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Abstract

Polymer flooding at high temperature and high salinity is a new challenge in the petroleum indus-
try. Commonly used polymers are not effective at high temperatures and high salinity, and under
harsh conditions, they are degraded and reduced viscosity. In this study, a combination of two
synthetic polymers namely SAV37 and AN125VHM was used for polymer flooding tests. Initially,
the stability of polymer solution in different weight percentages of the two polymers was investi-
gated against increasing temperature and salinity. Then, 50% of each polymer was added to the
flood in the 2000 ppm polymer concentration under the reservoir temperature of 85°C and the
salinity of 150,000 ppm in the presence of divalent ions (Ca2*, Mg2*). The results show that the
combination of 50% of the two polymers increases the time of arrival of the injected flood to
production, so the recovery factor has increased compared to water flooding. Also, the relative
permeability curve was obtained after a history matching using one of the commercial numerical
simulators, which indicates the control of the injected fluid mobility at high temperature and high
salinity conditions.
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1. Introduction

Polymer flooding is a chemical enhanced oil recovery (EOR) method. In this method, by
adding water-soluble polymers, the viscosity of the injected fluid is increased and prevents
the fingering phenomenon [*1, This property brings the sweeping fluid into a porous medium
piston-like in the direction of the production well, and the remaining oil content in the porous
medium is minimized [21, The polymers used in this method are divided into two general syn-
thetic and natural polymer groups 31, The base of the synthetic polymeris acrylamide group,
the most famous of which is the hydrolyzed polyacrylamide polymers #1, Xanthan is one of
the most famous polymers in the category of natural polymers [®1. Most of the world's reser-
voirs are in deep areas with high temperatures and high salinity. Commonly used polymers,
such as those mentioned earlier, cannot be used in such environments 61, In fact, in a harsh
environment with high temperatures and high salinity, these polymers are degraded, and the
viscosity of the injectedfluid is reduced 71, Acrylamide-based polymers are hydrolyzed in the
high-temperature environment and have a negative charge 81, Due to the presence of single
and divalent ions in the porous medium, molecules with a negative charge due to hydrolysis
at high temperatures are trapped by dual-value ions [°1, This process causes both the viscosity
of the polymer solution to be reduced, and the polymerinjection cannot be carried out in real,
and by polymer adsorption on the surface of the rock, the permeability of the reservoir is
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reduced and causes problems when injected. Figure 1 shows the trapping of acrylamide mol-
ecules by divalent ions [*9],
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Figure 1. Trapping the acrylamide molecule by divalent ion [11]

Natural polymers are also degraded under high temperatures and high salinity. In general,
Xanthan gums are more stable than acrylamide at high salinity but are not stable at high
temperatures 1. As shown in Figure 2, these properties cause polymer molecules to be sep-
arated fromthe water phase and reduce the viscosity of the polymer solution, and in addition,
by adsorption of polymer molecules on the surface of the rock, the permeability of the porous
space decrease severely [12],
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Figure 2. The absorption of polymer molecules on the surface of the porous medium

Therefore, the use of new polymers in environments with high temperatures and high sa-
linity is @ new challenge in the polymer industry. Various polymers have been introduced for
such environments. In the group of synthetic polymers, sulfate polymers and Co-polymer and
Ter-polymers were designed for use at high temperature and high salinity conditions. Sulfate
polymers are relatively expensive [*3], Some studies have been conducted on the development
of acrylamide polymers. Hourdet et al. synthesized a high temperature resistant polymer that
has poly (N-isopropylacrylamide) (PNIPAM) and polyethylene (PEO) structures so that poly-
mer is a series of blocks at low temperature in water that can be solubilized, but with increas-
ing temperature the solubility of these blocks decrease, and polymer make the adhesion, and
the viscosity decrease does not occur [*41, The main problemwith this polymer is low molecular
weight, and a high viscosity solution requires a high concentration of polymer, which has two
major problems; one is the high cost of supplying polymer and other problems during the
injection and low injection capacity [*31, In addition, the sulfating of polyacrylamide can make
the polymer resistant to high temperatures. Therefore, polymers called AMPS were introduced.
Although these polymers can withstand temperatures up to 120°C, they are very expensive,
and the use of these polymers alone is not economical [*31, Also, new studies have shown that
the use of nano silicates with polyacrylamide can create conditions that are stable at high tempe-
ratures and high levels of salinity [*¢1, In the group of the natural polymer, some studies have
also been conducted that can be used at high temperature and high salinity conditions. The
most recent of these polymers is the polymer of Schizophyllan. This polymeris obtained from
the fungus of the body of dead trees [*71, This polymeris stable at high salinity (200,000 ppm)
and high temperature (120°C) [*8], But economically it is not profitable and has a high cost
than oil prices. In general, the use of synthetic polymers is better than natural polymer, since
they are easy to produce and low cost, they are not subjectedto bacterial degradation in the
reservoir, and fewer problems with injection. Therefore, the production of acrylamide -based
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synthetic polymers that can withstand high temperatures and salinity can have economic ben-
efit. SNF has produced acrylamide-based polymers that can be used under high temperature
and high salinity. As Figure 3 shows, polymer family of SAV is in the Super-pusher group,
which can be used at high temperatures and high salinity.
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Figure 3. Different group of polymers with temperature and salinity tolerance [19]

In this study, two samples of the company's polymers (SNF) were selected. By studying
the rheological properties under the influence of temperature and salinity, a solution was used
for flooding at high temperature and high salinity condition. To prepare a 6000 ppm polymer
solution, two polymer samples, SAV37, and AN125VHM were combined in various weight per-
centages, eachin brine and formation water with a salinity of 10,000 ppm and 150,000 ppm
at 25 to 85°C. Afterstudying the rheological properties of the solutions, the best weight per-
cent composition of the polymer was chosen for injection. After determining the best polymer
solution, its stability was studied over time. Then, by considering the oil viscosity, the 2000
ppm concentration of polymer was used for polymer flooding. The polymer flooding was ap-
plied on the sandstone core sample under constant pressure at 85°C, the salinity of the for-
mation water of 150000 ppm and confining pressure of 2000 psi around the core.

2. Experimental
2.1. Materials
2.1.1. Core sample

Two sandstone samples were selected from Aghajari formation in one of the Iranian oil
fields. After coring and cores preparation, their petrophysical properties including porosity and
permeability were measured in different ways. Table 1 shows the characteristics of each sample.

Table 1. Information of core samples.

Core ID S-1 S-2

Length (cm) 7.602 7.602
Diameter (cm) 3.686 3.687
Pore Volume (cm3) @14.7psi 15.833 11.221
Porosity-Gas (%) 19.040 13.685
Porosity-Water (%) 19.519 12.145
Permeability (brine water-mD) 17.956 17.450
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2.1.2. Crude oil

The sample of crude oil used in this study was selected fromthe Gachsaran oil field of Iran.
This oil sample is light crude oil. The characteristics of the oil sample at two different temper-
atures are summarized in Table 2.

Table 2. Crude oil properties at two different temperatures

Temperature, °C/°F Density, g/cm?3 Viscosity, cP
25/77 0.8421 34.847
85/185 0.8515 5.0247

2.1.3. Electrolyte

Two samples of brine were used for injection, and one was considered as synthetic for-
mation water. The brine used for water flooding and the polymer solution was concentrated
in 10000 ppm of NaCl in deionized water. Brine was prepared by adding specific electrolytes
with different percentages with a total concentration of 150000 ppm. The used electrolytes
and the values of used weights are summarized in Table 3.

Table 3. Electrolytic Information for synthetic formation water

Electrolyte Weight, g Molecular weight,
g/mol

NaCl 110 58.44

KCI 2 75.56

CacCl2 5 110.98

MgCl2 33 95.22

2.1.4. Polymer

The SAV37, AN125VHM polymers from SNF Company were used to make polymer solutions.
The AN125VHM polymer is a copolymer, 25% of which is made up of AMPS polymer. The SAV
family of polymers is a polymer that has the N-vinyl-pyrollidone group in its structure. These
specimens are known as high temperature and salinity resistant polymers worldwide. The
characteristics of these two polymers are summarized in Table 4.

Table 4. Properties of polymers*

Polymer Company Form Molecular weight
SAV37 SNF SAS White powder 2-5 MMD
AN125VHM SNF SAS 6-8 MMD

* More information is available upon request to the authors

As shownin Table 5, 5 polymer solutions at a salinity of 10000 ppmand 6000 ppm polymer
concentration were studied from 25 to 85°C. Then the salts in the water were added to the
solutions to achieve a salinity of 150000 ppm. The viscosity of the solutions was then meas-
ured at 25°C and 85°C. Then, a percentage of a mixture of two polymers was considered for
flooding. A magnetic and thermal stirrer was used to make a polymer solution. Brookfield
rheometer was also used to measure the viscosity of solutions.

Table 5. The combined percentages of the two used polymers

Solution SAV37 AN125VHM

1 2 gr (100%) 0

2 1.4 gr (70%) 0.6 gr (30%)
3 1 gr (50%) 1 gr (50%)

4 0.6 gr (30%) 1.4 gr (70%)
5 0 2 gr (100%)

Total polymer concentration 6000 ppm
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2.1.5. Core flooding

At first, the samples were saturated with water, then a sample of oil was injected into the
core sample with varying oil rate to allow samples to reach the connate water saturation.
Then, at different pressures, the oil rate was measured to determine the relative permeability
of the oil in the connate water saturation. Then one of the samples was considered for water
flooding. The 10000 ppm brine flooding was done under the constant pressure of 10 psi be-
tween two ends of the cores. When the flood was reached to residual oil saturation, the relative
permeability of the water was measured. Regarding tests on different weight percentages of
polymers, a polymer with 50% by weight of each of the polymers was considered. Therefore,
another core sample was flooded with the polymer. Since the viscosity of oil at 85 °C was
5.247 cp, 2000 ppm concentration of polymer was considered for polymer flooding. Polymer
flooding was performed under constant pressure of 14 psi at two ends of cores. When the
injection reached to residual oil saturation, the relative permeability of the polymer solution
was measured. Figure 4 shows the schematic of the flooding device.
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Figure 4. A schematic of the flooding device
3. Results and discussion

3.1. Rheological properties of the polymer

In this study, the combination of two SAV37 and AN125VHM polymers with different weight
percentages in the 6000 ppm of polymer concentration were studied. First, the stability of
polymer solutions in salinity of 10000 ppm of salt was studied with increasing temperature so
that the viscosity of the solutions decreases with increasing temperature according to Figure 5.
Of course, with increasing concentration of polymer AN125VHM, the viscosity of the polymer
solution increases and at high temperatures, the solution with a concentration of 100 % of
the AN125VHM polymer has the highest viscosity.

The stability of polymer solution viscosity was investigated by increasing salt in solution in
the presence of divalent ions (Ca?*, Mg?*) and rising temperature from 25 to 85°C. As the
following figures show, the viscosity of solutions decreases with increasing the salinity of the
polymer solution from 10000 ppm to 150000 ppm (presence of divalent ions). According to
the graphs shown in Figure 6, the variation in viscosity of the solution decreases when the
percentage of concentration of AN125VHM is increased. Therefore, the graphs show that the
concentration of this polymer is susceptible to divalent salts and reduces viscosity. But in lower
percentages of this trend, viscosity reduction is less. Therefore, three different concentrations
of the polymer were selected to increase the temperature.

As shown in Figure 7, the use of SAV37 in solution alone lowers viscosity in high salinity
and temperatures. However, the viscosity of the solution increases with the addition of poly-
mer AN125VHM. As the figure shows, the weight ratio of 50% per polymer shows a higher
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viscosity in a saline solution of 150000 ppmwith increasing temperature. Therefore, 50 weight
percent of each polymer was selected for flooding.
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Figure 5. Viscosity changes of polymer solution at 6,000 ppm concentration with increasing temperature
in various weight percentages of two SAV37 and AN125VHM polymer.
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Figure 6. Viscosity changes of polymer solutions at 25 °C with increasing salinity from 10000 ppm to

150000 ppm in the presence of dual value ions

In the reservoir under field conditions, due to the large dimensions of the reservoir, the
viscosity of the polymer must be stable within the time course of polymer flooding. In this
study, with regard to the fact that the injection of polymer in the concentration of polymer
2000 ppm was considered, the polymer viscosity was measured at 185°F for 30 days. Accord-
ing to the normalized viscosity curve (Figure 8), the solution was highly stable during this

period.
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Figure 7. Viscosity changes of polymer solutions in salinity of 150,000 ppm solution with increasing
temperature in three different amounts of weight percentages of polymers
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Figure 8. Under temperature viscosity stability for 30 days
3.2. Core flooding

Flooding results show that the combination of two polymers is 50% of each polymer which
is effective under high temperature and high salinity, and the recovery of the oil is higher than
the waterflooding ratio. Also, the time of injected fluid arrival for production (break-through
time) has increased, which in fact represents the control of the sweeping fluid mobility. Figure 9
shows the recovery of oil.

According to Figure 10, the amount of residual oil saturation in the polymer flooding is
lower compared to water flooding, which in fact represents the mobility control in the porous
medium due to the addition of the polymer.

As shownin Figure 11, water production was started during water flooding after 0.16 vol-
ume of pore volume injected, while in the polymer flooding the water was produced after
injection of 0.28 volume of pore volume injected. Also, the amount of fluid injected has always
been less than water flooding for polymer flooding.

Relative permeability curve for water and polymer flooding conditions were obtained using
one of the commercial simulators after the history matching of production history using the
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Corey relative permeability equation. As shown in Figure 12, the relative permeability diagram
of the oil moves to the right, indicating that the oil is swept better during polymer flooding
compared to water flood. Also, the relative permeability curve of the water shows a lower
gradient and moves downwards indicating the mobility control by increasing the polymer and
the efficiency of the polymer at high temperatures and high salinity.
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Figure 11. Cumulative water production graph dur- Figure 12. The relative permeability curve of water
ing water and polymer flooding and oil in the conditions of polymer and water flooding

4. Conclusion

By adding AN125VHM polymer, the viscosity of the wateris higher in comparison with the
condition when SAV37 polymeris added to the solution. But according to the obtained graphs,
the AN125VHM polymer has a viscosity reduction at high temperatures and high salinity com-
pared to SAV37. Among the combined percentages of these two polymers together, 50% for
each, shows better stability and the high viscosity at high temperatures and high salinity.
Therefore, in this combination, a percentage of each of the 2000 ppm polymer solution was
selected for polymer flooding. As the results show, polymer flooding was effective at 85°C and
salinity of 150000 ppm (in the presence of a large number of divalent ions), and a 23% in-
crease in EOR was obtained in comparison with water flooding. Also, relative permeability
diagrams indicate the mobility control of displacing fluid in polymer flooding compared to water
flooding. Some experimental studies must be conducted in future on adsorption of polymer on
the rock surface and itsimpact on residual oil saturation. Effect of ions (Na*, Ca?*- and Mg?*) on
the rheology of the polymer solutions should be studied exclusively.
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