ISSN 2303-4521
Periodicals of Engineering and Natural Sciences Original Research
Vol. 10, No. 5, September 2022, pp.25-37

Experimental and modeling study of hydrophobic associative
polyacrylamide for enhanced oil recovery in carbonate reservoir
Saja Haider Mohmmed?, Nizar Jawad Hadi?

!Department of Chemical Engineering and Petroleum Industries, Al-Mustagbal University College, Iraq
2 Department of Polymer and Petrochemical industries, Collage of Materials Engineering, University of Babylon, Iraq

ABSTRACT

In this study, hydrophobic associative polyacrylamide (HAPAM) was used in conjunction with the chemical
flooding technique in a low-permeability carbonates reservoir. To test the efficacy of the proposed method,
both a model and an experiment were created. Experiments were run to compare the relative permeability
(Kr) curves, oil recovery rates, and rheological, physical, aging time, and petrophysical features of brine
water and polymer flooding in a core. The purpose of these tests was to show how HAPAM can be used to
boost oil recovery. Computer Modelling Group (CMG), a simulator, was then used. An oil-and-brine (or
HAPAM solution) grid in three dimensions (3D) was developed. The validity of the suggested simulator was
established by comparing its results to those obtained from commercial software and from most of the brine
or polymer flooding experiments. The developed simulator was used to undertake additional research into
the non-Newtonian flow of brine or polymer solution in porous media. The experimental consequences
indicated that the polymer solution has a shear thinning viscosity curve and flow behavior index. Shear
thinning, viscosity, shear resistance, aging time, density, surface tension, and interfacial tension, and the
water wet relative permeability curve are all improved by the adding 1500 ppm HAPAM to brine water.
Moreover, oil recovery was about 80%. There was a strong agreement between the results of the modeling
study and the experiments.
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1. Introduction

As oil productivity rises, the need for water injection drops, and output rises, EOR techniques are gaining favor.
In spite of its widespread use, water flooding loses its efficiency as a mobility ratio is unfavorable and a
displacement efficiency is low; this is especially true when the oil has already been partially recovered.
Production wells in the field are prematurely economically restricted due to high volumes of produced and
injected water [1]. The goal of EOR is to reduce the quantity of oil that is left behind in reservoirs after they
have been flooded with water or gas [2]. It is estimated that only one-third of the oil in a specified reservoir is
extracted using traditional methods, making the other two-thirds an attractive target for EOR techniques [3].
Chemically enhanced oil recovery (CEOR) stands for a common technique for EOR that includes using a
polymer, surfactant, or alkaline flooding [4]. Because it increases fluid viscosity and yields a superior mobility
ratio [5], polymer flooding is a useful alternative strategy for decreasing water output. The possibility of oil
production is increased and the water break through is postponed when the swept efficiency is higher [6].
However, the effectiveness of the polymer is questioned when high salinity and hardness formation water is
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considered [7]. They can alter fluid dynamics, resulting in better reservoir fluid displacement. Most commonly
used chemical approaches for controlling fluid mobility in oilfield reservoirs include polymer flooding
applications [8]. In China, for instance, it has been used to produce almost 10 million tons of oil annually [9].
Most frequently employed are the synthetic water-soluble polymers polyacrylamide (PAM) besides hydrolyzed
polyacrylamide (HPAM). It is assumed that PAM is the extensively employed technique [10] due to its low cost
and risk. If you want to maximize oil recovery with worthy polymer injectivity at a minor price, polymer
flooding operations require the right water viscosity to provide favorable mobility. As a PAM solution is
pumped into a reservoir from an injection well, a polymer solution's viscosity will change because the flow
velocity, which is proportional to shear rate, varies from the well-bore to a distance of a few hundred feet from
the bore [11]. This shift in the rheological features for a polymer solution may be affected by temperature and
salinity as the polymer ages [12]. Water hydrolyzes the amide clusters in the PAM structure, destroying the
polymer [13]. As PAM matures, it becomes increasingly unstable due to exposure to divalent salts and high
temperatures, two environmental conditions that have been the subject of numerous research [14]. NaCl is the
most common dissolved salt in reservoirs [15], while MgCI2 and CaCl2 may also be present in smaller
concentrations. Monovalent (NaCl) and divalent cation combinations also greatly reduce PAM viscosity [16-
20].

As a result of these factors, the recommended temperature range for using polyacrylamide in seawater and brine
during polymer flooding is 70-82 °C [20-24]. Recently, nanoparticles (NPs) were employed as an alternative
approach to fix the EOR challenges [25-30]. NPs are special as a result of their small size and huge surface area.
Switching between positive and negative charges on the surface of NPs [31-33]; altering the NPs'
hydrophobicity, hydrophilicity, or amphiphilicity; and so on. To alter the rock's wettability [34], improve
rheological properties [35], and lessen interfacial tension [36-38], NPs can be injected to EOR displacement
fluids. The amount of polymer or surfactant that adheres to reservoir rock can also be decreased by using NPs
[39-41]. In a similar vein, additional research has shown that introducing NPs into PAM can increase its thermal
stability [42-44]. In this present work, (HAPAM) at different concentrations was mixed with brine water.
Rheological, physical and petro physical properties were measured. Core flooding test to determine relative
permeability for water, polymer and oil respectively (Krw, Krp and Kro) . In addition, oil recovery percentage.
CMG was used to make comparison between rheological, Kr and oil recovery percentage.

2.Materials and Approaches
1.1. Polymer Solution Preparing

Copolymer of acrylamide (AM) and 2-acrylamido-2-methylpropane sulfonic acid (AMPS) as hydrophobic
Associative polyacrylamide (HAPAM), molecular weight (207.247) g/mol, density (1.45) g/l from Sigma-
Aldrich (St. Louis, MO, USA). Brine water with 20% ppm Nacl was prepared by dissolved Nacl on magnetic
stirred for 10 min. Polymer solutions was prepared using a HAPAM (500, 1000, 1500 and 2000) ppm in brine
water on magnetic stirrer for 30 min. The reservoir is carbonate core from Basra. Oil with viscosity (3.115) Cp
and density (0.9993) g/I.

1.2. Rheological Property Measurement

Investigations into the apparent viscosity of HAPAM solutions considered concentration, temperature, shear
resistance, shear rate, and aging time. By using a Brookfield cone-plate viscometer with a spindle: 41Z, the
rheological characteristics were investigated. Shear viscosity and flow curve was studied under shear rate
between (5-45) s. The samples were allowed to rest for (48) hours to examine their shear resistance qualities,
viscosity was measure under 25 °C and shear rate 7.2 s*. HAPAM solutions were aged chemically by being
placed in an oven at 25, 50, and 65 °C for intervals of 2, 4, 10, 20, and 30 hours, respectively, while being
sheared at a rate of 7.2 s™. In other words, measurements taken immediately after food preparation have an
ageing duration of zero. In particular, the viscosity results are well fit by a power law model depicted below:
n=Ky"! 69)

K stands for the consistency index (Cp.sn't), ) represents a shear viscosity (CP), y represents a shear rate (S1),
and n represents a flow behavior index (dimensionless).

1.3. Physical properties measurement

Density test has been performed by means of GP-120 S based on ASTM D-792 from China. The test made with
different polymer solutions.
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Surface tension was perform using JZYW-200B Automatic Interface Tensiometer provided through BEING
UNITED TEST CO., LTD china. Check surface tension of polymer aqueous solutions in brine water at 25C°
are made in contact with air. In addition, interfacial tension for polymer solutions in contact with crude oil also
tested.

To determine the of (Krw, Krp and Kro) fluid in carbonate core, polymer core flooding experiments were
undertaken utilizing (HAPAM).

1- Core was cleaned by toluene and methanol, placed the core in a drying oven for 12 hours to dried it at
100 °C, saturated dried core by brine water for 21 days, weight after and before saturated, put inside
accumulative filled by brine water and weighted again. The density of the core was calculated from the
saturation water content.

2- At different injection rates, the core pressure was monitored as brine water was injected inside. The Krw
of cores was determined with the use of Darcy's law.

3-After the core had been fed HAPAM/brine water at a concentration of 1500 ppm under a flow rate of 6
cm®/min until the pressure reduction was stable, Krp was calculated by repeating step 2. The subsequent
equation explains the association between Darcy velocity and flow rate:

F
Vp = jv (2)

where A stands for a cross-sectional area of a core, Vpis the Darcy velocity, and Fy is the flow rate.

4 - At this point, having established Krw in Step 2, crude oil was pumped into a core until it was completely
saturated. When no brine water or polymer solution was created, the volume of brine water produced
could be calculated along with the pressure drop across a core. An irreducible water saturation (Si;) has
been computed. Absolute permeability, as defined by Darcy's law, refers to Ky, at Sir.

5 - As shown in Figure 1, Exp. was carried out with brine water and polymer solution separately under
predetermined injection rate after Step 4. The porosity, permeability and (Krw,p and o) curves was
recorded. The Exp. was halted when no more oil was produced. The saturated and produced oil quantities
were used to estimate the remaining oil saturation. The findings are summarized in Tables 3 and 4.
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Figure 1. Core flooding test diagram [45]
1.4. Simulation methodology

The simulation steps are as follows:
1. The reservoir initially consists of two phases: flooding with polymers or brine water and crude oil.

2. In the fundamental model, there is no allowance for free or solvent gas.
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A grid-based core model without any geological heterogeneities or complexities is taken into
consideration.

4. Radial fluid flow is minor in comparison to axial fluid flow.

No chemical reactions take place.

6. Oil, brine water, or polymer flooding obeys Darcy's Law when it flows through porous medium.

i

Table 1. Rock properties
Rock Properties

Grid Size(x), cm 0.082
Diameter , cm 3.8
Length, cm 5.2
Grid 90
Permeability 45
Porosity, @ % 20
Pressure, Psi 120
Temperature, °C 25
Rock Type Carbonate

The CMG tool makes use of virtual representations of carbonate cores. Cartesians had to be constructed in order
for a rectangular grid of 100 blocks to be created, each with a height of 5.2 cm and width of 3.8 cm, originally
equal to the volume of a lab core. The STARS system model could be created by projecting the grid pattern in
this manner. A numerical simulation of core flooding could be run using the actual core as input, which was
transformed into a square cross-section. As a production end of the core was open to an atmosphere during core
flooding, a bottom-hole pressure of 120 psi was employed in the numerical simulation model.
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Figure 2. Cartesian grid pattern for flooding simulation
3. Result and discussion

Analyzing the correlation between shear viscosity and 500, 1000, 1500, and 2000 ppm HAPAM in brine water.
As can be seen in Table 1, HAPAM viscosity rises as polymer concentrations rise up to around 1500 ppm, after
which it begins to fall. This demonstrates the powerful viscosifying capabilities of HAPAM. In addition, it is
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assumed that a concentration of 1500 ppm is optimal. In the case of HAPAM, increasing the concentration
causes a decrease in viscosity by strengthening the surface-active properties for polymer solution, which in turn
reduces the smallness of macromolecular chains [46].
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Figure 3. Experimental and modelling shear viscosity with shear rate of HAPAM/brine water at concentrations
A:(500), B:(1000) ,C:(1500) in addition D:(2000) ppm at 25 °C

Figure 3 demonstrates how the viscosity of brine polymers solutions (A-D) significantly reduces as the shear
rate increases. In contrast to A,B, and D, a shear thinning behavior of a brine solution with C is enhanced. Shear
thinning was the prevailing tendency in all of the solutions at the (5-25) S* range of shear rates. The
measurements were found to be a worthy fit for the power law model equation 1 by means of the specified
fitting factors in Table 1. Figure 2 displays the shear thinning behavior of high concentration solutions, which
exhibited a larger slope than low concentration solutions. The index of flow behavior, n, is thus reduced as
polymer concentration increases. The inverse is true for the consistency index K, as seen in Table 2. This occurs
because of the substantial predicaments present in high concentration solutions. Since polymer molecules are
more sensitive to enforced shear rates, which also reduce a degree of entanglements, minor viscosity with rising
flow rates is the result [47]. The shear viscosity of a polymer increases as its molecular weight or concentration
increases [48]. The viscosity of HAPAM, however, decreases with increasing concentration. When measured
at a shear rate of 7.2 S-1, shear viscosities of A, B, C, and D brine solutions were 3.20, 4.60, 7.20, and 5.70 Cp,
respectively. The shear rate considered to be appropriate for a reservoir determined by this work is 7.2 S-1. The
rise in viscosity with Mw is responsible for an intensification in hydrodynamic volume and charge density for
each molecule. However, the intensification in viscosity relating to concentration [49] might be attributed to the
intensification in molecular density, which in turn increases the contact and repletion forces between negative
charged polymer molecules. The consequences for the experimental investigation and the modeling study are
in worthy conformity along this curve.

Table 2. HAPAM solutions characteristic

HAPAM o Power law index Consistency Interfacial ~ Capillary
. Viscosity . - . ..  Surface .
Concentration (cP) n, (dimension index K, (cP.s! Tension Tension Number
(Ppm) less) Y) (mN/m)
500 3.2 0.8 4.749 25.1 6.1 0.34
1000 4.6 0.66 8.316 25.5 5.7 0.51
1500 7.2 0.5 19.3119 27.7 3.8 1.15
2000 5.7 0.6 13.215 26.8 3.4 0.45

The shear resistance characteristics were evaluated after a second viscosity measurement was performed under
the identical conditions. These consequences depict that the viscosities of HAPAM reverted to their original
values (i.e., they held their viscosity even at increased shear rates and demonstrated pseudoplastic performance),
which is indicative of a dynamic equilibrium between intermolecular association and dissociation. Hydrophobic
chain introduced into a macromolecular backbone configuration of polyacrylamide, increasing its rheological
properties [50]. Intramolecular/intermolecular hydrogen bonding and/or the hydrophobically correlating
connections between the intra/intermolecular associations.
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Figure 4. Shear stress with shear rate curves of HAPAM/brine water at concentrations A:(500), B:(1000)
,C:(1500) and D:(2000) ppm at 25 °C

The pseudoplastic behavior of the HAPAM polymer solutions, which is characteristic of a non-Newtonian fluid
and frequently employed by chemical flooding agents [51], is evident in Figure 4. Since n = 0.5 for the C
solution indicated that since these fluids maintained their viscosity and strength despite being non-Newtonian
(pseudo plastic), they are excellent EOR options for polymer flooding projects. The (n, k) values in tablel were
found to be in excellent agreement with those of [52] following linear fitting of the graph processing (equationl).
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Figure 5. Effect of Temperature on Viscosity of HAPAM / brine Water at Concentrations A:(500), B:(1000)
,C:(1500) and D:(2000) ppm at shear rate 7.2 S

According to Figure 5, in HAPAM polymer solutions, viscosity progressively rises as temperature rises, reaches
a peak at about 45°C, and then falls as temperature rises further. Because intermolecular hydrophobic
association is an endothermic process with a rise in entropy, this can be partially attributable to the augmentation
of intermolecular hydrophobic association with temperature [53].
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Figure 6. Relationship for an aging time with viscosity of HAPAM/brine water at concentrations
(500,1000,1500 and 2000) ppm from A-D respectively
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Figure 6 illustrates how viscosity changes as materials age. Viscosities of HAPAM solutions diminish to varying
degrees as aging time increases. The viscosity of A is the highest, followed by B and D, while the viscosity of
C is the lowest as aging time increases. The outcomes demonstrate that adding a hydrophobic group to HAPAM
enhances its thermostability. The sulfonate group in HAPAM, on the one hand, increases the main chain stability
and reduces the rate of HAPAM degradation [54]. In order to increase HAPAM associative polymer's stability
in solution, adding a sulfonate group would be ideal because it would facilitate strong hydrogen bonding. The
A-D polymer chain segment also shows the largest electrostatic repulsion since sulfonate is a potent electrolyte
group. Viscosity is increased because of an electrostatic repulsion interaction, which causes a chain segment to
stretch and produce uncoiled chains [55].
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Figure 7. Interfacial tension curve of of brine solution mixed with HAPAM at concentrations A :(500), B:
(1000) ,C: (1500) and D: (2000) ppm at 25 °C

Interfacial tension of oil and brine solution is lower than that of water and HAPAM (Figure 7). This is because
their amphiphilic structure, which includes both hydrophilic and hydrophobic clusters, promotes intermolecular
hydrophobic interactions and the creation of polymolecular micelles, both of which serve to decrease interfacial
tension. The inclusion of hydrophaobic clusters in the backbone configuration of the copolymer makes it possible
for the molecules to clump together into aggregates or micelles, thereby decreasing their contact with water.
They can also penetrate surfaces, which reduces the tension between the two layers of a material [56]. As a
result, this HAPAM could be used into an EOR design as agents that lower interfacial tension to boost
displacement efficiency in reservoirs located in high saline environments.
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Figure 8. Surface tension curve of brine water / HAPAM at concentrations (500,1000,1500 and 2000) ppm at
25°C
The surface tension increases with concentration (500,1000and 1500)ppm HAPAM as appear in Figure 8.
After that decrease at 2000 pom HAPAM/brine water began decease as compared with other concentrations [57].
Density of HAPAM/ brine water increase with (500,1000 and 1500) ppm respectively as show in Figure 9. then
2000 ppm HAPAM/brine water density began decrease. High density referred by increase interlink ages
between chains [58].
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Figure 9. The density with concentration curve of brine water / HAPAM at concentrations (500,1000,1500
and 2000) ppm at 25 °C
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Figure 10. Relative permeability curve with water saturation for brine water flooding at A:(Krw/CMG),
B:(Krw/Exp.),C:(Kro/CMG) and D(Kro/Exp.)

Figure 10, when brine water flooding is injected in carbonate core. The cross point of brine water relative
permeability (krw) with relative permeability of oil (kro) appear less than 0.5. This occurs because the mobility
ratio, M, for brine water is expected to be greater than one, indicating the presence of viscous fingering. The
formation is confirmed to be oil-wet based on earlier justifications. This means that capillary forces limit water
floods. The oil is stuck to the rock surface, and this adhesion forces water to flow backwards through the pores.
Additionally, the oil contained within the reservoir has a very high viscosity. This results in the fingering water
through the oil and trickle through a pores center [59].
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Figure 11. Relative permeability curve with water saturation for polymer flooding at A:(Krp/CMG),
B:(Krp/Exp.), C:(Kro/CMG) and D(Kro/Exp.)

32



PEN Vol. 10, No. 5, September 2022, pp.25-37

Figure 11, represent comparison between experimental and modelling study by CMG program. From this figure
we show the degree of convergence between experimental and modelling study. Additionally, all of these cases
had a flow rate of 6cc/sec. The fundamental parameters of core flooding experimentations have been listed in
Tables 3 and 4. The mobility ratio is less than one and the polymer solution wets the porous media surface when
the water relative permeability (krw) besides oil relative permeability (kro) intersect at a value less than 0.5.
The 1500ppm HAPAM/brine water depicted in Figure 10 is a promising candidate for chemical tertiary recovery
[58, 59] in a wet reservoir. Figure 2 shows how the actual core's circular cross-section was turned into a square
cross-section with the similar cross-sectional area to aid in the development of a numerical simulation model of
core flooding. Core flooding exposed a production end to atmospheric pressure; hence a minimum bottom whole
pressure of 120 psi was used in the numerical simulation model.

Table 4. Qil recovery

Solutions Oil Recovery Additional Oil Saturation
Recover
Core Type % Y (%)
% - -
Swi Soi  Sor
Carbonate Brine water 40 at 99.95% - 9 91 60
water cut
1500ppm 80 at 99.99% 40 20
HAPAM/brine water cut
water

4. Conclusion
1- The flow of a polymer solution exhibiting shear thinning behavior at low shear rates was detected by

researchers using a cone-plate viscometer.

2- As the HAPAM concentration increases from 500 to 1500ppm, the power low index n drops and the
viscosity consistency K increases.

3- 1500 HAPAM/brine water give high viscosity, shear resistance, chemical aging time, density, surface
tension and low IFT.

4- The relative permeability curves for brine water and polymer solution contain oil wet and water wet
components, respectively. This conclusion is supported by experimental data and numerical result from
CMG-STARS.

5- HAPAM solution flooding is a promising technique for chemical EOR. This is because, as compared
to brine water flooding, it has been demonstrated to boost cumulative oil output.

6- The impacts of oil displacement efficiency were investigated using core flooding tests, which
demonstrate that flooding with 1500ppm HAPAM/brine water performs significantly better than
flooding with brine water alone.

7- Good agreement between experimental and modelling study.
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