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RESUMO

A injecao de polimeros € um método tecnologicamente simples e altamente eficaz de recuperacao
aprimorada de petréleo. O método baseia-se na adicdo de uma pequena quantidade de polimero em injecoes
convencionais de agua de reservatérios de petréleo. O aumento da viscosidade e a redugdo da mobilidade da
agua injetada sao para igualar a frente de deslocamento retardando o movimento da agua nas zonas altamente
permedveis e restringindo a formacdo do dedo da &gua. Esses fatores ajudam a aumentar a eficiéncia da
varredura e a eficiéncia do deslocamento de éleo-agua durante a inundagdo. A inje¢do de polimeros tem sido
usada com sucesso em reservatorios de clastos e carbonatos, bem como em reservatérios de baixa
permeabilidade, como por exemplo, em uma fundacéao fraturada. No entanto, a maior parte do gel polimérico
atual usado para controlar os fluxos de agua é deteriorado por um alto teor de ions ca* e Mg“* na agua de
formacdo ou na agua injetada. Da mesma forma, os géis de polimero perdem sua estabilidade na alta
temperatura do reservatério (acima de 70 °C). O desenvolvimento de polimero sollivel em agua, que néo altera
suas propriedades reoldgicas sob alta salinidade e alta temperatura (acima de 100 °C), é muito importante na
producédo offshore, onde a 4gua do mar € comumente usada para a injecao (alta salinidade de 30-40 g/l).

Palavras-chave: composicdo de polimeros, polimero irradiado, recuperacao de dleo.
ABSTRACT

Polymer flooding is technologically simple and highly effective method of enhanced oil recovery. The
method is based on adding a small amount of polymer in conventional water flooding of oil reservoirs. The
increase in viscosity and the reduction of the mobility of injected water are to equalize the displacement front by
slowing the moving of water in the highly permeable zones and restricting the formation of water finger. These
factors help to increase the sweep efficiency and oil-water displacement efficiency during flooding. Polymer
flooding has been used successfully in clastic and carbonate reservoirs, as well as in low-permeability
reservoirs such as a fractured basement. However, most of the current polymer gel used for control water flows
are decayed by a high content of ions Ca®* and Mg®* in formation water or in injected water. Similarly, polymer
gels lose their stability at high reservoir temperature (above 70°C). Developing water-soluble polymer, which
does not change their rheological properties under high salinity and high temperature (over 100°C), is very
important when producing offshore, where sea water is commonly used for flooding (high salinity of 30-40 g/l).

Keywords: polymer composition, irradiated polymer, oil recovery.
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AHHOTALIUA

MonumepHoe 3aBOAHEHUE - ATO TEXHONOMYECKN NPOCTON M BbICOKOI((EKTMBHBLIN METO MOBbILLEHUS
HedTeoTAayM MNNacToB, OCHOBaHHbLI Ha p[obaBke K Bode HeDBONbLIOrO KonMyecTBa BOAOPACTBOPUMBIX
MONMMMEpPOB MNPV 3aBOOHEHMU HedTAHbIX NIAcTOB. YBENUYeHWe BS3KOCTUM U CHWDKEHWE MOABWXHOCTM BOAbI
CcnocobCTBYOT BbipaBHMBAHWMIO (PPOHTA BbITECHEHWS, 3aMeffisioT ee MPOABWKEHUE B BbICOKOMPOHMLI@EMbIX
30HaXx, YMEHbLLAT BA3KOCTHOE A3blkooOpa3oBaHme. OTn (hakTopbl NPUBOASAT K MOBLILLEHMIO KO3(PIULNEHTOB
OoxBaTa W BbITECHEHWsI Mpu 3aBogHeHuKn. [onmepHoe 3aBOAHEHUE YCMELHO MPUMEHSAETCA B TEPPUIEHHbIX U
KapbOHaTHbIX KOMMEeKTopax, Kak HW3KONPOHWLaeMblX, Tak W TpewuHoBaTtbiX. OpHako, 6G0MbLUIMHCTBO
NoNMMepHbIX renen, NpUMeHseMbIX B HACTOsLLEee BpeMs ANsl orpaHMYeHnss BOOONPUTOKOB, paspyLlarTcs npu
NoBbILIEHHOM cofepxaHum noHoB Ca* n Mg* B nnacToBOW uUnu 3akadnBaemon Boge. Takke NonMMepHble renm
TepsaT cTabunbHOCTL Npu TemnepaType nnacta Bbiwe 70°C. [NonyyeHne BOAOPaCcTBOPUMbBIX MOMMMEPOB, HE
MEHSIIOLLIMX CBOM PEOonormyeckme CBOMCTBA NMPU BbICOKUX KOHLIEHTpauusax conen n Temnepatype 6onee 100°C,
aKTyanbHO NMpu pas3paboTke MEeCTOPOXAEHUN B LWeNbGOBON 30He, rAe ANs 3aBOAHEHWS UCMOoNb3yeTcs MopcKas
Boga C copepxaHuem conen 30-40 r/n. B pabote Takoh nonumep Obin MNONydeH pagvauyoHHOM
cononumMepmsaunen NOAMBUHUNNUPPONMAOHA U akpunammaa. PacTtBop 3Toro nonmmepa yCcTOMYMB B MOPCKOM
Boge npu TemnepaTtype o 120°C. CpegHee 3HauveHue npupalleHus koaddpuumeHta HedpTeoTAaum npwm
3aBOAHEHNS C NMPMMEHEHMEM OTOPOYKM MONMMepa Ha Modensix CroMCTOro HeOAHOPOOHOro niacrta COCTaBuITo

12 %.

KnroueBble cnoBa: paduayuoHHas nonumepusayusi, mosuMepHoe 3agodHeHue, Hegpmeomaoaya

INTRODUCTION

Polymer flooding is a very mature method
with more than 40 years of applications. It has
been shown to be effective in recovering unswept
oil by improving the mobility ratio. Many
examples of technically successful polymer field
projects are reported in some literature [1, 2].
Field practice has shown that polymer flooding
can increase recovery of 5-30% of OOIP. The
total cost of polymer flooding is actually less than
for water flooding due to decreased water
production and increased oil production. The
efficiency of the process is in the range of 0.7 to
1.75 Ib of polymer per bbl of incremental oil
production [3].

The newly developed polymer was
obtained by copolymerization of
polyvinylpyrrolidone (PVP) and acrylamide (AM).
Polyvinylpyrrolidone is soluble in seawater, but its
solution has a low viscosity of 30-40 MPa.s at a
very high polymer concentration such as 5% by
weight. Polyacrylamide is perfectly soluble in
fresh water and its solution has a high viscosity,
though, it is easily hydrolyzed and precipitated in
seawater due to the reaction with divalent metal
ions such as Ca® and Mg?*, which reduce the
solution viscosity. Under the influence of high
temperature, the polymer is fully precipitated and
subsequently, the polymer solution viscosity will
be completely lost. New polymer product (so call
A-806) was synthesized by the chemical
interaction of acrylamide with
polyvinylpyrrolidone. This polymer has highly

water-soluble and does not decay in high salinity
water and a high temperature of 120°C.

METHODS

Preparation of copolymer A-806 was
performed in two stages. At the first stage, the

polyvinylpyrrolidone was irradiated inside a
chamber with souse of y-radiation. During
irradiating  polyvinylpyrrolidone, the reaction

between the active radicals in polymer matrix
forms peroxides due to the irradiation and the
oxygen in the air. Peroxides are thermostable at
room temperature and begin to decompose to
forms free radicals at temperatures over 50°C.
Next, the reaction was conducted by irradiated
polyvinylpyrrolidone with acrylamide in the
aquatic environment at temperature T = 70°C.

Small-angle x-rays scattering (SAXS) and
photoelectron spectroscopy methods (PESM)
were used for the analysis of polymers [4,5].
SAXS is a small-angle scattering technique by
which nanoscale density differences in a sample
can be quantified. This means that it can
determine nanoparticle size distributions, resolve
the size and shape of (monodisperse)
macromolecules, determine  pore  sizes,
characteristic distances of partially ordered
materials, and much more. SAXS has been used
for the determination of the microscale or
nanoscale structure of particle systems in terms
of such parameters as averaged particle sizes,
shapes, distribution, and surface-to-volume ratio.
PESM of polymers were obtained by use of on
AEl (Kratos) ES200B X-ray photoelectron
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spectrometer, operated in the FRR mode, using
unmonochromatized Mg K X-radiation. The data
were collected with a computer, the latter being
used for most of the data analysis.

RESULTS

Studies of thermal stability of copolymer A-
806 solution and original polymer PVP solution
with concentration of 2500 ppm in seawater at
temperature of 120°C have shown that the
viscosity of copolymer A-806 solution was
increased from 5.78 to 7.3 MPa.s for the first 5
days, and then it was decreased from 7.3 to 6.52
MPa-s for the next 5 days. However, it was still
higher than the initial value (up to temperature
exposure). Subsequently, for a period of 10 - 30
days, the viscosity was slowly decreased and
equaled to 4.7 MPa's after 30 days of
temperature exposure (changing rate of 81%).
During this time, the viscosity of the original
polymer PVP solution was drastically decreased,
from 1.81 to 0.68 MPa-s (or 3 times) for the first 5
days, and then it was just slightly reduced (Fig.
1).

The increasing of system A-806 viscosity
for the first 5 to 10 days with the temperature
exposure at T = 120 °C is explained by the
recombination of the residual active irradiated
polymer in the centers, i.e. the process of cross-
linking the polymer chains PVP with AM was
continued after the irradiation.

It should be noted that the difference in
obtained results from 3 parallel thermal tests
(with exposure at T = 120 °C), an increase of
viscosity during the first 5 days and a decrease of
viscosity for the next period were minor in the
range of 3 to 5%.

The dependence of polymer solution
viscosity on temperature and concentration are
shown in Fig. 2. The results showed that
viscosity of polymer solution was increased with
the increase of its concentration and was reduced
with the increase of temperature. The viscosity
was strongly reduced with the increase of
temperature at low polymer concentrations (3.6
and 2.5 times at the temperature of 30 °C to 90°C
with the concentration of 2000 and 3000 ppm,
respectively) (Fig. 2).

Small-angle  x-rays  scattering  and
photoelectron spectroscopy methods show that in
an aqueous medium the polymer exists in the
form of helium particles with a hydrodynamic
radius of 102 nm.

DISCUSSION

The hydrodynamic radius (RH) of polymer
A-806 is a specific parameter, which reflects the
possibility of obtaining a copolymer solution with
low concentration. The results show that the
system of polymer A-806 is a mixture of different
size helium particles. There are two basic
intervals: one part of the gel with the radius RH
has a value of 10 - 102 nm. The gel with such
size and at low concentrations is well distributed
and stable in aqueous solutions. Another part of
the gel with large size (macro) is characterized by
RH in the range 103 - 104 nm - a hydrogel. At
low concentrations, the hydrogel is unstable and
difficult dissolving in aqueous solutions.

The modeling of polymer flooding was
conducted on sandstone core samples of Lower
Miocene of White Tiger field (offshore Eastern
Sea, Southern Vietnam). Core samples have an
average porosity of 17,7% (changing range of 13
- 33,5%) and average permeability of 239 mD
(changing range of 0.5 - 2650 mD). Reservoirs
temperature is 80 - 110°C. The average viscosity
of oil formation is 1.531 MPa-s in situ (changing
range of 1.074 - 1.989 MPa-s).

To simulate cross-flow that occurred
between two layers with different permeability in
polymer solution slug injection, the dual-layered
reservoir model was built from two layers of
sandstone core with different permeability K1 #
K2. Besides, there was a thin rubber mesh with
holes diameters of 2 mm layering between them.
This rubber mesh aim is to support a
hydrodynamic connection between the two core
layers and also to prevent the fluid from moving
along the contact between these two core layers
(Fig.3). The main characteristics of dual-layered
reservoir models were shown in table 1. The
permeability ratios between two layers (layers K1
and K2) of dual-layered reservoir models K1/K2
are changed from 54/763 to 208/52.

The conditions
laboratory tests:

and procedures for

a) Working fluids

- Viscosity of simulated formation oil (a
mixture of 80% of crude oil from well BH-27 and
20% kerosene) at a temperature of 120°C: 1.586
MPa-s;

- Viscosity of seawater at a temperature of
120°C: 0.238 MPa-s;

- Viscosity of A-806 polymer solution
(concentration of 2500 ppm) at a temperature of
120°C: 1.12 MPa-s.

b) Test conditions
- Injecting polymer slug after the reservoir
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model was flooded out;

- Injection rate (the same for water and
polymer): 2 m/day;

- The volume of polymer slug (for all tests):
0.20 Vpore;

- Testing temperature: 120°C;
- Pore pressure: 100 atm;
- Effective overburden pressure: 100 atm.

For laboratory study, 7 tests of water and
polymer injection were performed on different
dual-layered reservoir models at reservoir
conditions [6-10]. For all experiments, the
injection of the polymer into reservoir models had
started after the reservoir models was flooded out
(after injecting about 6 pore volume of water
through the reservoir model), and then the
polymer slug volume of 0.2 pore volume was
used. After all, the water injection was renewed
following the polymer slug.

Oil recovery results of polymer injection
experiments are shown in table 2. The increase
of oil recovery, in comparison with water injection,
was obtained for all polymer injection tests and it
was varied from 4.7 to 16.6% (average 12.0%).
The average permeability recovery coefficient is
19% and change from 2.7 to 32.3%.

CONCLUSION

The copolymerization of PVP and AM is
enabled to obtain a water-soluble polymer, which
is stable in seawater at temperature up to 120°C.
The results of polymer injection test on dual-
layered reservoir model with A-806 polymer
showed that the average increment of oil
recovery was 12% in comparison with water
injection.

The simulation of polymer slug injection
using dual-layered reservoir model has shown
that the viscosity ratios between polymer solution
(low concentration of 2500 ppm) and injected
water in range from 3 to 5 are the most
appropriated in order to bring in the effectiveness
for polymer injection in matured clastic reservoirs
with high temperatures up to 120 °C and high
salinity from 30 to 40 g/I.
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Viscosity, MPa*c

Time, day

Figure 1. The change of viscosity of PVP andcopolymer A-806 solutions with
exposure time at T=120°C (concentrationof 2500 ppm, in seawater).1 — PVP, 2 - A-
806-1, 3 - A-806-2, 3 - A-806-3

10

Viscosity, MPa*c

Temperature’ C

Figure 2. The dependence of polymer solution viscosity on temperature and
concentration. The particle size of polymers in ppm: 1 — 3000, 2 — 2500, 3 - 2000
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Figure3. Scheme assembly of dual-layered reservoir model for polymer injection

Table 1. Main characteristics of the dual-layered reservoir model for polymer

injection.
Core sampling Gas permeability ... o | Residual water
No. | Model number depth, m ratio K1/K, frac. Porosity, % saturation, %
1 -2 3168.8 54/763 19.5 23.5
2 [1-1 3178.1 131/378 18.6 23.8
3 -2 3185.5 208/521 19.7 22.8
4 -1 3163.1 86/290 20.5 21.5
5 -2 3184.8 131/586 19.7 21.3
6 V-1 3185.8 280/895 19.3 22.8
7 V-2 3186.9 162/870 20.2 291

PERIODICO TCHE QUIMICA « www.periodico.tchequimica.com « Vol. 15 N. 30.
+ ISSN 1806-0374 (impresso) « ISSN 1806-9827 (CD-ROM) « ISSN 2179-0302 (meio eletronico)
© 2018. Porto Alegre, RS. Brasil

385



Table2. Results of polymer injection on dual-layered reservoir model.

Model Oil recovery Oil recovery by In_crement of Permeability
No. number _ I_)y V\_later _ ;_)oly_mer oil recovery, recovery
injection, % injection,% % coefficient, frac.

1 -2 411 56.5 15.4 0.027
2 [l-1 39.7 51.2 11.5 0.211
3 -2 50.7 66.3 15.6 0.071
4 -1 47.5 2.2 4.7 0.323
5 -2 47.3 60.2 12.9 0.272
6 V-1 53.6 61.1 7.5 0.145
7 V-2 52.6 69.2 16.6 0.278

Average 47.5 59.5 12.0 0.190
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