3KMMU pPAacTBOPAMH BOAOPACTBOPUMOIO MOJMAKpIIaMuaa. B cratbe mpuBemeH 0030p
OrpaHNYCHUE BOJOIPUTOKA, TEXHOJIOTHH MOJIMMEPHOTO 3aBOJHEHNS, BBISIBIICHBI IPEUMYILECTBA M HEJOCTATKH JJAHHOTO IOJIX0/1a, B YACTHOCTH, TICPEUHCIICHBI
BBIPABHHUBAHHE HPO(GUILS (hakTopbI, CIOCOOHBIE BIISTH HA PEOJIOTHIO MOJIMMEPHOTO pacTBopa. HecMoTps Ha MIMPOKOE NPUMEHEHHE 3aBOIHEHHUS HA OCHOBE
MIPUEMHUCTOCTH. MOJIMAKPIIAMIIHBIX TeNel, TAaHHBI METOA MMeeT PsiI OrpaHUYEHU, KOTOphIE B MEPBYIO OUEPEb CBA3AHBI C PEOJOTHICCKUMUI

XapaKTePUCTUKAMU  TIoJMMepa. HeycTOWYMBOCTE  PEONIOTMYECKUX — XapaKTepUCTHK IIOJNMMEpa  SIBISICTCS  CYIIECTBEHHBIM
HEJIOCTaTKOM, KOTOPbIif MOXKET CTaTh IPUYMHOI HEJOCTIDKIMOCTH JKeslaeMoro koadduimenta Heren3BiedeHus.
AIBTEpPHATHBHOM IS BBIPABHUBAHMUS MPOMIIIS IPHEMHUCTOCTH SIBISIETCS] TEXHOJIOTHS 3aBOIHEHHUS YaCTHI[AMH TTOJIMMEPHOTO TeiIst
(UII) Ha OCHOBE CYCNEH3MM CLIMTBIX YacTHUI[ NoJMakpuiamuiaa. CHHTE3 TaKoro IONMMepa OCYIIECTBISIETCS 3apaHee U
npeznosnaraeT (hOPMUPOBAHHE TPEXMEPHOH CTPYKTypbl (3D-nmomimepa). C omopoil Ha BBIIOIHEHHBIH JHTEpPaTypHBIT 0030p
NPUBEICH CPABHUTENBHBIA aHamn3 A((EKTHBHOCTH TEXHONOTHMI HA OCHOBE BOJOPACTBOPUMOTO MOJNHAKPHIAMEZA U
TIPE/IBAPUTEIILHO CHIMTBHIX MONHAKPHIAMHAHBIX YaCTHIl, B PE3yJbTaTe C/ENaH BBIBOA O NPEHMYIIECTBAX MOCISAHHMX IO PsLy
3HAYMMBIX nokaszatened. [Tonmumepsr Ha ocHoBe UIII™ HE MEHSIOT PEOIOTHYECKUX XapAKTEPUCTUK B IPOLIECCE 3aKAUKH, IIPU ATOM
YaCTHIBI MOTYT H3MEHSTh (JOPMy M PBAThCs, Orubast MPErsITCTBUs. KpoMe 3TOro, TEeXHONOTHsl MO3BOJSCT HAYMHATH 3aKA4Ky
CYCNCH3MH C MEHBIIMM OOBEMOM peareHTa, IIOCIEAOBATENbHO TOAOMpas ONTHMAJbHBINA I'PAHYJIOMETPHUECKHII COCTaB B
3aBUCHMOCTH OT KOHKPETHBIX TI'€O0JIONO-TEXHOJIOTMYECKUX YCIOBMH Iutacta. 3aBofHeHue Ha ocHoe UIIT mmeer BblcOkHe
TMIEPCIIEKTUBBI BHEPEHS Ha POCCHICKNX HE(TAHBIX MECTOPOXKICHHSX.
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Introduction

Currently, the major part of the remaining oil in
place of the Russian oilfields is at the final stages of
development. In particular, in the Perm Region,
66.1 and 2.7 % of its oil-production zones are
classified (as of the year 2018) as belonging to the
third and fourth stages of development. The
prevailing of the later stages’ producing zones in the
oil reserves’ structure raises the urge for more
effective technologies for improving the oil recovery
factor [1, 2]. One of the commonly used and proven
methods of improving the oil recovery factor is
polymer flooding [3-6]. The use of such water-
soluble polymers as polyacrylamides, guar gum and
xanthan gum, ethoxylated urethanes, etc. has been
well studied and described. However, in the oil
industry, the most commonly used polymers are
polyacrylamide-based polymer gels.

The polymer flooding technology is used in case
of depletion of the oil-producing formation when the
interlayer permeability gradient increases. The
heterogeneity of the reservoir profile during flooding
facilitates the water circulation in the most permeable
intervals, while large volumes of oil in place (oil in
dead-end areas; oil film covering the rock; oil in
capillaries, contained by capillary pressure;
remaining oil entrapped by the rock) remain
untapped [7-9]. In this case, water can drain through
the oil interlayers hardly capturing any oil.

With a viscous polymer solution, more remaining
oil in place can be recovered, increasing the oil
recovery factor by 5-30% [10, 11]. The classic
polymer flooding technology envisages injecting
polymer solution amounting to 0.3-0.5 of the
reservoir’s porous space [10, 12]. This process can
take a long time (up to a year or even more), after
which the water is injected. In this case, a viscous
polymer interlayer between oil and water is built up to
slow down and redistribute water flows in the
formation, contributing to the larger coverage of the
oil-bearing interlayers [13]. The polymer flooding is
often recommended for highly viscous oil production
[14]. In general, laboratory and oilfield experiments
show that polymer flooding may increase oil
production by 10-13% [15, 16].

Despite the extensive use of the polyacrylamide
gel flooding, this method is subject to certain
limitations  associated  with  the rheological
characteristics of the polymer. An alternative
technology of improving the oil recovery factor and

the injectivity profile alignment is a relatively new
method of suspension flooding using preliminary
cross-linked polyacrylamide particles. This paper
describes the specifics of the traditional polymer
flooding highlighting the limitations and risks
associated with the technology; it further provides a
review of the alternative flooding technology based on
preliminary cross-linked polyacrylamide particles;
finally, the comparative analysis of the technologies is
carried out.

Analysing the efficiency of the standard
methodology of the injectivity profile alignment
using water-soluble polyacrylamide

The most common technology for the injectivity
profile alignment is the polymer flooding involving
the injection of polyacrylamide (PAM, Bulk
Polyacrylamide Gels). In the remote area of the
formation, the polymer gel fills its highly permeable
intervals, slowing down and redirecting the water
flows into the oil-bearing interlayers with lower
permeability. Partially hydrolysed polyacrylamide
gel (PHPAM), produced by copolymerization of
sodium alkylate and acrylamide, is the most common
to use for this purpose.

The extent of PAM hydrolyzation may vary from
25 to 35%. This parameter is responsible for the
rheological characteristics of the polymer’s water
solution. If PAM hydrolyzation rate is below 25 %,
the polymer solutions will not feature high viscosity.
Excess of the upper hydrolyzation limit causes a
material increase of the polymer's sensitivity to the
salts contained in the formation fluid. Thus, after the
polymer globules are dissolved in the formation
water, the hydrolysed residue of the acrylic acid
monomer’s carboxyl group creates a screen around
the globule that prevents the even distribution of the
polymer in the fluid. The parameters that influence
the ability of PHPAM to change the viscosity of
water solutions include the average molecular mass
of the polymer chain, PAM concentration and the
composition of the formation water, temperature and
pressure in the well, as well as the speed and time of
the polymer injection [17-20].

The review paper [19] describes the rheological
properties of PHPAM solutions. As the shear rate
increases, the PHPAM solution behaves as a
pseudoplastic fluid with declining viscosity [21].
This phenomenon can be explained by such
processes as disentanglement and even distribution of
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the polymer globule in the solution. When the critical
shear rate is reached, the dilatant properties of the
polymer come up, which means that the polymer
solution gains viscosity when the shear rate
significantly increases. This phenomenon is
explained by the formation of additional molecular
bonds between the polymer chains due to the
evolving polymer packing.

Polyacrylamide  solutions feature another
rheological peculiarity that is important for polymer
flooding. The wviscosity of PHPAM solutions
increases if a constant shear rate persists for a long
time. This peculiarity is known as thixotropy. In
total, two types of rheological behaviour of PHPAM
are identified: the first type features a slow increase
in viscosity to a certain constant value at a low shear
rate; in the second case, the polymer abruptly
increases viscosity at a high shear rate, and with the
lapse of time the viscosity begins to fluctuate
materially [20].

When using volumetric PHPAMs, it is important
to mind the interaction between the polymer fibres
and the formation water salts. Below the critical
shear rate, sodium chloride was found to facilitate the
reduction of the polymer solution viscosity, while
above the critical shear rate, the opposite effect is
observed. As the concentration of the monovalent
sodium ions in the polymer solution increases, its
viscosity goes down, resulting in the rheopectic
properties of the polymer solution becoming less
pronounced [22-24].

Multivalent cations (Ca®*, Mg®", etc.) can form
both intramolecular and intermolecular complexes
with hydrolysed polyacrylamide. The paper [25]
presents the researches on the influence of calcium
salts concentration on the PHPAM structure. Low
concentration of the calcium ions was found to cause
intramolecular cross-linking of the polymer in the
solution, which results in the polymer flocculation,
preventing the solution from getting more viscous.
Introduction of additional calcium ions into such a
solution creates intermolecular cross-linking of the
polymer causing the formation of clusters in the
solution. The initially high concentration of the
calcium ions facilitates the evolvement of the
intermolecular cross-links. In this case, the
concentration of calcium ions depends on the extent
of the polymer hydrolyzation [25].

The practice of PHPAM cross-linking with Cr’*
ions is quite common [26-28]. The paper [28]
describes the mechanism of  cross-linking

polyacrylamide in the mineralized water with high
Cr’* ion content. The high electrolyte content and
low polymer and chrome ion concentration were
found to cause the domination of the intramolecular
cross-linking between the branched parts of the same
polymer chain. In case of higher concentration of
chrome ions (comparable to the extent of the polymer
hydrolyzation), the viscosity of the cross-linked gel is
higher as compared to the PHPAM solution with the
same concentration.

The literature describes the practice of applying
surface-active agents (SAA) as modifiers of the
viscous properties of PHPAM. SAAs are capable of
interacting with the polymer chains in the solution,
thus influencing the rheological properties of the
polymer. In particular, evaluation of the influence
made by sodium oleate on the PHPAM properties
showed that low concentration of SAA causes the
PHPAM viscosity to increase [29]. This phenomenon
is explained by the links between the molecules of
the polymer and SAA. In case of high SAA
concentration, the system’s viscosity drops abruptly
due to the increase of the repulsive force between the
micellar aggregates of SAA and the polymer.

Partial hydrophobization of the PHPAM chain
has been studied as a tool for stabilizing the
rheological properties of the polymer. Thus, the
literature provides information about the introduction
of additional hydrophobic elements in the polymer
backbone [30-32]. When such polymers are
dissolved in the water, hydrophobic monomers of the
chain are attracted to each other, cross-linking the
polymer chains. Such intermolecular interaction
increases the viscosity of the solution. If hydrophobic
monomers make up a block in the chain, they
manifest more solid intermolecular links with similar
hydrophobic blocks of another chain. Among the
hydrophobic monomers, acrylate and methacrylate
derivatives, monomers with alkyl radicals with
different chain length, aryl and alkylaryl,
fluoroorganic, and zwiterionic monomers can be
used. Additionally, the viscosity of hydrophobically
modified polyacrylamide gels can be regulated by

introducing SAAs, which form intermolecular
interactions with hydrophobic sections of the
polymer chain [19].

Despite the development of a broad variety of
modifications of water-soluble polyacrylamide, it is
hard to mitigate the drawbacks of this technology with
the acceptable production cost of the technology in
mind. Among the main drawbacks of the viscous
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polyacrylamide-based polymer solutions, there are:
need for specialized expensive equipment for the
production of polymer solution on site; difficulty of the
polymer viscosity control in the composition; change of
viscosity upon injection of the polymer into the well;
polymer sensitivity to the metal ions contained in the
formation fluids; unpredictability of the rheological
characteristics of the polymer in the formation.

Geotechnical conditions of effective
flooding using preliminary cross-linked
polyacrylamide particles

In the opinion of the authors, a promising
alternative to PHPAM is the technology of flooding
the oil formations using preliminary cross-linked
particles of polyacrylamide, acting like absorbent
granules capable of taking up water. Abroad this
technology is known as “Preformed Particle Gels”,
while the Russian term is translated as ‘“Polymer
Gel Particles”. The cross-linked polyacrylamide
production consists of the following stages: polymer
synthesis (see diagram in the figure), drying, grinding,
and division into fractions [33]. The fractional
composition of the polymer may vary from micro- to
millimetre size. This parameter is selected depending
on the reservoir permeability.

The cross-linked polymers are known to absorb
water and are therefore classified as superabsorbents.
Due to the ability to swell in the water, the polymer
particles become soft and elastic but do not dissolve
in the water [34]. The absorption capacity of a
polymer (the ability to absorb water that is
numerically equal to the amount of water in grams
1 g of polymer is capable of absorbing) depends on
its composition, temperature of the formation and
salts content in the water used to prepare the
suspension. The absorption capacity of a polymer
depends on the concentration of salt in the water (the
higher is the concentration, the lower is the
absorption capacity) and the formation temperature
(the higher is the temperature, the higher is the
absorption capacity). At the same time, polymer gel
particles are more stable under the mentioned factors
than traditional volumetric gels that significantly lose
viscosity as the temperature and water mineralization
grow [34]. The main properties of the particle
polymer gel are set out in the table.

The technology essentially consists of the on-site
production of low-concentrated suspension using
polymer gel particles and formation water that is

injected into the injection wells. As the polymer
absorbs water and swells, it can flow only through
the most permeable interlayers. The polymer plugs
that occur in them cause redistribution of fluid flows
and involvement of previously idle intervals of the
pay zone into the displacement process.

This technology has some advantages compared
to the polymer flooding with PAM-based highly
viscous solutions. The polymers based on polymer gel
particles are resistant to the metal cation contained in
the formation water, they do not change their
rheological characteristics under high injection speed
and do not create the risk of clogging oil-saturated
interlayers with polymer clots [34].

Laboratory tests have shown that swollen
polymer gel particles may go through the pores and
fissures with the flow area of up to 75% of dry
particle diameter. For example, if a particle has a
diameter of (Dye) of 10 pum, after swelling it will be able
to go through a channel with a diameter (D) of
7.5 pm. This can be roughly compared to the
permeability of the interlayer of 350 mD.
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Fig. Cross-linked polyacrylamide particle gel
production principle

Principal characteristics

of polymer gel particles
Parameter Characteristic
Size From 10 um to 1 cm
Absorption capacity 1-100 g of water per 1 g of

in the formation water ~ |polymer

e Resistant to any concentrations
Stability in the salt water Y

of salts
Resistance to higher 1 year at the temperature below
temperatures 140°C
Durability Can be 1.re.gulated by the
composition.

From several minutes

Swelling rate to 20 days
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The following mechanisms of particle polymer
gel impact on the reservoir are possible: deformation
of the particle and further movement through the
formation; break of the particle and further
movement through the formation; jamming in the
channels and blocking separate interlayers. Paper [35]
describes the fluid flow tests conducted on the
terrigenous bulk core. According to the test results, a
swollen polymer can penetrate the porous space with
a diameter of 18 % of the particle’s diameter. A dry
polymer particle can go through a pore with the size
of 83 % of the particle’s diameter [36].

The paper [36] provides the results of the
researches aimed at assessing the ability of polymer
gel particles to pass through the bulk core porous
space. The experiments showed that polymer gel
particles can go through the porous space of the core
if the ratio of a swollen particle to the channel
diameter is less than 15. If the grain size distribution
is higher than the reservoir permeability in the
bottomhole formation zone, there is a probability that
a polymer interlay will appear close to the well edge,
considerably hampering the fluid flow.

Production experience of applying
the flooding technologies based on preliminary
cross-linked polyacrylamide particles

The technology using preliminary cross-linked
polyacrylamide particles has been successfully
deployed in the leading oil-producing countries
(China, the USA, Canada) [35, 37-39]. The global
practice polymer gel particles application practice
comprised over 4000 well operations as early as in
2013 [35]. In the Russian oilfields, however, it has
not been so common so far. Moreover, Russian
literature hardly provides any information about the
use of polymer gels with limited swelling ratios to
modify the well injectivity profile.

The paper [37] has summarized the 20-year
world experience of using polymer gel particles
technology in various geotechnical conditions of
oilfield development: different fluid flow and
volumetric  properties and reservoir types;
temperatures of formations, salt content in the
formation water, etc. Thus, as a result of flooding
using polymer gel particles for terrigenous
reservoirs of the Pushen oilfield (China Sinopec oil
company, China), in the conditions of permeability
of 121 mD and formation temperature of 107 °C,
the water cut of the well production was reduced

from 85 to 70 %. Consequently, daily well
production increased from 40 to 60 tons. When the
same technology was used at the Xinbei oilfield in
China (with the formation temperature of 45 °C
and the formation water salt content of 4500 mg/1),
the water cut of the well production reduced
from 90 to 82 % [37].

Moreover, there are available results of using
polymer gel particles technology by PetroChina oil
company at terrigenous oil deposits of the Daqing
group of oilfields (with the formation temperature of
45°C and the formation water salt content of
4000 mg/l). The polymer gel particles injection into
the injection wells caused the reduction of the
producing wells’ water cut from 95 to 92%, resulting
in the daily oil production growth to 5.8 tons. At the
same time, for over 2 years additional total growth
was observed and totalled 15 000 tons of oil, i.e.
additional 113 tons of oil per each ton of used
polymer [38].

There is also some experience of using cross-
linked polymer-based flooding technologies in the
oilfields of Western Siberia, Tatarstan and
Kazakhstan. Temposcreen polymer-gel system can
be classified as one of them. This reagent is
designed to change the well infectivity profile by
injecting the water suspension into the formation
[40]. When dry, dispersion polyacrylamide gels
have the form of powder with the particle size of
0.5-2 mm, increasing to 10 mm in diameter;
moreover, the particle size may increase by one
thousand times or more. The peculiarity of the
technology is the cross-linking of polyacrylamide
dry powder with the molar weight of 20-10° AMU
and degree of hydrolysis of 30% by the ionizing
radiation of 10 kGy [41]. The results of using
Temposcreen polymer-gel system to align the well
injection profile have demonstrated the increase of
oil production; the available information indicates
2-8 additional tons of oil depending on the geological
structure of the formation and the amount of
recoverable oil in place [42]. The “Retin-10” and
“Polycar” reagents used by the Russian oil companies
are the analogues of Temposcreen [43, 44].

Another known superabsorbent is AK-639
produced by Acrypol LLC, being a part of the
visco-elastic and cross-linked polymer systems of
the wells injectivity profile alignment. The
technology of the well injectivity profile alignment
based on this reagent contemplates the injection of
0.5-1.0 % suspension; the polymer swells and
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gelates at the temperature of 70 °C when in long
contact with water [45].

Conclusion

Summing up, foreign and Russian experience of
using the polymer gel particles technology
demonstrates its superiority compared to standard
water-soluble polyacrylamide-based technologies.
The main peculiarities and advantages of particle
polymer gel technology can be summarized as follows.

Water-swelling polymer gel particles are
significantly more stable to the impact of salts and
may change the absorption capacity depending on the
mineralization of formation water. Water-soluble
polyacrylamide, on the opposite, abruptly loses
viscosity or forms clots when interacting with the
formation water.

Regular  compositions  of  water-soluble
polyacrylamides are unstable at high temperatures.
This issue may be resolved by the introduction of
special monomers, which causes an increase in the
processing cost. The solutions based on polymer gel
particles are much more heat-resistant in a broad
range of formation temperatures (up to 140°C).

Depending on the polymer molecular structure and
geotechnical conditions during the injection process,
PAM solutions can change their viscosity to a great
extent, often demonstrating pseudoplastic properties. In
case of higher salt content in the formation, a polymer
can either lose viscosity when interacting with
monovalent metals or form clots under high
concentration of polyvalent metals. The instability of
rheological characteristics of the polymer is a material
obstacle on the way to the desired oil recovery factor.
The polymer gel particles-based polymers do not
change their rheological characteristics during the
injection; however, the particles can change form and
break while enveloping obstacles.

A well-known advantage of PAM solutions is
their ability to easily filter into the formation. When
the polymers based on particle polymer gels are used,
the fluid flow is usually complicated. For this reason,
before using this technology it is necessary to
experiment on core models to determine the optimal
sizes of their particles. This issue can be dealt, in
particular, by using a promising method of X-ray core
tomography [46—48].

Additional risks of reducing effects from the
PAM technology include difficulties associated with
controlling the injection in terms of speed and

volume of the polymer solution and compliance with
the solution preparation standard. A suspension
based on polymer gel particles is generally stable at
high shear rates. However, if the selected particle
size distribution is not optimal, in case of polymer
gel particles technology it can also cause the build-up
of a polymer plug at the reservoir’s surface or in the
formation pay zone.

The possible options for improving the PAM
technology are related to the modification of the
polymer structure by introducing additional reagents,
which raises the composition cost. In this regard, the
technology based on polymer gel particles has a
significant advantage as it allows starting the
suspension injection with a smaller amount of reagent,
successively selecting the optimal particle size
distribution depending on the given geotechnical
conditions of the formation. In general, the authors
conclude that potential polymer solutions based on
particle polymer gels need further scientific research
and that the technology itself has good prospects of
application in the Russian oilfields.
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