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words: In development of hard-to-recover hydrocarbon reserves, enhanced oil recovery methods are applied on a massive scale, chemical
anced oil recovery methods, methods gemg the most common ones. Each formation stimulation technology is associated with certain application conditions
permeablllty coefficient, oil which depend on the initial geological and physical formation parameters and current state of its development.
displacement coefﬁcient, linear Methodgi)oglcal approach is provided for determination of permeability coefficient and coefficient of oil displacement from rock
filtration rate, viscosity and during testing of compositions of technologies of physical and chemical enhanced oil recovery methods on the basis of laboratory
temperature characteristics of studies of rheologlcalppropertles of various bramfs of acrylamide polymer. The methods have been developed according to the
polymer compositions, acrylamide requirements to core analysis. The study provides a list of equipment and basic characteristics of the filtration system, as well as the
polymer. procedure for preparation of Workmg fluids and laboratory formation to laboratory stud

Laboratory study of gel systems’ rheological properties is performed on the basis 08, the technological process for preparation of
components of viscoelastic compound recipe at the wellhead and its further injection into the formation. To this end, in order to
determine the rheological properties of gel systems, a special-purpose rheometer was used, with a capability to dynamically reglster the
changing Viscosity data ofp the tested % er systems prepared on the analogues of fresh, produced and Cenomanian waters in “well —
formation” thermobaric conditions. Based on the laboratory studies, it has been shown that trial injections of cross-linked compositions
on the basis of polyacrylamide (PAA) of brands FP-107 and Poly- T- 101, possessing the capability of multifold increase of final viscosity
of the polymer composition (by 2-3 times and more) in conditions of increasing temperature n low salini :[Z, waters (produced, Cenomanian),
enable higher technological e%ectlveness compared to brand FP-307 polyacrylamide presently used in the company’s oilfields.

Kniouesvie cnosa: Ilpu pa3paboTKke TPYAHOM3BICKAEMbIX 3allacOB YIJIEBOAOPOJOB HE(TAHBIX MECTOPOXKIACHHII MacCOBO HPUMEHSIOTCS
METO/Ibl YBEIHYCHHS METO/Ibl YBEJIMYEHHUsI He(hTEOTJauH, OCHOBHBIMU M3 KOTOPBIX SBJISIOTCS XUMHUYeckue. Kaxiast TeXHOJIOTHs BO3/IeHCTBHS Ha
HedTeoTaaun, K03PPULHECHT iact o0JyaiaeT ONpeIeICHHBIMU YCIOBHUSIMU IIPUMEHEHHS, 3aBHCSIIMMH OT UCXOHBIX I'€0JI0ro-(QU3NYecKuX mapaMmeTpoB
POHUIAEMOCTH, KOA()GUIIHEHT IUTACTA U TEKYILEro COCTOSHUS €ro pa3paboTKH.

BBITECHEHHMS He(TH, TMHEiiHAs TpesiCTaBleH METOZIONIOTHHYECKHH TIOIXO/L K ONPEETEHHIO KOXpOHLMEHTOB POHNLAEMOCTH M BBITECHEHNs HE(TH U3 TIOPOJ, IIPH
CKOPOCTh (DHIIBTPALIUH, HCIIBITAHUHM COCTABOB TEXHOJOTHiT (PM3MKO-XMMIUYECKUX METOJIOB YBEIIMUCHHS He(TEOT/Iaun Ha OCHOBE JIaOOPATOPHBIX MCCIIEIOBAHNI
BSI3KOCTHO-TEMIICpaTypHBIC PEOTIOTUYECKHX CBOMCTB PasiMIHBIX MApOK MONMMEpa akpuiamiia. MeToaukn pa3spaboTaHbl B COOTBETCTBHH C TPEOOBAaHMAMH IO
XapaKTEPUCTHKU MOIMMEPHBIX HCCIEZIOBAHMIO KepHa. lIpuBesieH mepedeHb OOOPYIOBAHMS M OCHOBHBIC XapaKTCPHCTHKH (DIIIBTPAIMOHHOI CHCTEMBI, a TaKKe
KOMITO3UIIUH, TOJTHUMED TOPSIZIOK MIOATOTOBKH PabOUMX JKUIKOCTEH 1 MOJIETICH IL1acTa K POBEICHHIO TA00PATOPHBIX HCCIICIOBAHHIA.

aKpHIaMHJIA. OcyiecTpieHHe JIAOOPATOPHBIX HMCCIICIOBAHUI PEOJIOTHYECKUX CBOFCTB TEJICBBIX CHCTEM BBITIOJIHEHO MCXOIS M3 OCOOEHHOCTEH

TEXHOJIOTUYECKOTO MPOLECca MPHTOTOBJICHHS KOMITOHEHTOB PELICTITYPbI BS3KOYIIPYTOro COCTaBa Ha YCThE CKBAKHHBI M IOCIIE/TyIOIICH
ero 3akauky B rwiacT. C 9TOM LENbIO U1 ONMPEIENeHHS PEOJOTHYECKHX XapaKTEPHCTHK TeEBBIX CHCTEM HCIIOMB30BAJICS
CICLMAM3UPOBAHHBI PEOMETP, KOTOPBIH T03BONSET B JUHAMUYECKOM PEXHME (DMKCHPOBATH NAHHBIE M3MEHEHUs BSI3KOCTHBIX
CBOWCTB HCITBITYEMbIX IIOJIMMEPHBIX CHCTEM, IPHTOTOBJICHHBIX Ha MOJEISX IPECHOM, IOJTOBApHOI M CEHOMAHCKOH BOX B
TEpMOOAPHYECKUX YCIIOBHSIX «CKBOKHMHA — IUIacT». Ha OCHOBaHWMM J1abOpATOPHBIX HCCIICAOBAHMI IMOKA3aHO, YTO IPOBEICHHE
OIBITHBIX 3aKa4eK CIIMTHIX KOMIO3HIMIT Ha ocHoBe mnommakpwiamuma (ITAA) mapok FP-107 u Poly-T-101, obnamarormmx
CMOCOOHOCTBIO KPAaTHOTO TOBBIIICHHs] KOHEUHON BSI3KOCTH HMOIMMEPHOro cocTaBa (B 2-3 pasa U 0osee) ¢ pOCTOM TeMIeparypsl B
craboOMHHEpaTM30BaHHbIX BOJIax (ITOTOBAPHAs, CCHOMAHCKasT), TO3BOJISCT MOTYYHTh OOJIBIIYIO TEXHOJIOTHYECKYTO Y (EKTHBHOCTb 110
CPABHEHHIO C PHMEHSEMBIM B HACTOSIIIICE BPEMsI HA MECTOPOXKACHISIX KOMITAHHH TIOTMMEPOM akpruiaMuzioM Mapku FP-307
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Introduction

Today more than 90% of the remaining
recoverable reserves in commercial category oilfields
are hard-to-recover (high watercut, gas-oil, complex
structure, low production, etc.). According to the native
and global experience, effective development of hard-
to-recover reserves by waterflooding is impossible
without massive application of enhanced oil recovery
(EOR) methods, chemical (CEOR) methods being the
most common ones. Starting from the stage of
advancing water production, CEOR methods enable
cost-effective improvement of oil recovery ratio by 3—
15 % and more and significantly extend the period of
cost-effective formation development [1-10].

Each formation stimulation technology has its own
application conditions which depend on the initial
geological and physical formation parameters and
current state of its development. Failure to observe
these conditions (applicability criteria) can lead to a
failure to obtain the expected amount of incremental oil
and oil recovery ratio [11-14].

In order to maintain and improve specific
effectiveness of the technologies, and to achieve higher
recovery in uninvaded zones of formations, the solution
volume of the injected plugs of flow diverter
compounds is planned to be increased by 10-15 %
annually, with an increase in chemical reagents
concentration [15, 16].

Structural scheme of formation
chemical methods is shown in fig. 1.

CEOR methods can be provisionally divided into
two groups:

— bottom hole treatment (BHT) of the well in order
to stimulate the formation (formation BHT);

— flow diverting methods of enhanced oil recovery
(FDEOR) [17-20].

BHT methods can be provisionally divided into two
subgroups:

— using acid compositions;

— using hydrocarbon solvent and surfactants.

Based on the formation stimulation mechanism,
flow diverting enhanced oil recovery methods can be
provisionally divided into three subgroups:

—methods for stabilizing the injection well water
intake profile with emulsion compounds (emulsion-
based SWIP) [26-31];

—methods for stabilizing the water intake profile
and front of oil displacement with water (SWIP and
FODW) based on polymers, gels and particulate fillers
[21-25];

— surfactant-based methods assisting residual oil
sweeping [11, 32, 33].

Further discussed are the methods for stabilizing the
water intake profile and front of oil displacement with

stimulation

‘ Chemical methods ‘

Formation BHT | ’7FDEOR methods
Emulsion-based
BHT with acid W
compositions
WIP and FODW
BHT with hydrocarbon Surfactant-based
solvent and surfactants technologies

Fig. 1. Classification of chemical enhanced
oil recovery methods

water (SWIP and FODW). According to the current
concepts of oil displacement mechanics in porous
media, front of oil displacement with water is
configuration, by section and formation area, of the
conventional interface line between zones with oil
saturation approximating the initial state and zones
containing injected water in the composition of
saturating fluids. Such definition does not contradict the
established fact of outpacing water saturation increase
up to the critical value in uninvaded purely oil-filled
formation zones long before entry of injection water.
This phenomenon is most apparent in low permeability
reservoirs and can be explained by high mobility of
residual water caused by differential pressure increase
(start of oil injection in injection wells). Depression
cone expansion in producing wells leads to “squeezing”
of loosely bound water from underlying and overlying
clays. In the initial period of formation development
(formation pressure equal to initial pressure) this
phenomenon can be neglected, taking into account
water permeability of clays (10°-10"7 pm?), but within
the depression cone, at shale streak thickness of 2 m,
the volume of additional water penetrating through it
into the well can amount to 20 m*/day (at maximum
formation potential recovery values). Due to these
factors, product watercut in low output wells may be
substantial, which can lead to misconceptions regarding
the displacement front configuration at the initial stages
of formation development.

Stabilization of the front of oil displacement with
water suggests activities aimed at ensuring maximally
uniform distribution of injected water flows, in the section
and across the area of the zones distant from the injection
wells, in order to ensure maximum ultimate oil recovery.
Since the effect of compositions on the formations starts in
the immediate vicinity of BHZ, FODW technology
doesn’t exist in pure form. Initially these technologies
facilitate SWIP and further, as the plug progresses through
the formation, in the uninvaded interwell space — FODW.
Methods stabilizing the water intake profile and front of
oil displacement with water are, primarily, polymer-
based technologies [15, 16, 21-25].

ISSN 2224-9923. Bectuuk [THUITY. I'eonorus. Hedrerazosoe u ropHoe aeno. 2020. T.20, Ne2. C.162-174



164 ISSN 2224-9923. Perm Journal of Petroleum and Mining Engineering. 2020. Vol.20, no.2. P.162-174

Polymer gelling agent (PGA) technology is the
basis for other polymer-based technologies and one of
the most common flow diverting technologies that were
and have been in use in Surgut region wells (9800 well
jobs, or 20.8% of all well jobs in 1991-2017).
PGA injection volume varied from 50 to 550 m® per
well job. The reagents in use are polyacrylamide (PAA)
by Accotrol, GS-1, DKS and others, with
concentrations of 0.2-0.6 %, cross-links — chromium
acetate, chromium-potassium sulfate and others with
concentrations of 0.02—0.07 % [34].

The technology aims to increase the sweep
efficiency and stabilization of displacement front,
which is achieved by creating excessive filtration
resistances in water-swept intervals of the formation by
way of polymer cross-linking in the formation. PGA
effectiveness first of all depends on accuracy of
computation of its optimum injection volume for each
stimulated well. In case of insufficient volume,
filtration resistance will be low, and SWIP will not be
achieved; too high PGA injection volume can lead to
temporary blocking of oil saturated formation intervals,
which also impedes reaching SWIP.

Methodological approach for determination
of permeability coefficient and coefficients
of oil displacement from rock during testing
of compositions for technologies of physical
and chemical EOR methods

Methods for measurement of permeability
coefficients and coefficients of oil displacement from
reservoir rock during testing of compositions for the
technologies of physical and chemical enhanced oil
recovery methods have been developed according to the
requirements of GOST 26450.0-85, GOST 26450.2-85
[36, 37], OST 39-195-86 [38] and OST 39-235-89 [39].
The methods are applied to oil-containing rock and
establish the procedure for measurement of these
coefficients in laboratory conditions.

The target of testing is laboratory formation made
of cylindrical rock samples of correct geometrical
shape drilled from whole core of the oil-bearing
horizon under research. The testing conditions shall
ensure replication of natural physical and chemical
characteristics of the “rock-fluid” formation
system, preservation of temperature and pressure
values of the formation during the experiment. Linear
flow rate of the tested fluids through the rock in time
shall match its production values in the formation
areas proximal to or distant from the well. During the
test it is necessary to use reservoir oil and water or
their laboratory analogues, as well as chemical
compounds used as working agents in SWIP
technologies [40, 41].

Equipment

Filtration system (hereinafter the system) for testing
of compositions of technologies of oil production
stimulation and enhanced oil recovery shall consist of
interrelated functional blocks ensuring performance of
testing operations in thermobaric conditions simulating
reservoir conditions (table 1).

Table 1

Basic characteristics of filtration systems

Parameter Value

Maximum confining pressure, MPa Minimum 68.0

Maximum pore pressure, MPa Minimum 40.8

Maximum operating temperature, "C Minimum 150

Permeability variation range, mD 0.001 to 5000

Pump discharge variation range, cm’/min 0.00001 to 50

Hastelloy C-276,
Titanium, Viton,
Peck, Teflon

Pore fluid contacting surface material

The system’s principal arrangement includes the
following main blocks:

— tested fluid injection;

— formation factors simulation;

— confining pressure control;

— back pressure control for filtration flow;

— system control and experiment data recording.

Preparation of working fluids to testing

Tests determining formation rock permeability and
residual oil saturation use samples of pure oil and
water, and process liquids used as working agents in
development of a specific oil field facility (formation).
In absence of formation fluid samples, their laboratory
analogues are acceptable.

Physical analogues of formation oil can be degassed
oil diluted with organic solvent (petroleum ether,
hexane, gasoline, kerosene, etc.). The main criteria of
analogue oil matching the reservoir gas-saturated oil is
equality of their rheological characteristics (viscosity,
density) in formation condition [34]

Formation water analogue is prepared by dissolving
chloride salts (NaCl, CaCl,, etc.) in distilled water.
Content of salts should correspond to total salinity of
formation water. Qualitative and quantitative
composition of salts is calculated on the basis of
formation water chemical analysis results and salinity
value assumed for the formation under study converted
to sodium chloride.

Preparation of compositions of physical and
chemical EOR methods to improve well productivity,
stabilize well water intake profile, front of residual oil
displacement and sweeping, as well as process liquids
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used in well construction, testing and further operation,
is performed under the requirements stipulated by
guideline documents regulating respective geological
and technical activities.

Laboratory formation preparation to testing

Filtration tests of compositions of physical and
chemical stimulation of the formation use cylindrical
rock samples of correct geometrical shape drilled from
whole core, 30 and 38 mm in diameter and at least
27 mm long. Prior to the tests, samples are extracted in
alcohol-benzene mixture for complete removal of
hydrocarbons from their void space and, in case of high
(more than 50-100 g/L) salinity of formation (residual)
water, are desalted in Soxlet apparatus. Next, samples
stripped of hydrocarbons and formation water salts are
dried to constant weight with accuracy up to + 0.001 g
in a drying oven at 105 = 2 °C during 12 h. The dried
samples of rock are cooled in the desiccator above
tempered calcium chloride to ambient temperature
during 2-3 h, followed by determination of their
porosity and permeability. Based on the known values
of permeability of individual core samples to gas
(nitrogen, helium) they are arranged in the laboratory
formation, based on the condition that each subsequent
sample in the composite column is less permeable than
the previous, provided that the permeability variance
between the two adjacent samples shall not exceed
10-15 %. Depending on the tasks solved during
simulation of processes of stimulation of well bore zone
or uninvaded zone of the formation with chemical
reagent solutions, determination of rock permeability to
liquid (to water — in case of water displacement, to oil
or water — in case of change in rock fluid conductivity)
is performed in the course of its filtration through the
laboratory formation in the direction of porous medium
permeability reduction.

Water saturation of the laboratory formation
arrangement prior to the tests is created using
centrifuging method ensuring conformity of residual
water content in the void space of individual samples to
its quantity in reservoir conditions. The method consists
in displacement of excessive water from the fully
water-saturated sample by centrifuging due to creation
of capillary pressure at the air-water phase interface in
rock pores. The ultimate stage of laboratory formation
preparation is saturation of core samples bearing
replicated residual water with kerosene in the desiccator
by vacuum treatment during at least 4 h.

Filtration system preparation to testing

The procedure of system preparation activities prior
to testing includes:

— filling the reservoirs with tested fluids (formation
samples of oil, water or their laboratory analogues,
chemical reagent solutions);

— loading the laboratory formation made up of core
samples into the rubber collar of the core holder,
connection of fluid conducting tubes;

— leakage check of the system’s hydraulic circuit by
way of creating confining (rock) pressure and pore
(formation) pressure in the core holder corresponding to
oil formation factors;

— heating up system components (reservoirs, core
holder, separator, etc.) to formation temperature;

—customizing the software and experiment
sequence, creating log file;

— displacement of kerosene with oil by way of its
pumping through the laboratory formation in the
amount not less than 3—4 pore volumes in constant flow
maintenance mode, not exceeding linear filtration rate
of 1 m/day;

— laboratory formation dwell period for 12—16 h at
thermobaric conditions to stabilize “rock-fluids”
system.

Measurement of permeability coefficient

The measurement method is based on assessment of
reservoir rock permeability to the filtered fluid (water,
oil, or their laboratory analogues) before and after its
treatment with chemical reagent solutions. The method
consists in testing the compositions of technologies for
production stimulation and enhanced oil recovery of
reservoirs in composite columns consisting of core
samples, whose effectiveness, depending on the
purpose of use (well productivity increase, well water
intake profile and displacement front stabilization,
residual oil sweeping, etc.) is determined by the change
in rock fluid conductivity.

During tests, filtration of the tested fluids (oil,
water, chemical reagent solutions) through the
laboratory formation is performed with constant flow
rate throughout the experiment. The flow rate is
determined on the basis of linear flow rate in the zones
proximal to and distant from the well (1) [42—45]:

8640

V= :
F-m (1 - SwAresid - So,resid )

(1)

where V' — linear filtration rate, m/day; Q — filtered
liquid flow, cm’/s; F — laboratory formation cross-
section area, cm’, m — laboratory formation porosity,
decimal quantity; Sy resid, Soresia — residual water and oil
saturation of laboratory formation in formation
conditions, respectively, decimal quantity.
Measurement of coefficient of the laboratory
formation permeability to liquid (oil, water) is
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performed after its pumping through the rock in the
minimum amount of 4-6 pore volumes and in presence of
pressure gradient at composite column face ends.
Calculation of the coefficient of formation rock
permeability to liquid is performed on the basis of a
formula of Darcy’s linear filtration law (2):
OLp

K= pr @

where K — rock permeability to liquid, pmg; Q — liquid
volumetric flow rate, cm®/s; L — length of sample part
on which pressure differential is measured, cm; F —
sample cross-section area in the sample’s measured part,
em’; p — liquid viscosity in the experiment conditions,
mPa's; AP — pressure differential in the sample’s
measured part at the given filtration mode, 10° Pa.

Measurement of oil displacement coefficient

The measurement method suggests determining oil
recovery ratio from laboratory formation by means of
filtration of displacing agents (water, chemical reagent
solutions) through its void space until saturated
watercut of the fluid being recovered is reached.
The method consists in simulation of the process of
waterflooding  productive  horizons.  Combining
waterflooding with injection of plug compositions of
flow correcting technologies helps establish additional
increment of residual oil displacement.

Oil displacement from laboratory formation is
performed at constant flow for all injected liquids,
which has to correspond to real or project (expected)
linear rate (1) of their filtration in the formation zone
distant from the well.

Procedure for measurement of oil displacement
coefficients in the course of technology compositions
testing consists of the following stages:

— continuous displacement of oil with water until
saturated watercut of liquid discharged from the core
holder, but not less than 4—6 pore volumes of laboratory
formation. Initial volume of water-displaced oil is
determined by indications of the acoustic separator;

—injection into laboratory formation of plug
compositions of flow correcting technologies from
0.5 to 4 pore volumes, whose quantity during testing is
assumed on the basis of the actual process of chemical
reagents injection into the formation;

— injection into laboratory formation of water
plug in the amount of 4—6 rock pore volumes. Final
volume of incrementally displaced oil after filtration
of plugs of technology compositions is determined
using the retort method.

The achieved increment of residual oil recovery
AKgip.  after use of technology compositions is

determined from the difference between final Ky i
and initial Ky;sp; inie displacement coefficients (3):

AK

displ =

K

displ.fin _Kdispl,inir' (3)
Initial (oil displacement with water) and final (after

injection of technology compositions) oil displacement

coefficients are calculated by formulas (4), (5):

I/o.sep 0
displ init = 100 /0, (4)
o.init
V e
aisptfin = 77100 %, (5)

o.init

where Kisprini Kaispisin — 0il displacement coefficients
before and after injection of technology compositions
through the laboratory formation, respectively, %;
Voseps Vorer — displaced oil volumes according to the
acoustic separator and extraction retort indications,
respectively, normalized to testing conditions, cm?;
Vo.inir — 01l volume initially contained in the laboratory
formation, determined by the difference between void
volume and residual water, normalized to testing
conditions, cm’.

Residual oil content in laboratory formation after
injection of technology compositions is determined by
formula (6):

o.resid

v..—V
— 0.init o.ret 100 %, (6)
|4

n

where Soresia — residual oil saturation of laboratory
formation after injection of technology compositions, %o;
V, — pore volume of laboratory formation made up
of core samples, cm’.

Acrylamide polymer brands
laboratory analysis results

A series of laboratory analyses was conducted in
order to establish the declared rheological
characteristics of cross-linked polymer systems on the
basis of acrylic polymer (PAA) brands accepted for
testing and laboratory assessment of effectiveness of the
viscoelastic composition technology (VEC) intended
for redistribution of injected water flows during
stabilization of water intake profile and displacement
front of injection wells in compartmentalized and non-
uniform permeability formations. The first stage of the
works was studying rheological properties of polymer
systems with simulation of thermobaric parameters of
the technological process of VEC recipe preparation at
the wellhead and its further injection into the formation.
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Another subject of this series of tests was impact of
salinity of water used for makeup of gel systems. The
second stage consisted in filtration tests of cross-linked
gel structures on highly permeable core analogues of
VK, horizon of field R. Laboratory works were
comparative and based on the juxtaposition of
technological indicators — those of the reagents
proposed for the pilot test (Poly-T-101, FP-107, FP-207
and PoLEOR ATC N800) and of the PAA brands
already tested in the compositions of flow diverting
technologies in PJSC Surgutneftegaz fields (FP-307,
Accotrol S-622).

First stage. Until now, there is no commonly
accepted method of laboratory testing of acrylic polymer
compositions at oil deposit thermobaric conditions of
occurrence. This is caused by absence of justified theory
and single opinion concerning the mechanism of spatial
cross-linking of PAA water soluble molecules by ions of
polyvalent metals in pore space of reservoir rocks.
To this end, in order to determine rheological
characteristics of gel systems, a special-purpose
rheometer was used to capture the dynamics of viscosity
properties of the tested polymer systems mixed on the
analogues of fresh, produced, and Cenomanian waters in
“well-formation” thermobaric conditions. The following
conditions were observed during the experiments
for simulation of thermobaric parameters of the
technological process of VEC recipe makeup:

1. Dissolution of gelling agent in the solvent at
constant stirring with an agitator (300 rpm) during
30 minutes at 22-25 °C with further addition of a cross-
linking agent to the solution.

2. Temperature intervals of heating of the cross-
linked polymer system in the experiment:

— heating from 25 to 40 °C during 30 minutes;

—conducting the experiment with uniform
temperature increase to 70 °C during 24 h.

3. Establishing dynamic viscosity values of the
tested composition at shear rate 100 1/s (117.6 rpm) and
liquid pressure in the viscosity meter system 7 MPa.

Adherence to these conditions was replicated by
actual makeup time of linear gel and cross-linking agent

(30—40 min), their mixing in the turbulent flow during
feeding through the well tubing string (WTS) to well
bottom (20-30 min) and further dwell period of the
polymer system required to form the cross-link in the
formation (at least 12-24 h). In the experiments, special
focus was made on the temperature intervals of heating
of cross-linked gel samples:

— for polymer composition injection into the
formation — temperature increase from 20 to 40 °C
during 30 minutes.

— for spatial cross-linking of PAA molecules in rock
void space — uniform temperature increase to 70 °C during
24 h. This corresponds to the polymer system heating
rate to formation temperature in the area of the well
bottom hole zone cooled by the injected water.

Provided that the stipulated concentrations of
gelling agent (Cpaa = 0.4 wt. %) and cross-linking agent
(Cca = 0.04 wt. %) are observed, polymer structures
demonstrate high values of initial dynamic viscosity
(40 to 80 mPa-s), which is caused by the final stage of
cross-linking microgel complexes due to nearly
complete dissolution of PAA in distilled water over a
relatively short period of time (3040 minutes). Among
the tested PAA brands, an exception is POLEOR ATC
N800, which does not manifest high thermal stability in
fresh water and loses its viscosity properties by more
than 2.5 times when the tested sample heating
temperature increases up to 50—60 °C.

During makeup of VEC technology compositions
on analogue types of produced and Cenomanian water,
except for the solution based on Accotrol S-622 reagent
(Crnact = 5 g/L), on the contrary, the primary factor
influencing maintenance of stable viscosity and
temperature characteristics of hydrogels is detrimental
influence of low mineralization of salts contained in
solvents. This is caused by low initial viscosity values
of the systems (10 to 17 mPas) due to the time lag of
intramolecular cross-linking processes in the entire bulk
of polymer compositions whose intensity grows not
earlier than after 4-6 h. Besides, in the course of testing
it was noted that kinetics of spatial formation of gel in
acrylamide polymers in saline solutions and in fresh

Table 2
Viscosity and temperature characteristics of polymer compositions based on samples
of polyacrylamide cross-linked with chromium acetate (Cpaa = 0.4 wt. %, Cca = 0.04 wt. %)
Accotrol PoLEOR
Analogue water (solvent) Poly-T-101 Poly-T-101 FP-107 FP-207 FP-307 S-622 ATC N80O

type

Polymer system dynamic viscosity (mPa-s) at shear rate 100 1/s (117.6 rpm)

Fresh (distilled)

48.87%/37.01**

61.20%/38.79**

47.69%/33.51**

44.74*/35.39**

47.32%/46.51**

68.82%/55.94**

28.55%/11.21**

Produced (Cyac1= 5 g/L)

10.19%/42.95%*

17.33*/44.13**

15.24%/47.69%*

16.49%/21.64**

15.80*/17.84**

69.41*%/67.65%*

6.62%/10.19**

Cenomanian
(CNaCI= 15 g/L)

9.68%/32.18%*

13.76*/31.58**

11.33%/22.08%*

8.39%/17.58%*

11.09%/13.25%*

9.68%/11.72%*

0.56%/6.73**

Note: *— initial dynamic viscosity of the tested polymer composition at 20-25 °C; ** — final dynamic viscosity of the polymer
composition after 24 h at 70 °C.
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Table 3

Conditions and observed parameters
of filtration tests on highly permeable core
analogues of VK, horizon field R

Parameter Value
Check conditions
Experiment temperature, °C 70
Confining pressure, MPa 31
Pore pressure, MPa 10
Fluid injection rate, cm’/h 2.4
Formation oil analogue viscosity, mPa-s 4.07
Formation water analogue viscosity, mPa-s 0.54
Formation water analogue salinity, g/L 12
Observed parameters
Grad P during saturation of laboratory formation with
oil, MPa/m 0.041
Phase permeability to oil at Kiy sar, um2~ 10° 96.56

Grad P during displacement of oil with water until
filtration of technology compositions of physical and 0.130
chemical EOR methods, MPa/m

Phase permeability to water before treatment at K.,

o B 10 07
Grad P during displacement of oil with water after
filtration of technology compositions of physical and 10.330
chemical EOR methods, MPa/m
Phase permeability to water after treatment at K egiq. sats

21073 0.05
pm~-10

10

*
9
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Fig. 2. Dependence of incrementally displaced oil dynamics
on final viscosity of polymer compounds based on PAA
brands under test injected through laboratory formation VK
of field R, mixed on analogue of produced water

waters is limited by the experiment temperature
(maximum 50-60 °C). This phenomenon is
demonstrated by further drop in viscosity properties
of the tested compounds caused by thermal
destruction of interchain bonds of cross-linked gels,
in which final stabilization of rheological properties
only occurs after 16-20 h.

The performed rheological tests have established
that out of all control assays of PAA samples under
test, negative influence of the aforementioned factors
(sensitivity to brines, thermal stability) is less evident
in polymer compositions based on FP-107 and
Poly-T-101 reagents, whose final solution viscosities
(after 24 h at 70 °C) exceed initial values by more
than 2-3 times and are comparable to viscosity of
gels prepared using fresh water (table 2).

In case of testing of cross-linked systems based on
such PAA brands as FP-207, FP-307, Accotrol S-622,
and POLEOR ATC N800, no multiple increase of final
viscosity of polymer systems occurred. The findings
can be explained by high sensitivity to low salinity
brines in combination with lower thermal destruction
threshold (see table 2).

Second stage. Performance of filtration tests to
determine permeability coefficient and oil displacement
coefficient in use of cross-linked gel structures in
highly permeable core analogues of VK, horizon of
field R (table 3).

The identified variances in behavior of viscosity
and temperature curves for chromium acetate cross-
linked PAA brands fully match the results of their
filtration tests on laboratory formation VK, of field R,
where salinity of pore (residual) water and displacement
agent amounted to Cy,ci = 12 g/L. The obtained
increments of coefficients of oil displacement with
water are located in the interval from 5.94 to 9.55 %
and directly depend on final values of polymer systems’
dynamic viscosity.

The experiments also established a relative
reduction in residual oil saturation of composite
columns made up of core samples after treatment with
polymer compositions based on the tested
polyacrylamide brands, which amounted to: Poly-T-
101 — 5.29 and 6.13 %; Accotrol S-622 — 4.23 %, FP-
307 — 5.70 %, and PoLEOR ATC N800 — 3.91 %
(table 4).

Conclusions

1. Provided that the stipulated concentrations of
gelling agent (Cpaa = 0.4 wt. %) and cross-linking agent
(Cca = 0.04 wt. %) are observed, polymer structures
demonstrate high values of initial dynamic viscosity
(40 to 80 mPa-s), which is caused by the final stage of
cross-linking microgel complexes due to nearly
complete dissolution of PAA in distilled water over a
relatively short period of time (3040 minutes). Among
the tested PAA brands, an exception is POLEOR ATC
N800, which does not manifest high thermal stability in
fresh water and loses its viscosity properties by more
than 2.5 times when the tested sample heating
temperature increases up to 50—60 °C.
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Table 4

Results of determination of residual oil saturation in VK, laboratory formations of field R
for oil displacement with water before and after filtration of plugs of VEC technology compositions
(Cca = 0.04 wt. %, Cpas = 0.4 wt.%) based on various PAA brands

= - =
S g =
28 4

< Before' injection of After .injection of = g g ; g o
. N chemical reagent chemical reagent - 5 = o O . @ .
S o . : < S g« g oz
= e 2 solutions solutions 3 < g ¢cg 5
s S Fe e g 7 g < = o =2 2 g
Z ° g = 2 Ei 25~ g% 2 g
= | PAAbrand = §NE Z s X BETN | BE< o %
= g 25| 5 | = s | 383 T | BEY| ESE TES | ER
0 @ ~ — R == < £ 9 5 .S <~ £ 9 s 57 =2 5 57
8 52 °c o3 A °c g9z 3 2 <% o SIS
O h=} S5E |2 2z 2 ~ S E| B8 8 s = 9 g @

= v oas &= 1% 5= O IR=a 2 5 E s}

= 22 | 88E g EeE | ®E ¢ §8=
O35 = g O35 & § ,3“:.:; g =
2860-06 236.40 | 27.32 | 64.01 20.07 68.64 0.82
1 lpoLy-T-101" 8016-06 233.45 | 26.43 | 65.49 26.00 59.43 19.70 69.92 6.13 9.55 0.81
2913-06 230.40 | 27.39 | 62.75 19.84 68.38 0.84
Wtd.av.val. | 233.43 | 27.05 | 64.09 26.00 59.43 19.87 68.98 6.13 9.55 0.82
2912-06 225.55 | 27.16 | 61.88 21.01 66.05 0.90
8003-06 218.11 | 29.31 | 63.18 27.50 56.63 22.96 63.66 5.29 8.35 0.81
2 | POLY-T-I0L 28107 [ 205.15 | 26.85 | 65.01 22.61 65.22 0.84
Wtd.av.val. | 215.93 | 27.75 | 63.41 27.50 56.63 22.21 64.98 5.29 8.35 0.85
2828-06 908.26 | 30.72 | 69.10 24.01 65.26 0.68
3 FP-307 2833-06 896.57 | 28.52 | 70.61 28.19 59.42 21.24 69.92 5.70 8.19 0.71
i 2839-06 879.51 | 28.71 | 68.69 22.22 67.65 0.74
Wtd.av.val. | 894.90 | 29.32 | 69.47 28.19 59.42 22.49 67.60 5.70 8.19 0.71
2843-06 884.84 | 27.94 | 65.70 18.71 71.53 0.79
4 Accotrol S- 2821-06 872.70 | 28.20 | 67.58 26.86 59.65 29.61 56.19 4.23 6.43 0.75
622 2820-06 862.61 | 28.61 | 66.47 19.80 70.22 0.76
Wtd.av.val. | 873.43 | 28.25 | 66.57 26.86 59.65 22.63 66.08 4.23 6.43 0.77
2861-06 24995 | 27.17 | 66.13 25.60 61.28 0.88
5 PoLEOR 2910-06 243.71 | 26.89 | 67.68 30.22 54.13 27.85 58.85 3.91 5.94 0.85
ATC N800 2911-06 241.18 | 26.79 | 63.82 25.50 60.04 0.95
Wtd.av.val. | 244.96 | 26.95 | 65.87 30.22 54.13 26.31 60.06 391 5.94 0.89
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