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A simulation study on hydrogel
performance for enhanced oil
recovery using phase-field method

Seyed Hosein Hayatolgheibi, Forough Ameli** & Mohammad Reza Moghbeli

Hydrogels are increasingly applied in oil recovery processes. This leads to more controlled flow of fluids
in porous media. In this process, hydrogel is injected to the reservoir to block the high permeability
areas. The trapped oil in low permeability regions, is then swept by water flooding. pH-sensitive
hydrogel microspheres were synthesized in another work of the authors, which effectively increased
the oil recovery factor in experimental studies. In this communication, phase-field approach was used
to simulate this process and to obtain the tuning parameters of the model including thickness of the
contact surface (€), phase transform parameter (M), and excess free energy (A). Diffusion of hydrogels
was studied by Cahn-Hilliard conservative approach and the breakage, deformation, and plugging
mechanisms were analyzed, based on pressure drop variations in micromodel. Moreover, Effective
parameters on oil recovery factor were analyzed. Results indicated a good agreement between
experimental and modeling studies of oil recovery factor in water and hydrogel flooding with absolute
errors of 2.29% and 4.06%, respectively. The recovery factor was calculated using a statistical method
which was in good agreement with the modeling results. The tuned parameters of the model were
reported as, €=111.7 pm, My=5x10"2m3/s, A = —0.0003 J/m3.

During productive life cycle of a reservoir, many processes are applied to increase the oil recovery factor. The
primary and secondary recovery techniques usually increase the recovery factor to 33%’. For viscous oils with
high interfacial tension between injected fluids and oil, the recovery factor is less than this value. Researchers
are work on new EOR techniques to increase sweeping and displacement efficiencies of the injected fluid®~".
During water injection, large channels might form which lead to defective circulation. This results in trapping
a portion of oil in low permeability areas, where water injection is no longer effective and overall sweeping
efficiency is reduced"®’.

In reservoirs with anisotropic permeability profile, including stratified or fractured reservoirs, secondary
recovery techniques do not lead to increasing the displacement and sweeping efficiencies. In these reservoirs,
injected fluid moves toward high permeability regions and leaves the low permeability areas unswept. Chan-
neling of the injected fluid might lead to reducing the total oil recovery factor and early breakthrough of the
injected fluid following that increasing the costs of separation, treatment, and water disposal. To overcome these
problems, injection of gelling polymers would be a good choice”!*. In this technique, high permeability regions
would plug with hydrogel and the injected fluid is diverted to low permeability zones for increasing the sweep-
ing efficiency. More oil is produced and anomalies in the near well-bore region is blocked. As a result, injection
profile would be modified and operating costs for oil production would be reduced"®.

Various viscoelastic particles have been developed and applied for enhanced oil recovery including branched
preformed particle gel (B-PPG), preformed particle gel (PPG), dispersed particle gel (DPG), and polymer elastic
microsphere (PEM). PPG is synthesized using the cross linker, acrylamide monomer, and initiator, using the
surface equipment. Then it is divided to small pieces, dried and sieved based on the specifications of target
reservoirs'®. After injection of swollen gels to porous media, high permeability regions are plugged and the flow
is diverted to low permeability areas to increase the swept volume. This leads to increasing the displacement
pressure. While this pressure is increased to extrusion pressure of the gels, particles are deformed and passed
through the throats. Since they move to the depth of reservoir, the recovery factor is increased!’. Various vis-
coelastic particles are represented as follows:

Gelling polymers. Hydrogels which are used for enhanced oil recovery, are cross-linked polymers that are
swollen in water without dissolving'®!®. Some of the mostly used polymers include Polyacrylamide homopoly-
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mer (PAM) and acrylamide copolymers. Moreover, other biopolymers including guar gum, starch, chitosan, and
cellulose are studied by the researchers®. These polymers are cross-linked with organic or inorganic substances
to generate chemical hydrogels with physical bonds composed of hydrophilic interaction, van der Waals forces,
and ionic complexing?'. Hydrogels that retain anisotropic permeability of reservoirs, are swelled in water and
maintain the solvent in three-dimensional structure without dissolving them. The mostly applied polymers for
enhanced oil recovery include acrylamide copolymers and Polyacrylamide homopolymer (PAM). Biopolymers
might also be used in this filed including cellulose, chitosan, and xanthan gum?**!. Effective parameters in this
process include temperature, salinity, pH, and components of the gelling systems (solvent, cross linker, polymer,
and reagents). Increasing the concentration of cross-linker and polymer lead to generation of a rigid hydrogel.
This is due to the large number of cross links per unit of the chain length?%. Specifications of a proper gelling
system include using inexpensive environmentally friendly chemicals, good injectivity into reservoir and gel-
ling time, and suitable biological, mechanical, and thermal stability in reservoir conditions®. For in situ cross-
linked polymers which include gelling systems cross-linked with metal, organic compounds, and cross-linker,
the polymer and cross-linking agent are simultaneously injected to the reservoir to generate hydrogel within the
high permeability zones of the reservoir?*?. This system is successfully tested in many field applications in near
wellbore and far-wellbore cases. However, difficulties for this system include properly mixing the cross-linker
and polymer, gelation kinetics, plugging the whole area in the reservoir containing oil, and separation of the
gelant into the reservoir®.

Gelling polymers with no cross-linker.  This polymer is based on a biopolymer-polysaccharide produced
by fermentation. This biopolymer forms gel in absence of a cross-linker at pH values of less than 10.8. Gelation
is reversible and the produced gel is dissolved while the pH value is increased.

Pre-cross-linked polymers. This category of polymers includes microgels, performed particle gels (PPG),
colloidal dispersion gels (CDG), bright water, and pH sensitive gels. Polymers are prepared at surface to be
injected in the reservoir. Dispersed aggregates are injected to the reservoir and swell in the matrix in area of
high permeability. Unlike in-situ cross linked polymers, they do not have the limitations of changing the gelant
composition, its dilution, and reaction control problems. On the other hand, they might be filtered within the
pores of the reservoir or mechanical retention might lead to high pressure drop in the system. This might lead to
poor injectivity, swelling problems and plugging undesirable regions of the reservoir. Various studies have been
implemented for application of pre-cross-linked polymers in the near well-bore region and deep in the reservoir
rock?.

Gel and polymer flooding simulation studies are divided into macroscopic and microscopic categories. In
macroscopic approach, there are various studies based on classical percolation theory. Yuan et al.?® proposed a 2D
multi-component model for polymer cross-linking in the reservoir. Chen et al.* performed a simulation study
on oil displacement mechanism. Based on this model, Xu et al.** proposed a 3D model with eight components
for gel flooding. The results for saturation were improved using high-order explicit techniques. A 3D streamline
method was established by Feng et al.’! to consider the capillary and gravity forces, and applied it for gel flooding
simulation studies. Wu et al.** and Cui et al.** improved the proposed gel flooding models by coupling the chemi-
cal reaction and mass transfer between phases. An optimization study was performed on injection parameters
for gel flooding, using starting pressure gradient method. This study was then developed for fractured reservoir
by Zhao et al.** using fracture-matrix coupled technique in a 3D two-phase flow. An optimization study was also
performed for profile control in this reservoir. Herzig and Payatakes® established a classical percolation theory. In
their study, percolation coefficient was a function of percolation velocity and concentration. Particle deformation
and expansion were considered by Zhang et al.*® in which a profile control model was proposed for fluid-solid
coupling. PPG displacement was modeled by Wang et al.”, considering the relationship between pore throats and
particles. Restarting pressure and deformation were modeled in this study. A power law model was proposed to
calculate the restarting rate. Moreover, a distribution function was recommended to estimate the probability of
pore plugging. Surfactant migration model was coupled with PPG flooding to describe the interaction between
surfactant and PPG. One of the limitations of classical percolation theory, is that the breakthrough time is always
considered one pore volume. Moreover, the particle size, deformation, and strength are not studied in this theory.
Therefore, size exclusion theory was introduced to develop more accurate results. Flow modeling in pore scale
is very useful to understand the transport of the fluids in the reservoir. Interfacial force could be modeled as a
continuum force using diffuse interface models. In this technique, numerically resolvable layers are applied for
distributing the interface discontinuities on them?®. These methods are numerically attractive due to advantage
of easier solving the Navier-Stockes equation on fixed grid in comparison to exact equation, which requires
adaptive interface fitting grids. Diffuse interface models are classified into three main groups including tracking/
distributed force model, continuum surface force technique **-*!, and phase-field based models**~**. Santos* and
Bedrikovetsky*® established a population equilibrium model in which particles penetrate to large pore throats
or might be captured by the reservoir rocks. A modified colloidal model was proposed by You et al.*’ in which
inlet concentration was increased by the particles in accessible pores. This model led to more appropriate results
for fitting the experimental data. Liu et al.*® upgraded the single-phase flow to two-phase flow model in which
PPG migration was modeled based on the pore distribution.

Another approach for studying the displacement mechanisms in microscale, include molecular dynamics.
In a recent study, snapshots of molecular dynamic simulation was applied for analyzing the whole displacement
process. Laplace equation was applied to configure the oil-water interface®. This technique gives an insight to
residual oil displacement in reservoir and provides a vision in EOR studies®®*'. Wang** applied lattice Boltzmann
method for simulation of liquid flow in nanoscale porous media. Han et al.>* combined LBM-DEM for simulation
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of migration process in turbulent flow for irregular shaped particles. In this study, flow was analyzed using LBM
and Smagorinsky turbulent technique. Particles interaction was characterized using DEM and particle-fluid
interaction was studied using intrusive boundary conditions. Ohtsuki et al.>* applied a hybrid simulation model
for studying the particle concentration effect on permeability. The fluid-solid interaction was studied using a
coupled system. LBM was incorporated to model, for studying the fluid flow in mesoscopic level. Mechanical
and geometric characteristics were analyzed using DEM at microscopic level. Interaction between solid and
liquid was modeled based on boundary method. A new solver was introduced by Xiong et al.* for simula-
tion of particle-fluid interactions in large scale. Zhou et al.’**” introduced a new approach for simulation of
deformable PPG migration using LBM, IBM, and DEM. In this study, a functionality was developed between
particle-throat diameter, elastic modulus, and critical pressure gradient. Phase-field method (PFM) is an inter-
face capturing technique, that is widely applied due to its simplicity and accuracy for complex geometries and
moving interfaces®®.

In this paper, an attempt was made to use the phase-field model for simulation of hydrogel injection. This
model makes it possible to track particles during hydrogel injection in micromodel. Phase-Field model together
with Conn-Hilliard and Navier-Stokes flow equations makes it possible to simultaneously study on various
effective parameters in flooding. These parameters include, interfacial tension, wettability, density and viscos-
ity of various fluids, hydrogel swelling, and etc.,. Deformation of hydrogel particles and their breakage is well
modeled during the movement in micro-model. Results indicated that large particles are broken at inlet of the
micro-model and deformed particles with smaller diameter are moved more deeply. Also in this study, we tried
to show the real conditions of the reservoir, in which the high-permeability and low-permeability areas are not
considered as separated sand packs, but are continuously connected to each other and fluid transfer is possible
between them. This model also allows to study the effects of temperature and gravity. Moreover, in this study
swelling ratio is represented as follows:

Ws — Wq

SR =
w4

where W, represents the weight of the swollen hydrogel at a specified time and W, denotes the weight of the
dried hydrogel. The swelling ratio was obtained using experimental studies. In simulation studies, the free energy
of the system was defined in such a way that increasing the volume of hydrogels due to swelling was applied in
the model.

Materials and methods

Experimental setup of hydrogel injection process is explained in the work of Jamali et al.®* and illustrated in Fig. 1.
Oil samples were obtained from Siri reservoir with specific gravity of 0.85, °API gravity of 32.27, and viscosity of
16 cp. pH-sensitive hydrogel microspheres containing silica nanoparticles were synthesized. The hydrogel solu-
tion namely, poly(acrylamide-co-methylenebisacrylamide-co-acrylic acid) was prepared with concentration of
1000 ppm and homogenized with an ultrasonic probe with power of 30 kW for 15 min. Micromodel tests were
designed for injection of hydrogel with optimum formulation based on the work of Jamali et al.® in which the
mixer round was 443.5 rpm, AAcid/AAm wt.% was 62%, and Si nano-particle content was 0.25%.

1.60

Micromodel experiments. A two-layer homogeneous micromodel was designed to study on increasing
the oil recovery factor using the synthetized hydrogels. To do tests, water was injected to a saturated micromodel
with oil. Then water was injected to micromodel. The injected water was channelized through high permeable
zone. Oil recovery factor in this step was 51.46%. Hydrogel solution was then injected to micromodel. Since
hydrogel particles were swelled, and high permeable region was blocked, the flow was diverted to the low per-
meability area, and the pressure difference between input and output was increased. For the last step, water was
injected to recover the trapped oil in low permeability region. Experimental values of the recovery factor from
the work of Jamali et al.*®® are represented in Table 1.

Simulation of hydrogel flooding
Simulation studies was performed in two steps. Water flooding that was followed by hydrogel injection. Comsol
Multiphysics software was applied for simulation of gel flooding process using phase-field approach.

Phase-field model. Phase-field method (PFM) is a widely applied technique for complex geometries and
moving interfaces, due to its simplicity and high accuracy®®*. Since phase-field method take use of advection
techniques, they are easily implemented in three dimensions by finite element method and unstructured grids.
Dissipative energies and surface tension could be easily implemented in this method. Constitutive relations
including relative permeability and capillary pressure would be beneficial for flow simulation®!. The interfaces
should have four to eight cells to calculate surface tension and interface energy. There are two categories for
phase-field model including conservative Cahn-Hilliard model in which diffusion is driven by the chemical
potential®?, and non-conservative Allen-Cahn model®*®. In phase-field model, advection term is implemented
without distortion in three dimension in unstructured grids.

Two-phase flow equations. In this method, the two-fluid contact surface is considered as a diffusive thin layer
represented in Fig. 2. In fact, the diffusive contact surface model provides a way for continuous modeling of
contact surface forces, whereby the discontinuities at contact surface are propagated on a thin, numerically
soluble layer. In this method, transfer equations at contact surface are replaced by continuous transfer-diffusion
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Figure 1. Schematic of hydrogel injection process®.

Low permeable zone | High permeable zone | Total
RF (%) for 1st water flooding 0 51.46 31.84
RF (%) for hydrogel injection 1.46 69.43 39.79
RF (%) for 2nd water flooding 13.79 87.54 55.38

Table 1. Experimental results for the oil recovery factor from the work of Jamali et al.*.

Fluid 1 Fluid 2

Figure 2. Representation of phase-field model®.
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equations, where the emission rate is determined by the chemical potential gradient (¢) and interfacial tension is
calculated based on the interfacial disturbance energy. Using these equations, contact surface displacement and
deformation are calculated on a fixed network. Using the surface diffusion model for Navier-Stokes multiphase
flow equations is much easier than solving them with precise equations. Cahn-Hilliard method is applied for
studying conversion, formation and dissolution at contact surface®. In this method, the function of the free
energy is minimized, which is represented in Eq. (1).

I

5 T4 Ve=V-(MVG). (1)
where ¢ represents the chemical potential and u is the fluid velocity. The mass concentration and chemical
potential are related by the following Eq. **:

my — iy

my + my

Chemical potential is equivalent to the surface tension in curvature for phase-field model. m represents the
mass concentration of the component. G denotes the chemical potential and is represented as follows:

SF -1
Gi) = 752 = z(‘”(“’gz ) Vzw) 0 G

Mobility is M = M, - &2, where M, is the specific mobility and describes the transmission stability due to
diffusion. € describes the thickness of the contact surface between the two fluids. A is the mixing energy density
In phase field equations, viscosity and density are calculated as follows:

o = p1vf1 + p2vr2 (4)
W= p1ver + (2Vy2 (5)
1-— 1+
Vf1 = T(ﬁ’ Vf2 = T(p (6)

where p; and p; are densities of fluids 1 and 2. y; and y, are the viscosity of fluids 1 and 2 and v is the volume
fraction of each phase. Since the fluids are considered incompressible, mass and volume conservation laws are
applied®?. Average curvature (1/m) is calculated using the following equation:

G
k:2(1+<,0)(1—<p); (7)

Cahn-Hilliard equation has a curvature-dependent solution that makes it possible to use it for simulation
of nucleation, evaporation, and swelling processes. Areas of high curvature at contact surface are generally high
potential areas, and soluble materials move through these areas to low potential surrounding zones*®. While
the fluid transfer is involved, the chemical potential would not necessarily be uniform. Precision analysis of
phase-field model is complicated, since convergency is provided by three factors including mesh size, interface
surface thickness, and mobility. Mobility influences the thickness and turbulence of the boundary layers for the
chemical potential. The convergence rate is determined by a dual limit, which combines the approximation of
phase-field model to the real sharp surface contact physics as well as approximation of the numerical methods
of phase-field model to its real solution.

Three-phase flow equations. In this model, the contact surface is tracked between the phases by solving the
continuity and Navier—Stokes equation. The contact surface of the fluid is analyzed using chemical potential and
phase-field models. The free energy is minimized to define the liquid-liquid contact surface motion. Navier—
Stokes is represented as follows for the three-phase flow:

ou 2
v +pou-Vu=V- <—P1+M(VH+ VuT) - gu(V : u)I) + Fy +F. (8)

where P is the pressure, i represents viscosity, F shows the external force. I is the identity matrix. F,, is the surface
tension calculated as follows:

Fy = Z niVe; 9)
A,B,C

n; denotes the chemical potential of each phase. Boyer technique® was applied to track the three phase flow
contact surface.

%Jrv-(fup‘):v %Vn- (10)
ot ! s
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Micromodel Throat diameter (u) | Pore diameter (u) | Porosity | Throat dimension (cm)
High-permeable layer | 200 700 62 2x1
Low-permeable layer 150 480 50 2x1

Table 2. Specifications of the under-test micromodel.
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Figure 3. Modeling results for water flooding.

where M, is molecular transmittance parameter. Phase-field variables are always hold in this relation. The free
energy is defined as a function of phase-field variables, based on the following relation:
F = 0AB@R 0} + OACPARE + OBCPRPE + PaPBPc(Eaga + Tpgn + Tcoc) + APLOEOE (11)

where g;; is the surface tension between phases, i and j. A denotes the excess free energy of the system. %; is
defined as follows:
X4 = 04 +0ac — 0BC
3p = 04B + 0BC — OAC (12)
Yc = opc +0ac — 048

Model implementation. The properties of the two parts of micromodel are represented in Table 2. In this
study, the modeling approach was finite element in Comsol Multiphysics software. For walls as impermeable
surfaces with no-slip boundary condition, we have:

up b= (13)

where £ is the tangent unit vector to the surface, u;is the tangential fluid velocity and u, is the tangential wall
velocity. Since the walls are stationary, the fluid velocity along the impermeable walls is zero (ust = o).

Ui = o (14)

f1is the normal vector to the surface and the fluid velocities at interface,re equal (11 = us)).

Boundary layer mesh generation was applied in this study. This type of mesh is suitable where the fluid flow
is coupled with energy and mass transfer equations. For solving the Navier-Stokes equations, the modified
Newton’s method was implemented. The solution starts with the initial guess for wu,.

Result and discussion

In this study, gel flooding process was simulated using Comsol Multiphysics, based on the phase-field method
to study the mechanism of hydrogel performance for increasing the oil recovery factor. The developed model
was validated with experimental results. Sensitivity analysis was performed on various parameters regarding
micromodel and hydrogel, to propose the functionality of the recovery factor with these variables for water
flooding and gel flooding processes.

Validation of experimental results for water flooding. The modeling result is represented in Fig. 3
where oil and water are specified in blue and red, respectively. The results are in good agreement with experimen-
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High permeable region | Low permeable region | Total
%RF (Experimental) * 51.46 0 31.84
%RF (Modeling) 52.63 0 32.57
%Error 2.29 0 2.29

Table 3. Comparison of modeling and experimental results for water flooding test.

Sum of square DOF Mean of square errors F-value P-value
Model 51.95 5 10.39 1020 <0.00001
Residual 26.47 26 1.02

Table 4. ANOVA analysis of variance to determine oil recovery factor in water flooding.

Coefficient | Parameter | Coefficient | Parameter | Coefficient | Parameter
A 0.12 G 0.016 M 1.77

B 3.52 H -0.0015 N 6.7

C -10.24 ] —-0.00343 (@) 1.32

D -9.65 K 6.6 P —-0.45

E 5.34 L 0.73 Z 37.7

F —0.009687

Table 5. Coefficients of the proposed model using design expert.

tal data from the work of Jamali et al.®°. Comparison between recovery factor values for modeling and experi-
mental studies are presented in Table 3. As it is obvious, in layer of low permeability, capillary force is increased
and the injected fluid flows to high permeability area. Water injection is continued until the breakthrough time.

Sensitivity analysis on oil recovery factor. A statistical model was developed for prediction of oil
recovery factor in water flooding process. In this section, dual effects of a number of parameters were considered.

Statistical model for prediction of recovery factor in water flooding. ~ Sensitivity analysis was performed to deter-
mine the effective parameters on oil recovery factor including injection rate, wettability, and viscosities of oil and
water. Using these parameters, a statistical model was proposed. The results for ANOVA analysis of variance are
reported in Table 4. As it is obvious, P value is less than 0.0001, which denotes the high accuracy of this model.
Coefficients of the model are reported in Table 5.

RF =AT +Bq+ CO 4+ Dpo + Epyy + FIg+ GTO + HT 1o + JT 1ty + Kqb + Lquio

4 Mgity + N6 o + 001,y + Pitotty + Z (15)

In this equation, q represents the flow rate (cc/min), © is contact angle (degree), y, denotes oil viscosity (cp),
U, is water viscosity (cp), and T represents temperature (°C). As it is obvious in Fig. 4, the modeling results are
in good agreement with the proposed model using design expert, since most of the data are nested near the unit
slop line curve.

Capillary number. Capillary number (Ca) defined as the ratio of viscous force to surface tension, is one
of the dimensionless parameters that is used in flow interpretation. For capillary numbers more than 1, it is
increased with increasing the velocity and is negligible for low Reynolds numbers. Capillary number is in the
order of 107 and is about 1 in the near wellbore region and is defined as follows:

uv

= y cos (0) (16)

where y is the surface tension. Ca is increased with increasing the oil recovery factor. Figure 5 illustrates the
capillary number diagram in terms of normalized saturation for the modeling results in the present study.
Capillary and viscous forces are in contradiction with each other during oil recovery processes. The capillary
force traps the oil in the cavities, while viscous force acts to displace oil by the injected fluid. High sweeping
efficiency is an important parameter for successful EOR process which is a function of capillary number. In fact,
to improve the recovery factor, capillary number is increased and the mobility ratio is reduced. According to
Fig. 5, for low capillary numbers, the diagram is linear with zero slope. In critical point which is a function of
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Figure 4. Accuracy of the developed model for predicted and actual values of RF% in water flooding.
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Figure 5. Variations of capillary number versus normalized water saturation.

wettability, permeability and pore structure, a sharp reduction is observed. Accurate representation of capillary
number functionality with normalized saturation is an essential tool for simulation of oil sweeping and minimiz-
ing the residual oil saturation. Capillary number diagram in terms of normalized saturation is mostly related to
reservoir heterogeneity, but it is recommended to use its model for investigation on sweeping process.

Hydrogel flooding simulation. As represented in previous sections, after water breakthrough, the pre-
pared hydrogels are injected to micromodel. By injection of hydrogels, the high permeability region is blocked
and water is transferred to non-swept areas of low permeability. Figure 6 illustrates the modeling result using
Comsol Multiphysics software which are in good agreement with experimental study.

In simulation studies, density of hydrogels was equal to that of displacing fluid and its viscosity was 80 cp.
The injection time was 1260 s in this step. The injection temperature was 25 °C, the outlet pressure was 10° pa.
Injection rate was 0.0005 ml/min and wettability was 40°.

During injection of hydrogels, they might break or transform. Table 6 represents the RF% for experimental
and modeling studies. Thickness of the contact surface in simulation studies was obtained 111.7 pm. The phase
transform parameter in Cahn-Hillard equation (M,) was equal to 5x 107> m%/s, and the excess free energy (A)
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Figure 6. Modeling results for hydrogel injection.

RF High-perm region | Low-perm region | Total
Experimental 87.54 13.79 57.05
Simulation 84.02 13.22 53.99
Error (%) 4.02 4.13 4.06

Table 6. Comparison of the results for experimental and simulation studies in gel flooding process.
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Figure 7. Oil recovery factor in low and high permeability regions and the whole micromodel in gel flooding.

was reported —0.0003 J/m?. This table indicates that simulation and experimental results are in good accordance
with each other. Figure 7 illustrates the variations of oil recovery factor for the whole process.

Mechanisms for hydrogel movement in porous media. 'The mechanisms of hydrogel movement in porous media
include breaking, deformation, and blocking, which are illustrated in Fig. 8a—c, respectively. All of these mecha-
nisms are effective on the performance of the injected hydrogels, which are reviewed in this section.
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a. Breaking

c. Blocking

Figure 8. Mechanisms for hydrogel movement in porous media.

Hydrogel breakage is mostly occurred within the throats near injection point. The broken hydrogels are
then penetrate more deeply in porous media. Hydrogels are broken by increasing the pressure to more than a
threshold value, otherwise hydrogels would block the throats. Pressure variations at two sides of micromodel is
represented in Fig. 9. Two regions are defined in this figure. In the first zone, hydrogel particle blocks the throat,
temporarily. The pressure is increased at inlet and reduced at outlet. This leads to increasing the pressure differ-
ence in micromodel. As a result, hydrogel particle is deformed and broken (Fig. 8a-part b). The two generated
particles are get to the next pore (Fig. 8a-part c) and one of the particles enter to the next throat (Fig. 8a-part d).
As aresult, the outlet pressure is slightly increased (Zone II). In all the steps for breakage and deformation, gels
would plug the throat, if the pressure is not increased enough.

Hydrogels might also cross the throats by deformation, which actually happen at injection point and in
medium depths of the reservoir. Figure 10 shows pressure variations at two sides of micromodel for deforma-
tion of hydrogels. Two regions are defined in this figure. In the first region, hydrogels are blocked the throat.
This causes increasing the pressure difference in this region. This pressure difference leads to deformation and
movement of hydrogel particles in the throat. The movement of hydrogels is continued toward the next pore and
throats (Fig. 8b-part d). This is obvious with an incremental increase in outlet pressure (region IT).

While the pressure variations is not enough for deformation or breakage of hydrogels, the blockage is the
predominant mechanism. Blockage is mostly occurred at depth of the porous media by reducing the pressure gra-
dient. Figure 11 shows pressure variations at two sides of micromodel for the mechanism of blockage. Hydrogel
deformation is occurred at the first region by pressure variations (region I). For pressures less than the threshold
value, blockage is occurred at the throat and pressure value at two sides of micromodel remains almost constant
(region II). For the first region of Fig. 11, the pressure difference between two sides of micromodel is increased
since hydrogels block the throat. The pressure increase leads to deformation of hydrogel, but the pressure is not
high enough for breaking the hydrogels or passing them through the throats. Since the throat is blocked, the
inlet and outlet pressure values, remain constant which is obvious in region II.

In this section, pressure difference between the two ends of micromodel is discussed for hydrogel flooding
process. The first section of Fig. 12 represents the pressure variations in micromodel for water flooding at various
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Figure 9. Pressure variations at inlet and outlet of the micromodel for the breakage mechanisms.
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Figure 10. Pressure variations at inlet and outlet of the micromodel for deformation mechanism.

time steps. The pressure drop is reduced during water flooding. The next part represents the pressure variations
for hydrogel flooding. After water breakthrough, during hydrogel injection, the pressure difference between inlet
and outlet, represents considerable increase. Blockage of some of the throats during hydrogel injection causes
this phenomenon. Moreover, there is distinctive pressure fluctuations after hydrogel injection. This is due to
permanent or temporary throat blockage during hydrogels injection.

Pressure profile diagram. To obtain pressure profile along the micromodel, the pressure variations along line
A is investigated (Fig. 13). The pressure changes during water flooding is represented in Fig. 14 at various time
intervals. As shown in the figure, when the initial parts of micromodel are swept, the pressure variation along the
micromodel is decreased at various time steps and water is replaced by oil. At 1320 s, the pressure profile with
almost monotonous slope is obtained. This means that breakthrough has occurred.

Sensitivity analysis on oil recovery factor for hydrogel injection. In this section, effective parameters on oil recov-
ery factor in hydrogels injection process are analyzed. These parameters include mean diameter of hydrogel
particles, hydrogel injection rate, and hydrogel viscosity.

Scientific Reports |

(2022) 12:2379 | https://doi.org/10.1038/s41598-022-06388-0 nature portfolio



www.nature.com/scientificreports/

100001.08

—#—Inlet pressure

—a— Qutlet Pressun!

100:001.06

JH

01.04

10

2

100001.0
0001.00

(=]
=i

(ed) aanssaag

10000098

100000.96

90 100

30

60

[
s

40

Time(s)

Figure 11. Pressure variations at inlet and outlet of the micromodel for blockage mechanism.

POulIet'Plnlel

AP=

2.5

A
—

(ed)dV

0.5

1500 2000 2500 3000
Time(s)

1000

500

Figure 12. Pressure variations for the whole process of hydrogel injection.

00000000008 v
OOOOOOOBOOE
OOOOOOOOOO
OOOOOOOOOOG
OOOOOOOOOOE
OOOOOOOOOOE
OOOOOOOOOOE
000000 0 0 %0 e e ele’
OOOOOOOHN

006000000
0000000000000000000 U

Figure 13. Path A to observe pressure profile during water flooding.

nature portfolio

https://doi.org/10.1038/s41598-022-06388-0

(2022) 12:2379 |

Scientific Reports |



www.nature.com/scientificreports/

100001.4
imi ~m-T=18
| T=600 S
100001.2 Y T—1000S
e T=13208
100001.0 o
£ 10000038 v
£ REX X -
o 2
2 POROKHX KK XK
£ 1000006
=%
o e
100000.4 ®00cc oo o0,
°e
000 o ®
100000.2
100000.0
0 5000 10000 15000 20000

Arc length(micrometer)

Figure 14. Pressure profile for water flooding at various time intervals.

Hydrogels mean radius. Hydrogel size is an important parameter in determining the penetration depth and
hydrogel performance in increasing the oil recovery factor. The final radius of the injected hydrogel is a function
of its initial size and the swelling ratio. Depending on the method of hydrogel synthesis and its chemical com-
pounds, the blocking ability is different. Bai et al. stated that particles four times the throat diameter, are able to
pass the throat. Larger particles should be broken before passing the throat. However, the operating conditions
and hydrogel chemistry are of important parameters. Depth of penetration is a function of particle size, since it
is effective on injectability of the fluid.

In the present study, effect of hydrogel radius on oil recovery factor was studied. The mean radius of hydrogel
particles in experimental study was 69.9 um and the average size of throats in high and low permeability areas
were 350 and 240 um, respectively. Sensitivity analysis are performed at constant injection rate of le-3 cc/min
and viscosity of 80cp. The results are represented in Fig. 15. Increasing the size of hydrogels led to increasing the
percentage of blocked throats in high permeability region, which results in alteration the direction of the injected
fluid toward the low permeability region. Therefore, the oil recovery factor would increase in this section and the
amount of produced water is controlled. Of course, the size of hydrogels should not be so large that could not
enter the pores. By increasing the hydrogels radii, their ability to penetrate to micromodel depth is decreased,
and blockage is occurred in areas close to the injection point. This would reduce the sweeping efficiency in high-
permeability region. Variations of the recovery factor in the whole micromodel, is also represented in this figure.

Hydrogel injection rate. The functionality of recovery factor with injection rate is analyzed from different
standpoints. The first one is the effect of injection rate on functionality of hydrogel particles, and the other is the
effect of injection rate on displacement process similar to that of two-phase flow. Result of the two parameters is
represented in Fig. 16. In this study, the mean radius of hydrogels was 69.9 um and the solution viscosity was 80
cp. As represented in this figure, the recovery factor of the high permeability region is increased with increasing
the injection rate up to an optimum value (1 x 10~ cc/min). The recovery factor in low permeability region is
at its minimum value at this point. The total oil recovery factor is increased with increasing the injection rate.

Hydrogel viscosity. Hydrogels are considered as a high viscosity liquid for simulation studies. To simulate solid
particles, Mirzaei® estimated their viscosity to be about 100 times that of a liquid. In Saghafi et al.*® study, the
viscosity of hydrogels for simulation studies was 80 cp. The flow direction could be changed due to high viscosity
of the injected hydrogels. In the present study, viscosity of the injected hydrogels was 80 cp. This value leads to
an acceptable penetration depth for hydrogel particles to change the flow direction and increasing the oil recov-
ery factor. Effect of hydrogel particles viscosity was studied on oil recovery factor in high and low permeability
regions and the whole micromodel. In this study, the injection rate and hydrogel radius were le-3 cc/min and
69.9 um, respectively. Effect of this parameter on oil recovery factor, is illustrated in Fig. 17. With increasing
the viscosity of hydrogels, the flow in high permeability region is stopped near the injection point and leads to
deviation of the flow to low permeability region. This leads to reducing the oil recovery factor in high perme-
ability region, since hydrogels could not penetrate to the acceptable depth in micromodel. The flow resistance is
increased in high permeability region and the flow is directed to low permeability part which is represented in
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Figure 16. Effect of hydrogel injection rate on oil recovery factor in high and low permeability regions and the
whole micromodel.

Fig. 18 (path 1). Moreover, hydrogels are accumulated at inlet of high permeability region which steers the flow
to low permeability area (path 2). With increasing the viscosity of hydrogel particles, the penetration and place-
ment of the particles in high permeability region is reduced. This leads to reducing the oil recovery factor, since
hydrogels are unable to direct the flow to low permeability area.

Statistical model for hydrogel injection. In this section, a statistical model is represented to determine oil recov-
ery factor in hydrogel injection process. This model was proposed based on the effective parameters including,
fluid injection rate, hydrogel size and viscosity of hydrogel solution. The results of ANOVA analysis for the high
permeability region is represented in Table 7. F-values and P-values represent that the model is significant. The
proposed model is represented in Eq. (17).

Scientific Reports |  (2022)12:2379 | https://doi.org/10.1038/s41598-022-06388-0 nature portfolio



www.nature.com/scientificreports/

83 C— —————o— 0
73
Q
S
T 63
S
Q
é 53
z
d; 43 —o— High Perm RF
S Total RF
é 33 ~—0— Low Perm RF
” Ps —9 ——— /\.
13
15 20 25 30 35 40 45 50

PPGs Viscosity(cP)

Figure 17. Effect of hydrogel viscosity on oil recovery factor in high and low permeability regions and the
whole micromodel.

&
%
2658
"
X

()
)
)

%
0%
0%

&
()
559

)

Q)

)
)

&
058505

OO0

:0
%
55

O
L)
)

.:

0
00,
GRS

C/

....:...
5
%
&
055
&

OO0

&
5
&

)
)

0

X
o

58

o

2

00000

0
X3
B
XXX

()
)
)
)

)

%S

55
s
&
&

o
&
S
&
&

()
£
()
()
9,
L)
)

O
%
5
&
%
%
%

9
9
O
)
o
¢
9

()

@
@
()
OO

E=E

Figure 18. The movement mechanism of high viscosity hydrogel in micromodel.

Sum of squares | DOF | Avg. of sum of squares | Fvalue | Pvalue
Model 3.380E-14 4 8.450E-15 55.80 0.0038
residual | 1.514E-16 3 4.543E-16

High-perm region

Table 7. ANOVA Analysis for the recovery factor in high permeability region.

RF~% = —0.000133Q + 1.11783E — 09r + 1.67641E — 09u + 2.37196E

(17)
—06Qu + 1.81184E — 06

where Q represents the injection rate of hydrogels (cc/min),  denotes the hydrogel radius (m), and y shows the
viscosity of hydrogels (cp). The fitting statistics are reported in Table 8.

The same procedure was applied for the low permeability region and oil recovery factor was proposed in
terms of injection rate, viscosity, and hydrogel radius by the following equation. The fitting statistics are also
reported in Table 9. The results of ANOVA analysis for the low permeability region is represented in Table 10.

RE™1® = 2.64543Q — 0.000010r — 0.000183 /4 + 0.024399Qr + 0.020666 (18)
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SD 1.231E-08 | R? 0.9867
Mean 1.890E-06 | Adjusted R* | 0.9691
CV.% 0.6510 Predicted R* | 0.9057
Adeq precision | 20.5770

Table 8. Fit statistics for the proposed model for high permeability region.

SD 0.0001 R? 0.9995
Mean 0.0148 | Adjusted R* | 0.9988
C.V. % 0.6081 Predicted R* | 0.9963
Adeq precision | 92.8034

Table 9. Fit statistics for the proposed model for low permeability region.

Source Sum of squares | DOF | Average sum of squares | F-value | P-value
Model 0.0000 4 0.0000 1432.06 | <0.0001
Residual 2.436E-08 3 8.121E-09

Table 10. ANOVA Analysis for the recovery factor in low permeability region.

Predicted vs. Actual
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Figure 19. Results of the modeling and predicted values by the statistical model for (a) high permeability
region of micromodel (b) low permeability region of micromodel.

Figure 19a and b, represent the results of modeling and prediction of oil recovery factor based on the proposed
statistical models for high and low permeability regions, respectively. As represented in these figures, most of the
data are nested near the unit slope line curve which states the high accuracy of the proposed statistical model.

Conclusion

The present survey, focused on the performance mechanism of hydrogel for enhanced oil recovery. A simula-
tion study was conducted for hydrogel flooding using Comsol Multiphysics software, based on the phase-filed
approach. The simulation results for oil recovery factor were validated using the experimental data from another
work of the authors. Sensitivity analysis was performed on oil recovery factor, based on the effective parameters in
this process. Various mechanisms of hydrogel performance in the porous media were discussed and oil recovery
factor was quantitatively analyzed, based on ANOVA analysis. The main results of this study are summarized

as follows:
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Experimental and modeling results for water flooding and hydrogel injection processes were in good agree-
ment with each other with absolute errors of 2.29% and 4.06%, respectively.
In gel flooding process, the tuning parameters of the model was reported as follows:

Thickness of the contact surface (¢) was 111.7 um. Phase transform parameter (M,) was obtained 5x 1071
m?>/s and excess free energy (A) was reported — 0.0003 J/m®.
Increasing the hydrogel radius and viscosity has the same behavior on oil recovery factor. Hydrogel ability for
in-depth penetration is reduced, and the blockage is occurred near the injection point. This would reduce the
sweeping efficiency in high-permeability region and alteration the flow direction toward the low permeability
region.
The recovery factor of the high permeability region is increased with increasing the injection rate, up to an
optimum value (1 x 107 cc/min). The recovery factor in low permeability region is at its minimum value at
this point.
Results of sensitivity analyses indicated the direct functionality of sweeping efficiency in low permeabil-
ity region with injection rate, viscosity, and hydrogel radius. This expresses the acceptable performance of
injected hydrogels for increasing the total recovery factor.
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