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ABSTRACT

The main goal of this study was to simulate the polymer injection test
using the previously synthesized sulfonated acrylamide copolymer name-
ly, acrylamide/2-acrylamido-2-methylpropane sulfonic acid (AM/AMPS).
Phase-field approach was adopted for the simulation studies. Tuning pa-
rameters of this simulation study were interfacial tension (2x10¢ N/m)
and the contact surface thickness (0.305mm). The reported contact angle
was 40° for the tuned model. Comsol Multiphysics software was used for
the simulation. The selected polymer solution was prepared using equal
ratios of AM and AMPS polymers, namely AMP55 with concentration
of 2000 ppm and the injection test was conducted in micromodel. The
recovery factor for the experimental and modeling studies, was reported as
26.91% and 29.4%, respectively, which represented a good agreement be-
tween the experimental and simulation studies. The effective injection test
parameters on oil recovery factor for the polymer flooding experiments
were investigated, including injection rate, copolymer solution viscosity,
and the wettability of the porous media. The results were represented in a
mathematical relation showing the relative effect of each parameter on the
oil recovery factor.
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1. INTRODUCTION

Polymer flooding is regarded as a chemical
enhanced oil recovery (EOR) technique for
enhancing the recovery factor of conventional
reservoirs with high mobility. One of the reasons
for unstable flowing in heavy reservoirs is
viscous fingering that would result in unstable
displacement. Instability is augmented for the

* Corresponding Author Email: mr_moghbeli@iust.ac.ir

heterogeneous reservoirs. This phenomenon is a
function of injection flow rate, permeability, and
water saturation. Polymer injection would lead to
the reduction of the injected fluid mobility ratio.
The stable flow occurs for the mobility ratios less
than one.

The rheological behavior of polymer solutions
may be affected by salinity and bivalent ion
content. The effects of single-capacity and multi-
capacity ions are different. Salinity is referred
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to the total amount of anions. lonic resistance
is characterized by the concentration of ions
in that solution. An increase in microscopic
displacement efficiency in polymer flooding is the
result of viscoelastic behavior of the polymer [1-
6]. Some researchers have studied the modified
structures of polymers with various degrees of
hydrophobicity [7]. The most practical polymers
that have been applied in EOR processes include
polyacrylamide (PAM), hydrolyzed polyacrylamide
(HPAM) and biopolymers such as Xanthan. Xanthan
is produced by the fermentation of glucose using
bacteria. This polymer is more resistant to brine in
comparison to HPAM [8]. Other polymers include
guar gum, sodium carboxymethyl cellulose, and
hydroxyethyl ethyl cellulose [9]. Polyacrylamide
is a synthetic polymer that is prepared by the
polymerization of acrylic monomer to produce
a polymer with flexible structure. The molecular
weight of the commercial PAM is mainly in the
range of 5x10°-5x10° g.mol?, depending on the
degree of polymerization [10]. PAM is strongly
absorbed on the surface of minerals. Therefore,
this polymer is partially hydrolyzed to reduce
the adsorption by reacting polyacrylamide with
sodium hydroxide, potassium hydroxide or sodium
carbonate. Hydroxide converts some amide groups
(NH,) into carboxyl groups (COO-). The degree of
hydration which is defined as a fraction of amidic
groups and are converted by hydroxylation vary
from 15% to 35% [11]. Hydrated polyacrylamide
is actually a copolymer of acrylamide and acrylic
acid. In fresh water, the repulsive force between
carboxyl groups and polymer chains causes the
chain stretching; consequently, the viscosity of
polymer solution enhances. On the contrary, the
chain collapse in saline or neutral water reduces
the solution viscosity. Increasing the carboxylic
groups in the polymer structure reduces the
absorption of the polymer while increasing the
viscosity.

Polymers including polyacrylamide (PAM) and
partially hydrolyzed polyacrylamides (HPAM), are
widely used in EOR processes, as the mobility
enhancer. These polymers are not resistant to
high salinity and temperature situations and
cause viscosity and the oil recovery reduction. In
these solutions, the present amide groups in the
polymer solution are hydrolyzed to carboxylic
groups which lead to the reaction with ions
in the solution and reduction in the viscosity
value. Precipitation would reduce the mobility

value and, in this way, block the pores and thus
reduce the permeability. At high temperatures,
the precipitation occurs more. The rheological
properties of polymers would induce as a result of
bridging due to the nanoparticles fluctuation. By
combining the polyethylene (PEO) and polyacrylic
acid (PAA) to silica nanoparticles, the polymers
are adsorbed on nanoparticles to form a structure
to enhance the suspension viscosity. By adding
SiO2 nanoparticles to locust bean gum (LBG) and
xanthan gum (XG) and the combined gel (LX), the
biopolymer properties change and the viscosity
and elasticity of xanthan gum enhance [12].

Nanoparticles are applied for EOR processes.
Nanopolymer suspensions were prepared using
polyacrylamide as the polymer and silica as the
nanoparticle [**]. The synthesized polymer showed
higher viscosity in comparison to polyacrylamide.
Surface nanoparticles were applied for the
enhancement of recovery factor [14]. In a study by
Corredor et al. [15], surface modified nanoparticles
were applied for increasing the oil recovery factor.
Adding SiO, nanoparticles to Xanthan gum led to
mobility increase. Moreover, the capillary number
also increased. However, they are not applicable
in high salinity, high temperature, and high shear
rates in which the polymer network is degraded
and the recovery factor would reduce [16].

The application of Al203 nanoparticles with
polyacrylamide for EOR applications was studied
by Gbadamosi et al. [17]. Adding this nanoparticle
enhanced the recovery factor. The improvement
of rheological properties of polymers was studied
in laboratory. The measurement of hydrodynamic
radius, phase behavior, and core displacement
were performed in laboratory [18,19]. Druetta
and Picchioni [20] performed a simulation study
on the influence of nanoparticles on enhanced oil
recovery of polymer flooding. Results indicated
that this polymer flooding technique enhanced
the %RF to 40-45%. Moreover, the synergic effect
of nanoparticles and polymer would enhance the
oil recovery factor [21].

Various techniques have been introduced for
modeling the fluid flow in porous media including
lattice Boltzmann [22-24], computational fluid
dynamics [25,26] pore-network modeling [27,28],
and statistical approaches [29]. For modeling
the gas-liquid flow, finite volume approach was
selected. It revealed that wettability and surface
tension were the dominant flow mechanisms
compared to gravity drainage. A comparison study
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was performed between level set and phase field
methodsintermsofcomputationtimeandaccuracy
using Comsol Multiphysics.[30] Another study by
Amiri and Hamouda [31] Comsol was used in
water flooding process in a non-isothermal porous
media. Effects of wettability, viscosity, capillary
pressure, and heterogeneity were studied in pore
level. Maaref et al. [32] investigated the effect of
contact angle, viscosity, and heterogeneity on the

recovery factor. Their results showed low recovery
factor in homogeneous porous media. Sinha et
al. [33] simulated the flow of alkali-surfactant-
polymer in porous media. The modeling results
were compared with experimental data in terms
of water cut and oil recovery factor. A comparison
of advantages and disadvantages of different
modeling methods is presented in Table 1 [34].

Table 1. Comparison of advantages and disadvantages of different modeling methods

Disadvantages

Method Advantages
Extremely accurate
Front-tracking Robust
(FT) Accounts for substantial topology changes in
interface

Mapping of interface mesh onto Eulerian mesh Dynamic re-
meshing required
Merging and breakage of interfaces requires sub-grid model

Level set Conceptually simple Easy to implement

Limited accuracy
Loss of mass (volume)

Relatively simple and accurate

Volume of fluid Easily adaptable to boundary fitted grids

Numerically diffusive
Limited accuracy

immiscible and incompressible phases
Extremely accurate

(VOF) Merging and breakage of interf.
€rging and brea age.o Intertace oceurs Extension to boundary fitted grids very difficult
automatically
High capability in showing transport phenomena Has large gradients that must be resolved computationally
) Ability to find the interface between three Thinness of interfacial layers
Phase field

Explicit discretization leads to numerical instability.
Complexity in computational analysis

Perform all collisions in the simulation in one
time step
Low run time
Lattice boltzmann No numerical instability
Easy to implement

Automatically maintains sharp interfaces, and
explicit interface tracking is not needed

The flow velosity cannot be high.

Weakness in modeling gas-liquid multiphase flows with density
difference or high viscosity difference between phases.

Weakness in simulating streams with high Mach numbers.
Weakness in modeling geometry with curved boundary.

Population Accurate

balance model No need for assumptions

Requires a lot of input data
Time-consuming

Size exclusion Suitable for modeling preformed particle gels

Cavernous occlusion
Consider many hypotheses

The main goal of the present study was to
perform a simulation study on a previously
synthesized sulfonated acrylamide copolymer.
The novelty of this work included the simulation
of highly applicable polymer for the enhanced
oil recovery process using Comsol Multiphysics
software, and determining the tuning parameters
of the model for a non-homogeneous glass
micromodel. Moreover, effective parameters for
the injection of the synthesized polymer in the
glass micromodel were studied and introduced as
a mathematical relation to be applied in similar
conditions.

2. Materials and Methods
2-acrylamide-2-methylpropane sulfonic acid

72

(AMPS) was provided from Aldrich Co. Acrylamide
(AM) monomer, methanol, acetone, potassium
persulfate as initiator were provided from Merck
Co., Germany. Heavy oil sample applied in this
study was obtained from Bangestan reservoir in
south of Iran. Oil interfacial tension and viscosity
were 22.55 dyne/cm and 182cp, respectively.
Viscosity values were measured by the Ostwald
viscometery method. Physical properties of the oil
sample and hydraulic properties of the micromodel
are summarized in Table 2. Monomers were
distillated under vacuum to eliminate the trace
of inhibitors and then stored at 5°C. For polymer
flooding studies, a glass micromodel was applied.
Physical properties of the micromodel are shown
in Table 3. Room temperature and pressure were
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used for the tests with constant flow rate. The
recovery factor and porosity of the system were

micromodel at constant rate of 0.0007 ml/min.

Table 2. Properties of the oil sample

calculated usmg the image procgssmg of MATLA_P Oil Viscosity | Interfacial Tension Injection Rate
Toolbox. Experimental set up is represented in (cp) (dyne/cm) (ml/min)
Figure 1. A syrln.ge.: pL.Jmp (SPNlOOOHOM FNM) 182 2255 0.0007
was used for the injection of the polymer into the
Table 3.Properties of micromodel and oil sample
Pore Diameter Throat Diameter 5 fhicat Throat Diameter IX’:":E: Coordination Porosity Etched
(1um) (um) (layer A) Diameter (um) (um) (layer C) pe Number (%) Thickness (um)
(Layer B) Ratio
720 270 200 3.94 4 23 156
Computer
Q Digital Vaccume pump
camera
Micromodel
e—-
¥
Light source SR—
Syringe pap Waste storage | ...
tank —

Figure 1. Schematic of the experimental set up

AM and AMPS copolymers were synthesized
using the free radical polymerization method [35]
in presence of a radical initiator in an aqueous
medium. The prepared solution of two monomers
were placed inside a four-span glass reactor at
25°C, and degassed with nitrogen for 20 minutes
with agitator. Potassium persulfate was dissolved
in 10cc of water with 0.1 molar ratio of monomer.
Then it was degassed and heated to 60°C for 6 hrs.
The final solution was a viscous and transparent
liquid. At the end of the reaction, the solution was
cooled to room temperature. A diagram for the
polymerization process and reaction is shown in
Figure 2.

2.1. Characterization

Viscosity of the prepared copolymer solutions
with different concentrations was determined
using Ostwald viscometery technique. The
interfacial tension of the solutions was obtained
using Pendant drop technique at 25°C.
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2.2. Polymer Flooding Tests

As mentioned in the previous study, the
synthesized copolymers functionality was
investigated on the oil recovery factor using
polymer injection tests. The Initial oil in place
was obtained by the image processing of Matlab
toolbox. The Injection rate of the polymer solution
was 0.0007 ml min™. The oil sweeping efficiency
was obtained using the processing of the captured
images during the oil sweeping at different time
steps. Finally, the swept area was obtained to
calculate the oil recovery factor.

3. Simulation Studies of Polymer Flooding

Comsol Multiphysics software was used to
simulate polymer flooding experiments. For
polymer injection tests, the selected polymer
(PAM) solution was injected to micromodel with
the flow rate of 0.0007 cc min. The concentration
and viscosity of the polymer solution were 250
ppm and 1.09 cp, respectively.

73



Hayatolgheibi SH. et al. / Investigation on the Polymer Flooding-Part IT

Figure 2. Schematic for the polymerization process and reaction

The following section illustrates the phase
field approach used for the simulation of polymer
flooding experiments.

3.1. Phase Field Model for Water and Polymer
Flooding Tests

Application of phase-field model hassignificantly
increased in recent years. The main property of this
technique is defining a parameter changing along
the contact surface and is constant in the phase
environment. [36] The contact surface of the two
phases is a thin layer which its diffusivity consists of
two fluids. The transfer equations are established
in contact surface of the two fluids. The chemical
potential gradient is used to calculate the emission
rate. Moreover, interfacial disturbance energy
is used to determine the interfacial tension. [37]
One of the most practical equations in phase-field
modeling approach based on the work of Van der

Waals forces is Cahn-Hilliard equation. [38] In this
approach, the equilibrium condition at surface is
achieved for minimum free energy. This equation
is given as follows:

b -
—¢+u.V¢>=V.MVG

ot (1)

¢ denotes the concentration fraction of the two
components, M is the diffusion coefficient called
mobility, G is the chemical potential of the system
and u is velocity. The chemical potential of the
system is represented as follows [37,39]:

$(¢* - 1)

g2

G(d) = A( AL)) (2)

here A is the mixing energy density, € is a
capillary width that scales with the interface
thickness. In this technique, density and viscosity
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are determined as follows [37,39]:

P = P1Vr1 + P2V (3)

p= Ve + Ve, (4)
1- 1+

Vr1 = T¢.Uf2 = T¢ (5)

whereP andP,, u and u,represent the densities
and viscosities of fluids 1 and 2, respectively. The
fluids are incompressible which means mass and
volume conservation laws are established.[40]
Mean curvature (k) is determined as follows [40]

G
k=20+H01- 9= )

where u denotes the surface tension. The
precision analysis of this technique is performed
by three factors including mobility, mesh size,
and interface surface thickness. Turbulence and
thickness of the boundary layers are controlled by
mobility. This model is converged by combining
phase field model approximation to real sharp
surface and real solution of phase field model via
numerical approaches.

For the three-phase flow, contact surface
between the three immiscible incompressible
phases is tracked. Navier-Stokes and continuity
equations are solved and the contact surface of
the fluids is detected by solving four equations
for the chemical potential and phase flied models.
The contact surface of the fluids is moved by
minimizing the free energy. Navier-Stoke equation
is as follows [41]:

-

du -5 o - >, 2 N
Po +pw.Vu="V.(—P+ pu(Vu + vul) — §;4(|7.u)) + Fy (7)

where p is pressure, F_ is surface tension
represented as follows:

Fo = Z ung (8)

ABC

_ 4y 1 ,9F oF 3
mi= = Zj:ti(z_j (671_— aTbi))'ZeZivzd’i (9)

3i denotes the chemical potential of each
phase. € represents control parameter for the
contact surface thickness .The following equation
is consistent for all the variables in phase field
model.

D b (10)

i=ABC
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3.2. Boundary and Initial Conditions

In this study, finite element method was used
to solve phase filed equations using Comsol
Multiphysics software (v.5.3). Boundary and initial
conditions of the model are explained below.

e Inlet Boundary Conditions

The inlet boundary condition for micromodel
is constant flow rate of 0.0007 ml/min. For phase
field model, the fluid phases should be specified
which are water for the two-phase flow and
hydrogel solution for the three-phase flow.

e Outlet Boundary Condition
Outlet boundary condition is the atmospheric
pressure.

e Walls

Walls are considered as solid impermeable
surfaces with no slip boundary condition.
Therefore, the fluid velocity on the wall would
be non-slip and non-penetrating. The walls are
impermeable.

up.n=0 (11)

n is the normal vector to the surface and the
fluid velocities are equal at the interface (uﬂ = ufz).

¢ Initial Conditions

The initial conditions are atmospheric pressure
and ambient temperature. The initial condition
for the phase field model is the saturation of the
media with oil.

4. Results and Discussion

In this study, the results of the previous
experimental study on the polymer injection test
were used for the simulation study. The applied
technique was the copolymerization of AM and
AMPS monomers. The effects of the copolymer
solution concentration and AM/AMPS ratio were
investigated on the viscosity of the synthesized
copolymer. The simulation study was conducted
and the results were compared to the experimental
data.

4.1. Effect of Copolymer Solution concentration
on the Viscosity

Viscosity of the solutions at different copolymer
concentrations was determined using Ostwald
viscometery technique. Based on the results, the
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effect of the solutions was interpreted on their
viscosities. The solutions were prepared at various
copolymer concentrations of 0, 50, 500, 1000
and 2000 ppm. Ostwald viscometery technique
was utilized to determine the solution viscosity.
Results showed that an increase in the copolymer
concentration led to the viscosity enhancement.
Based on the results displayed in Figure 3,
for all the polymers, viscosity of the aqueous
solution increased by increasing the copolymer
concentration. However, viscosity change was not
the same for all the copolymers. Viscosity of 30cs
for the copolymer concentration of 2000 ppm was
obtained for AMP55 copolymer solution.

4.1.1. Effect of Copolymer Composition on the
Viscosity

To evaluate the effect of AMPS content on
the solution viscosity, different copolymer
solutions were prepared and their viscosities
were measured at the same concentrations. The
viscometery results showed that increasing the
AMPS up to 50% in the monomers feed, increased
the solution viscosity to the highest value (Figure
4). However, further increase in AMPS content
caused the viscosity decrement. As stated, the
highest viscosity of the solution (30cs) belonged
to the AMP55 solution while the lowest viscosity
(5.3cs) was obtained for the AMP91 solution at the
same copolymer concentration of 2000 ppm. The
latter copolymer with the lowest AMPS content

(10wt.%) and the PAM solution without AMPS
comonomer exhibited almost the same solution
viscosity. This means that the addition of the
lowest AM content had no significant effect on
the PAM solution viscosity. The solution viscosity
of 15.1 and 8cs was obtained for the AMP73
and AMP37 copolymers at the same copolymer
concentration of 2000 ppm. It is obvious that the
incorporation of the highest AMPS content (70
wt.%) in the AMP37 decreased the viscosity. For
all the copolymers except for the AMP55, further
increase of the copolymer concentration did not
exert any significant effect on the solution viscosity.
As shown in Figure 4, increasing the number of
the hydrolyzed AMPS units in the copolymer
chains, enhances the chain negative charges and
subsequently, the solution viscosity. This behavior
can be attributed to stretching of the chains in the
aqueous solution by increasing the hydrolyzed
2-acrylamido-2methyl propane sulfonate (AMPA)
units. In fact, the hydrodynamic volume of the
chains and consequently the solution viscosity
increased by increasing the AMPS content. On
the other hand, due to excessive increase in the
number of AMPS units in the chain, it is collapsed
and twisted as a result of interlocked numerous
ions with uneven loads of sodium. The resultant
spiral shape and the decreased hydrodynamic
volume would lead to the reduction of the solution
viscosity.[42]

35
e PAM
30 = AMP91
@ AMP73
£ 25 === AMPS55
5 AMP37
> 20
2
g
) 15
=
X
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0 500 1000 1500 2000 2500
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Figure 3. Viscosity of acrylamide copolymer at different concentrations of AM/AMPS at 28°C
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Figure 4. Viscosity of acrylamide copolymers in various AMPS concentrations at 28°C
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Figure 5. Comparison of experimental and modeling results for water flooding (a,b) and polymer flooding (c,d)

On the other hand, higher concentration of
copolymer caused more chain entanglements and
concentrated solution with higher viscosity.

4.2. Polymer Flooding and Oil
Experimental Study

The experimental studies of the polymer
injection tests are described in the previous works.

Recovery:
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For the water flooding tests, since the viscosity
of water is less than oil, the residual oil is not
completely swept and fingering phenomenon is
considerable. There are three different permeable
layers in the prepared micromodel. The injected
water first sweeps the high permeability region
where the capillary forces are minimum. As aresult,
the fingering phenomenon pushes water toward
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the production point. For the water flooding,
the oil recovery factor was 18.7%. Increasing the
synthesized copolymer concentration enhanced
the oil recovery factor as a result of increasing
the solution viscosity. Moreover, increasing the
viscosity would reduce the solution mobility
and the mobility ratio. The experimental studies
revealed that AMP55 with concentration of 250
ppm enhanced the recovery factor from 7% to
26.91%. By duplicating the concentration of the
copolymer, the oil recovery was reported to
be 29.2%. For higher concentration values, the
recovery factor slightly increased.

Moreover, the Polymer flooding tests were
also performed using different concentrations
of AMP73, including 250, 500, 1000, and 2000
ppm. Based on the results of the experimental
studies, AMP55 represented the highest viscosity
values, in comparison to other copolymers. There
was no fingering phenomenon for the injection
of AMP55, which led to high recovery factor.
Moreover, increasing the concentration of the
polymer solution enhanced the oil recovery factor
considerably. For high values for the solution
concentrations, i.e. 1000 and 2000 ppm, the RF
sharply reduced.

4.3. Polymer Flooding: Simulation Study
To perform polymer injection tests, the model
was first saturated with oil. Then water was

Global: (1)

injected with the flow rate of 0.0007 cc/min to
sweep the oil. The thickness of the contact surface

max

. h
was considered as 18

,whereh__isthe maximum

mesh size equal to 0.55 mm. Interfacial tension of
the two-phases was 2x10° N/m. Contact angle of
40° was obtained for the validated model for water
sweeping. A comparison of the results for the
simulation and the water flooding tests are shown
in Figures 5a and 5b, respectively. As it is obvious,
the modeling and experimental results are in
good agreement. For water sweeping test, the
recovery factor of 18.7% and 22.6% were obtained
for the experimental and modeling results. After
breakthrough time, the model was saturated
with the oil, then the copolymer solution with
concentration of 250 ppm was injected into the
micromodel at flow rate of 0.0007 cc/min at 28°C.
Viscosity of the polymer solution was reported
to be 1.09 cp. The interfacial tension of the two
phases and contact angel were 2x10° N/m and
41°, respectively. The experimental and modeling
results for polymer flooding are represented in
Figures 5c and 5d, respectively. As it is obvious
from the figures, the modeling and experimental
results agree well with each other. Experimental
and modeling results for the RF were reported
as 26.91% and 29.4%, respectively. The oil RF
variation versus time is shown in Figure 6.

028}
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0.24}
0.22}
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018}
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012}
o1f |
0.08} |
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0.04fF
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T

1
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Figure 6. Variations of recovery factor with time
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4.3.1. Sensitivity Analysis

After validation of the injection test results, the
fluid and porous media parameters were changed
to investigate their effect on the RF. Although the
simulation results were not completely consistent
with the field cases, it was possible to study the
effect of each parameter on the results.

4.3.1.1. Wettability

In general, wettability is the degree to which
a fluid tends to disperse on a solid surface in
presence of other immiscible fluids. Wettability
is one of the effective properties of the reservoir
that significantly affects the recovery factor in EOR
operations. Moreover, it is effective in identifying

the target reservoirs for EOR processes. Wettability
is defined by the quantity of the contact angle.
Figure 7a indicates the oil recovery factor for
different contact angles at breakthrough time.

The RF optimal value of 29.8% was obtained
at contact angle of 43°. By moving away from this
optimal value, the RF reduced. For the water wet
systems, the injected water would have a high
tendency to move over the walls and form a thin
layer. This issue may cause the formation of oil
droplets inside the pores that are not recovered.
By increasing the contact angle to 43°, more
injected polymer solution entered to the pores to
push the oil.

: f\\__‘_*_.
25

RF
)

36
34
32
30
28

RF

26
24
22

20

0.00E+00 5.00E-04

40 60
Contact Angle

80

a

1.00E-03 1.50E-03 2.00E-03

Injection Rate(cc/min)

RF
)

b

2 3 4 5

Injected fluid Viscosity (cp)

C

Figure 7. Oil recovery factor variations at a) Various contact angles at breakthrough time b) Various injection rates at breakthrough
time c) Various injected fluid viscosity
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In fact, at this contact angle, there was a
tendency for water to move inside the large
number of pores to sweep the available oil. As
the contact angle increased, the tendency of the
water for moving the oil near the surface of the
micromodel reduced. This led to the reduction of
the number of swept pores and, therefore, the
RF value. Increasing the contact angle led to the
reduction of the capillary force. This can decrease
the tendency of the water for the oil sweeping in
wet rocks. For large values of contact angle, the
injected polymer solution moved in such a way
that it reached to the production point from the
shortest path with the least surface contact.

4.3.1.2. Injection rate

The fluid injection rate is another parameter
that affects the recovery factor. As the injection
rate increases, the viscous forces overcome the
capillary ones. Thus, it increases the tendency
of the fluid to pass through different channels
and spread over a wider area of the micromodel.
Injection rate is one of the parameters that has a
significant impact on oil recovery factor. Figure 7b
shows the RF variation for different injection rates
at the breakthrough time. The proper recovery
factor is obtained at the injection rate of 13e-3
cc/min, which is 34.1%. If the injection rate of the
moving fluid deviates from this optimal value, the
RF would decrease.

4.3.1.3. Viscosity

Viscous fingering depends on the viscosity
ratio of the two fluids and the injection rate. By
increasing the injection rate, the fluid velocity
would increase and due to viscous fingering
phenomenon, the sweeping of the fluid becomes
non-uniform. In addition, the injected fluid leaves
some areas unswept to reach to the production
point. Mobility ratio (M) is one of the main
concepts in studying the oil displacement by
injecting the fluids such as water and polymers
which is expressed as follows:

o B
0% _*w

M= N, o (12)
Kw

WhereA, k, uarethe mobility, effective permeability
and viscosity of the fluids, respectively. As the
mobility ratio is decreased, displacement would
be more uniform and the recovery factor would
increase. In polymer flooding process, the focus
is on reducing the mobility ratio. Increasing the
viscosity of the injected fluid is one of the goals
for increasing the recovery factor. Figure 7c
represents the effect of the injected fluid viscosity
on the recovery factor. As it is obvious in the
figure, increasing the polymer solution viscosity
(concentration) leads to increasing the RF.

Predicted vs. Actual

Predicted

Actual

Figure 8. The proposed model predictions in comparison to the modeling results

80 Journal of Oil, Gas and Petrochemical Technology 2023(10): 70-85, Winter and Spring 2023

(@) |



Hayatolgheibi SH. et al. / Investigation on the Polymer Flooding-Part II

Sensitivity analysis was performed on the
three mentioned parameters including contact
angle, injection rate and viscosity of the polymer
solution. The last two terms are of crucial design
parameters for the polymer flooding process,
while contact angle is one of the important
reservoir characteristics. These parameters were
considered as the input variables for the statistical
model. Analysis was performed using design expert
software. The correlation between the recovery
factor and these parameters is represented as
follows:

RF0-62= Aq+ BO+ Cu+ D qO+ E qu+

Fou+ G2+ He2+ 2+ K (13)

Where g is the injection rate, u represents the
viscosity of polymer solution, & denotes the contact
angle, and the coefficients of A to K are reported in
Table 4. This equation in terms of actual factors can
be used to make predictions about the response for
given levels of each factor.

Aq

Civis

Table 4. Coefficient of the predicted model for sensitivity anal-
ysis on recovery factor

Parameter value

+5.55648

+1434.86608

+0.012221

+0.025924

-0.207661

mf Ol O @ >»| ®

+0.059593

-

-0.000013

-4.65715E+05

I o

-0.000137

| -0.000045

This equation should not be used to determine
the relative impact of each factor, because the
coefficients are scaled to accommodate the units of
each factor and the intercept is not at the center of
the design space.

%07

w
v
1=
28

8203

Actual Factor
Covis = 12015

6469

Bica

5602

3u68

0004 00te

Figure 9. Combined effects the main polymer flooding parameters on oil RF, a )Injection Rate-Concentration b)Injection Rate-Contact
Angle, c)Contact Angle-Concentration
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Table 5. Results for ANOVA analysis

Sum of Squares ds Mean square F-value P-value
Model 56.36 9 6.26 1588.77 <0.0001
Residual 0.0670 17 0.0039

Figure 8 illustrates the model prediction in
comparison to the proposed modeling results.
Most of the data are nested on the unit slope
line. This means that the predicted model fits the
data properly. ANOVA analysis of variance was
performed for the experimental model to indicate
its accuracy. The results are summarized in Table 5.
F-value of the model indicates that it is significant.
There is only 0.01% chance that such a large F-value
is obtained due to the noise. P-values less than
0.05 indicate the consistency of the model. Figures
9a to 9c show the simultaneous effect of the two
parameters on the oil recovery factor. As it is obvious
in Figure 9a, the injection rate and viscosity have
the most impact on oil recovery factor. Moreover,
the wettability has the least effect on changing the
oil recovery factor in comparison with the other
two factors.

5. Conclusion

The main goal of this research was to conduct a
simulation study on the injection of the previously
synthesized sulfonated acrylamide copolymer,
in the porous media. Moreover, the effect of
copolymer composition and copolymer solution
concentration, on the viscosity of the synthesized
copolymer was studied. Based on the previous
experimental study in a non-homogeneous
porous media, the oil recovery factor was studied
at various AM/AMPS ratios, copolymer solution
concentration, and the silica nanoparticles. The
results indicated that the RF value was four times
than that of water injection test.

The main part of this study focused on the
simulation of polymer flooding process using
Comsol Multiphysics software by the application
of phase-field model. The experiments led to
the optimization of the synthesized copolymer
composition to attain the maximum viscosity
and oil sweeping efficiency. Experimental results
were validated using Comsol Multiphysics for the
water flooding and polymer flooding experiments
with good accuracy were reported as 26.91%
and 29.4%, respectively. Effective parameters of
polymer injection tests, polymer solution viscosity,
injection rate, and wettability of the porous media

were studied on the recovery factor. The results
were represented in a mathematical relation
showing the relative effects of each parameter on
the oil recovery factor.

Nomenclature

Physical Quantity unit
Free Energy J
Free Energy Density Jlm3
Chemical Potential Jm3
Phase field (¢) -
Mobility (M) Jmdst
Surface Tension N.m?
Velocity m.s?t
Pressure Pa
Mass Density Kg.m3
Viscosity Pa.s
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