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Abstract

This study addresses the critical challenge of excessive water production in mature oil and gas reservoirs. It focuses on the
effectiveness of polymer gel injection into porous media as a solution, with an emphasis on understanding its impact at the
pore scale. A step-wise Lattice Boltzmann Method (LBM) is employed to simulate polymer gel injection into a 2D Berea
sample, representing a realistic porous media. The non-Newtonian, time-dependent characteristics of polymer gel fluid
necessitate this detailed pore-scale analysis. Validation of the simulation results is conducted at each procedural step. The
study reveals that the methodology is successful in predicting the effect of polymer gel on reducing permeability as the gel
was mainly formed in relatively larger pores, as it is desirable for controlling water cut. Mathematical model presented in
this study accurately predicts permeability reductions up to 100% (complete blockage). In addition, simulations conducted
over a wide range of gelation parameters, TD_factor from 1 to 1.14 and Threshold between 0.55 and 0.95, revealed a quad-
ratic relationship between permeability reduction and these parameters. The result of this research indicates LBM can be
considered as promising tool for investigating time-dependant fluids on porous media.

Keywords Lattice Boltzmann Method - Non-Newtonian fluid - Porous Media - Palabos - Computational Fluid Dynamics -
Pore-scale modeling
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Threshold Critical relaxation frequency for gelation

process
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u Velocity < = >
Greek letters
Y Shear rate (TS_I)
Ap Pressure difference (M[;;ZL U )
A Time constant (for calculating viscosity of
non-Newtonian fluids)
. (MU
p Density ( T )
. MU
Pref Reference density < oo >
T Relaxation time (TS)
2
v Kinematic viscosity (% >
2
Vo Kinematic viscousity at zero shear-rate (%)
Voo Kinematic viscousity at infinite shear-rate

(%)

® Relaxation frequency (TS™!)

Q; Collision operator

o Relaxation frequency at zero shear rate (TS™)

0 Relaxation frequency at infinite shear rate
(TS™h)

Introduction

The role of nonrenewable energy resources such as oil and
gas in daily human life makes it necessary to use them
efficiently (Hook et al. 2009). Unfortunately, the recovery
factor from oil and gas reservoirs is significantly low, and
many efforts have been made to enhance oil recoveries and
increase production, such as polymer flooding, Low Salinity
Water Flooding (LSWF), Chemical-Enhanced Oil Recovery
(CEOR) and water alternative gas injection (WAG) (Bigdeli
et al. 2023a; Bigdeli and Delshad 2023; Filho et al. 2023;
Ghoreishi and Sedaee 2021; Hosseini-Nasab et al. 2016;
Janssen et al. 2020). One of the most important problems
facing oil and gas production is excessive water production,
especially in mature reservoirs. The high amount of disposed
water leads to high operating costs, including the cost of sep-
aration and damage to surface equipment, and the disposal of
this water will cause many environmental problems (Bigdeli
et al. 2023b; Mostafavi et al. 2021; Taha and Amani 2019).
Most studies show that the main reason for the excessive
water production is the existence of heterogeneity in high
permeability ducts or thief zone (Bai et al. 2015). Therefore,
by blocking high-permeability conduits, the flow paths are
changed, resulting in producing oil from smaller pores and
increasing the sweep efficiency (Dong et al. 2016).
Generally, various solutions have been proposed for the
water shutoff (WSO), which fall into two main categories

@ Springer

that can be used individually or in combination (Jiasheng
2013): Mechanical methods and chemical methods. Mechan-
ical methods are generally concerned with using packers to
seal the water excess zone (Liang and Zhang 2014). How-
ever, packers cannot penetrate the matrix or small fissures,
so they are unable to shut off the excess water in some cases.
Therefore, chemical methods, including the use of chemical
solutions, are required in some cases. Polymer gel treatment
is the most common method, among all the available solu-
tions, due to its low price, good propagation in the reservoir,
and easy opweation (Veliyev et al. 2019).

The use of polymer gel technology to reduce the amount
of produced water had its beginning in the 1960s (Lashari
et al. 2014). Polymer gel can flow through fractures, and it
is also strong enough to tolerate high-pressure differences
near the wellbore (Liao 2014). The combination of polymer
and crosslinker is made ready on the surface, after which it is
introduced into a production or injection well through injec-
tion. (Sydansk and Romero-Zerén, 2011). The less viscous
solution has the ability to enter the channels with higher
permeability, and once it reaches the point of gelation, it
transforms into a solid-like gel. This gel aids in producing
oil from areas that have not been swept previously (Taha
and Amani 2019).

Injecting polymer gel deep into the reservoirs includes
tons of complex fluid flow mechanisms. Also, fluid flow in
porous media is one of the most important fields of study
in petroleum engineering. The dynamics at the pore scale
are controlled by capillary forces between the different
fluid phases and the solid matrix (Golparvar et al. 2018).
Because of various complex fluid flow mechanisms of poly-
mer gel injection, it is necessary to understand the pore-scale
description of the phenomenon to gain a better understand-
ing of problems associated with oil gas oil reservoirs (Par-
migiani et al. 2011).

For many decades, experimental studies were the only
way to investigate fluid flow properties in porous media. Due
to the complexity of performing experiments, specially on
the pore scale (Yerramilli et al. 2015). Researchers tried to
find a way to model mechanisms associated with the pore
scale. While solving fluid flow problem using Navier—Stokes
equations in a discretized domain often considered a promis-
ing tool in macroscopic scale, this method has a clear limi-
tation in considering pore-scale pjenomenons as it ignores
all the interations in moicroscopic scale and relies on the
reservoir geometric properties such as porosity and satura-
tion which can not be defined at pore-scale(Govindarajan
2019). Fully microscopic methds including Molecular
Dynamics also becomes impractical for pore-scale simula-
tions due to the immense number of molecules involved and
consideration of full interactions leading to an exponential
increase in computational demands that far exceed practi-
cal limits for such scale (Mollahosseini and Abdelrasoul
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2021). On the other hand, mesoscopic methods including
pore network modeling, smoothed particle hydrodynamics,
and LBM can be considered good choice as they offer both
the computational efficiency of macroscopic methods and
the precision comparable to microscopic ones (Golparvar
et al. 2018). Staring by Pore-network models, this method
present a computationally less demanding alternative due to
geometric simplifications, but it occasionallys overlook criti-
cal physical details, such as fractures in carbonate reservoirs,
which can be pivotal in characterizing the reservoir’s behav-
ior (Blunt 2017; Ovaysi and Piri 2010). Smoothed particle
hydrodynamics is a mesh-free, Lagrangian method that can
handle complex free-surface flows but may be challenged
by boundary conditions and consideration of inter-particle
forces in this method also introduces substantial computa-
tional effort (Golparvar et al. 2018). So, according to the
literature, the LBM is the most suitable method for mod-
eling the injection of polymer gel thanks to its ability to
model single and multiphase flows in complex geometries
(Boek and Venturoli 2010; Martys and Chen 1996; Olson
and Rothman 1997; Sukop et al. 2008) and its efficiency in
terms of parallelization of the algorithm (Chen and Doolen
1998).

Although many efforts have been performed to experi-
mentally simulate the injection of polymer gel, There are
only few attempts to numerically simulate the flow of poly-
mer gel in porous media at the pore scale (Al-Shajalee et al.
2020; Dong et al. 2016; Jia et al. 2011; Zheng et al. 2021;
Zitha et al. 2002). In this study, we introduced the step-wise
procedure to accurately simulate the injection of polymer gel
in a two-dimensional segmented micro-CT image with the
lattice Boltzmann method to investigate the changes in pore
structure and permeability.

Lattice Boltzmann equation and BGK extension

The lattice Boltzmann method (LBM) was originally
extracted from Lattice gas automata by replacing the boolean
variable with a continuous distribution function (Chen and
Doolen 1998). The evolution of the distribution function f;
is governed by the Lattice Boltzmann Equation (McNamara
and Zanetti 1988) with the Bhatnagar, Gross, and Krook
(BGK) approximation for the collision operator (Bhatnagar
et al. 1954):

eq

fl-(x+ei,t+1)=f,-(x,t)—¥ i=12....Mm @

where f; is distribution function, e, is discrete velocity, and
€, is collision operator, 7 is relaxation time, and ffq is equi-
librium distribution function. The Bhatnagar, Gross, and
Krook (BGK) collision operator simplifies the complex
interactions in the original collision term, making it suitable

for modeling fluid flow at the mesoscopic level (Bhatnagar
et al. 1954). This operator ensures that f; relaxes to f;* at a
rate determined by 7, which is linked to the fluid’s kinematic
viscosity v via the relation (Anbar et al. 2019):

2t —1
v=—¢ 2

Modeling non-Newtonian flow with LBM

There are two common methods for simulating non-New-
tonian fluid flow with the LBM in the literature. This sec-
tion reviews key studies conducted using these approaches.
Additionally, a summary of relevant research in this field is
presented in Table 1.

Change relaxation time locally

Kinematic viscosity can be calculated from relaxation time.
Therefore, one method for simulating non-Newtonian fluid
flow involves calculating the relaxation time from viscosity.
The first research in this field was conducted by Aharonov
and Rothman (1993). They introduced a two-dimensional
model for simulating non-Newtonian fluids in which relaxa-
tion time is calculated locally for each point at each time step,
and their results matched with the power-law model perfectly.

Giraud et al. (1997) extended the classic lattice Boltz-
mann design for viscoelastic fluid with Chapman-Enskog
and then investigated the models with Multiple Relaxation
Times (MRT) (Giraud et al. 1998). After that, Lallemand
et al. (2003) presented three-dimensional models with the
help of the results of previous studies.

Boek et al. (2003) used the BGK model from the studies
of Rakotomalala et al.(1996) and Aharonov and Rothman
(1993) to investigate the flow of power-law fluid in the pipe
and porous media, and their results have good agreement
with analytical solution. Gabbanelli et al. (2005) examined
this model for the truncated power-law model for both shear-
thinning and shear-thickening fluids, observing a linear
decrease in simulation error with increasing network reso-
lution. After them, Kehrwald (2005) suggested that if the
Cross model is used instead of the simple power-law model,
much more accurate results will be obtained for complex
fluids such as polyamides with in-situ polymerization.

In the field of non-Newtonian fluid flow in a porous
medium, the first attempts by Sullivan et al. (2006) showed
that these models could predict characteristics of the flow of
non-Newtonian fluid in two-dimensional and three-dimen-
sional porous media. They also suggested that the relation-
ship between network resolution and simulation accuracy is
a function of the power-law index.

Recently, Cristobal and Riera (2018) performed a detailed
study on the modeling of non-Newtonian fluids with LBM.

@ Springer
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Table 1 Summary of researches in the field of modeling non-Newtonian fluids with LBM

Model Equation References
Power-law V= k|y|"‘1 Aharonov and Rothman (1993), Boek et al. (2003), Boyd et al. (2006), Siddiki et al.
(2018) and Sullivan et al. (2006)
Truncated power-law |, — my(()”*l), Y <7 Afrouzi et al. (2019), Boyd and Buick (2007), Gabbanelli et al. (2005) and Siddiki
) etal. (2018)
v=myy ", 10 <7 <Ye
v=mylV, yo <y
Carreau-Yasuda Ve [1 +0 ),,] el Ashrafizaadeh and Bakhshaei (2009), Boyd and Buick (2007), Gokhale and Fer-
Y—Ve v nandes (2017) and Wang and Bernsdorf (2009)
Carreau Ve _ [1 +( /1}/)2] = Malaspinas et al. (2007) and Yoshino et al. (2007)
Vo—Veo
Cross o = 1 4 (ap)+! Kehrwald (2005)
Vo Veo
Casson ) Ashrafizaadeh and Bakhshaei (2009) and Ouared and Chopard (2005)
(ya+ Vi)
=3 " ° > Ty
(e 7 < 7y

Herschel-Bulkley B { Ho
Lk + 2l 17 171> ol

Bingham { 0>,
Heo )
0 <7

u

Iyl < |ro| Wuetal. 2017)

Ginzburg (2002) and Tang et al. (2011)

They simulated different fluids to reach a steady-state in a
channel and then analyzed the velocity profiles of Newtonian
fluid and a non-Newtonian fluid using the Carreau model.
Their study demonstrated the efficacy of LBM in simulating
complex flows, including non-Newtonian fluids.

Despite the high accuracy of the methods presented using
the BGK, these methods lose their accuracy when relaxation
time approaches 0.5. For this reason, the researchers decided
to model the non-Newtonian effect with MRT equations. Li
et al. (2014), Grasinger et al. (2018), and Adam and Prem-
nath (2019) have conducted the most significant researches
in the development of the MRT models for non-Newtonian
fluids. Also, considering this effect in other LBM schemes
such as Gray Lattice Boltzmann Method (GLBM) (Chen
et al. 2009), unstructured lattice Boltzmann method (ULBM)
(Pontrelli et al. 2009), He-Luo incompressible lattice Boltz-
mann method (Tang et al. 2011), ILFVEA (hybrid of LBM
and finite volume) (Zou et al. 2014), and Simple Lattice
Boltzmann Method (SLBM) (Chen and Shu 2020) has also
been examined.

It should be noted that because blood is the most well-
known non-Newtonian fluid, extensive studies related non-
Newtonian fluids have been conducted in this area of science
(Afrouzi et al. 2019; Boyd et al. 2007; Ouared and Chopard
2005; Siddiki et al. 2018; Wang and Bernsdorf 2009).
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Considering the non-Newtonian effect as a force of action

It has been proposed by some researchers that non-Newto-
nian behavior might be represented as an equivalent forc-
ing effect. Accordingly, the non-Newtonian model typi-
cally comprises a Newtonian component coupled with an
additional non-Newtonian effect, as indicated in the studies
of Farnoush and Manzari (2014), Wang and Ho(2011) and
Weiwei et al. (2019).

Methodology
Mathematical modeling

The modification of relaxation time in response to shear
stress has been previously discussed as an effective method
for modeling the shear dependency of non-Newtonian fluids.
In this study, this method has been employed for numerical
simulation. Additionally, the Carreau model has been cho-
sen to represent the shear-dependency of the non-Newtonian
fluid. For each time step, the step-wise procedure, which is
also depicted in Fig. 1, is as follows (Sullivan et al. 2006):

1. Initiate all variables with an appropriate value. For
example, if f; (u=0), the fluid is in a stationary state,
and the effect of the applied force on the acceleration of
the fluid motion is determined.
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Fig. 1 Workflow for simulating
shear dependent fluid with LBM
for each time step t
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2. Calculate the density (p) and fluid velocity (u) and then
calculate the equilibrium distribution function (f;).

3. Calculate the local symmetric strain rate tensor (e, ﬁ) and
then the strain rate tensor (¢)

4. Calculate kinematic viscosity (v) from the Carreau
model and obtain the relaxation time ()

5. Update the value of the distribution function (f;) at any
point with the local value during the collision step

6. Perform streaming and transfer the distribution functions
to the nearest neighbor node and also apply boundary
conditions if necessary

7. Check the convergence condition, return to step 2 and
repeat the steps until convergence is achieved

Given the advantages of Palabos (Parallel Lattice Boltz-
mann Solver) software, an open-source C++library devel-
oped specifically for computational fluid dynamics via the
LBM, this platform has been chosen for the numerical simu-
lations conducted in this study. Palabos is recognized for its
efficiency in managing complex fluid dynamics scenarios
and its ability to support a diverse range of models. The
software effectively utilizes modern computing architec-
tures, including parallel computing with MPI, facilitating
high-performance simulations. This capability renders Pala-
bos suitable for detailed academic research and practical i
applications in fluid mechanics (Latt et al. 2021). Shear-
dependency can be modeled perfectly in Palabos with the
help of the fromPiAndRhoToOmega function, which is used

to calculate ® (m = %) of non-Newtonian fluid as below:
2
v = ©
+2(2= ) (14002, )7 +2%

where c, is the sound speed of the lattice, v, is fluid kine-
matic viscousity at zero shear-rate, v, is fluid kinematic
viscousity at infinite shear-rate,w,,,, is relaxation frequency

. . .1 2
at iteration, and a is - =~ 5
2(p2)

iter

which p is density.

Numerical simulation

The objective of this study is to simulate polymer gel injec-
tion in porous media, utilizing a two-dimensional segmented
rock image obtained from micro-CT. To achieve this goal, the
research process has been divided into smaller, more manage-
able steps, each of which is detailed in the subsequent sections.

Validating the non-Newtonian model

The mathematical model in Palabos software facilitates
the modeling of Carreau fluid flow using the LBM. Prior

@ Springer
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Fig.2 Comparing the simulation result and analytical solution for
normalized velocity profile of Poiseuille flow of non-Newtonian fluid
of Table 1. The comparison shows an excellent match

Table 2 Input parameters for Poiseuille flow of Carreau fluid

Parameter  Definition Value

( LU ) velocity 0.004951
u\7s
Re Reynolds number 1
Cu Carreau number 10
N Number of lattice units in each direction 101
Ix (LU) Length of lattice unit in x direction 1.00E+00
ly (LU) Length of lattice unit in y direction 1
1z(LU) Length of lattice unit in z direction 0.00E+00
dt (7S) Time step 4.90E-05
n Power-law index 0.5

(L_U2 ) Kinematic viscosity at zero shear rate 5.00E-01
Vo\ TS

(L_UZ> viscosity at infinite shear rate 0

Vo \ TS
o Relaxation frequency at zero shear rate 0.5

® Relaxation frequency at infinite shear rate 2

0

to employing any CFD code for complex real-world phe-
nomena, its validity must be verified. The purpose of this
validation is to ensure the accuracy of the code in solving
the implemented mathematical models with minimal error.
Common examples employed for validating single-phase
models, which have analytical solutions, include driven cav-
ity flows, flow over a backward-facing step, Poiseuille flow
inside a pipe, and flow around a circular cylinder. (Chen and
Doolen 1998).
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Pore

¢ "?ﬁ
. h L

Fig.3 Berea pattern used in the simulation. The grains are repre-
sented in black, and the pore spaces are in white. The size is 1418 pm
by 1418 pm, and the etch depth of the physical unit is 24.54 pm
(Boek and Venturoli 2010)

Validation of fluid flow in porous media

After the successful simulation of fluid flow in simple
geometries, the accuracy of these simulations in more
complex geometries must be examined. A 2D segmented
image is utilized for this purpose. Prior to its use in Pala-
bos, this image undergoes pre-processing. During this step,
the segmented image is converted into a matrix with values
0, 1, and 2 using available MATLAB code. In this matrix,
0 and 2 represent the fluid and rock domains, respectively,
while 1 denotes the interface between rock and fluid. Sub-
sequently, the model’s accuracy in predicting the flow of a
Newtonian fluid in porous media is verified against avail-
able analytical solutions and relationships.

Simulation of polymer gel injection in a porous media

The code’s ability to predict the behavior of shear-thinning
fluids is evaluated by altering the power-law index and
subsequently comparing the omega field and shear rate.
Additionally, in fluids like polymer gel, where viscosity
increases over time due to chemical reactions—a process
known as gelation—this study models this phenomenon by
varying the parameters of the non-Newtonian fluid model
after several simulation steps. Specifically, the gelation
process is represented by incrementing the value of v;,. This
increment is assumed to be linear over time and is achieved
by multiplying v,, by a parameter termed the ‘time depend-
ency factor’ (TD_factor) at selected time steps. Figure 1

Table 3 Input parameters and results of flow simulation of a Newtonian fluid in Berea sample

11 12 13 14 15

10

1

Parameter

400
400

400
400

400
400

400
400

400
400

400
400

400

400
7.50E-04 5.00E-04 2.50E-04 1.00E-04 7.50E—05 5.00E—05 2.50E—05 1.00E—05 5.00E-06 2.50E—06

400
400

400
400

400
400

400
400

400
400

400
400

400
400

400
400
) 0.01

Nx (LU)
Ny (LU)

0.001

0.0025

0.005

0.0075

MUXLU
TS?

Ap (
Re

2.51E4+00 1.87E4+00 1.24E+00 6.17E—01 2.46E-01 1.84E-01 1.23E-01 6.14E-02 246E-02 1.84E—-02 1.23E-02 6.14E—03 2.46E-03 1.23E-03 6.14E-04

0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2

LU?
TS

W5

LU?

v
0TS
Cu

1

TD_factor

uavg (

k (LU?)
Uy ¥V

2.70E-05 1.98E-05 1.33E-05 6.74E—06 2.69E—06 2.01E-06 1.35E-06 6.75E-07 2.71E-07 2.01E-07 1.35E-07 6.77E—08 2.71E—08 1.35E-08 6.77E—09

Ly
78

0.215 0.215 0.214 0.214 0.214 0.214 0.214 0.214 0.214 0.214 0.214 0.214 0.214 0.214
2.16E-03 1.58E—-03 1.07E—03 5.39E—04 2.15E—-04 1.61E-04 1.08E-04 5.40E-05 2.17E-05 1.61E—-05 1.08E—05 5.41E—06 2.17E—06 1.08E—-06 5.41E-07

0.216
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includes the mathematical mpdeling for simulating behav-
ior of polymer gel considering the increase in every 2000
timesteps. It is important to acknowledge that this method-
ology does not account for other factors that might influ-
ence viscosity, such as salinity and temperature. The focus
of this initial stage in modeling polymer gel using LBM is
solely on gelation.

Post-processing and observation of gelation:

In the post-processing stage of the simulation, it is essential
to analyze the results to identify areas where gel formation
occurs. A critical step involves defining a specific viscosity
threshold for gelation, beyond which the fluid cannot move.
Given the infinite viscosity in areas containing the rock
matrix, working directly with the viscosity field presents
challenges. Therefore, owing to the inverse relationship
between relaxation frequency and viscosity, the relaxation
frequency field is extracted from Palabos at the conclusion
of the simulation. Subsequently, this field is post-processed
using Python to discern structural changes. A parameter,
referred to as ‘Threshold’ is designated to determine the
minimum relaxation frequency allowing fluid movement.
In regions where the relaxation frequency is lower than the
Threshold, it is inferred that gel formation has blocked the
pores. Consequently, the selected Threshold value has a
direct impact on the change in permeability of the porous
media following polymer gel injection.

Investigate changes in the geometry of the porous media
and reduction of permeability:

In the subsequent stage, pores obstructed by gel formation
are reclassified as part of the rock matrix. Consequently,
the final output of this stage is a segmented image repre-
senting the rock’s structure post-injection. This image is
then further post-processed using MATLAB. Subsequently,
the permeability of the altered pore structure is calculated
using Palabos software. The variance between the initial
permeability and the permeability post-injection quantifies
the reduction in permeability attributable to the polymer
gel injection.

Curve fitting and finding the best relationship
between gelation parameters and permeability reduction:

In the final step, the study aims to ascertain if a mathemati-
cally sound relationship exists between the percentage of

@ Springer

permeability reduction and the gelation parameters. For
this purpose, the CFtool toolbox from MATLAB software
is employed to examine various potential relationships and
identify the most appropriate one.

Results and discussion

The outcomes of this study are detailed herein, building
upon the methodologies outlined earlier. For further details
on the computational methodology, the associated code is
available in the authors’ GitHub repository.!

Model validation of non-Newtonian fluid flow
in simple geometry (Poiseuille)

A The initial step involves validating the model with an
analytical solution. To this end, the Poiseuille flow of a
non-Newtonian fluid is simulated and its results are com-
pared with an analytical solution. This fundamental and
straightforward flow type occurs in a pipe or between
two parallel plates, as characterized by Sutera and Skalak
(1993). Under these conditions, the velocity at the walls
is zero (due to the non-slip condition), and the velocity
reaches its maximum in the middle. The analytical solu-
tion for the flow of a non-Newtonian fluid in a pipe is as
follows:

=BT -ET] @

where u is velocity, n is power-law index, Ap is pressure
difference, Pref is reference density, H is the width of the
channel or pipe, and y shows the location where the veloc-
ity is calculated. As shown in Fig. 2, our model can accu-
rately predict the behavior of the Carreau fluid of Table 2 in
the pipe. It should be noted the input parameter in Table 2
are based on implementation of Poiseuille flow in Palabos
software.

Verify the code for the flow of Newtonian fluid
in porous media

It is necessary to verify the validity of the developed code
in porous media simulations. Utilizing Darcy’s law, the fol-
lowing relationship can be established:

_k Ap

== &)

! https://github.com/kamelelahe/NN-LBM.
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Table4 Simulation p e.xrame.ters Number  Parameter Newtonian ~ Polymer Polymer gel
and results of Newtonian, time-
independent non-Newtonian, Porous media properties 1 N 400 400 400
and time-dependent non-
. A L. 2 Ix 1 1 1
Newtonian fluids’ motions in a
2D Berea sample 3 ly 1 1 1
4 1z 0 0 0
5 Dx (LU) 0.0025 0.0025 0.0025
6 Dt (TS) 1.54E-07  1.54E-07 1.54E-07
7 Nx 400 400 400
8 Ny 400 400 400
Flow properties 9 (g) 6.15E-05  6.15E-05 6.15E-05
u\Ts
10 Re 0.12 0.12 0.12
11 ( MUXLU ) 0.0005 0.0005 0.0005
deltaP \ 75°
Non-Newtonian fluid 12 Cu 5 5 5
properties 13 n 1 0.8 0.8
14 (L_U2 ) 0.2 0.2 0.2
NuO\ 75
15 ( LU ) 0 0 0
Nulnf \ 7§
16 Omega0 0.91 091 091
17 Omegalnf 2 2 2
18 lambda 3.25E+07  3.25E+07 3.25E+07
Gelation parameters 19 Threshold 0.75 0.75 0.75
20 TDfactor 1 1 1.11
Results 21 porosity 0.33 0.33 0.20
22 Perm (LUZ) 0.21 0.21 0.02
23 Porosity reduction (%) 0 0 45.12
24 Perm reduction (%) 0 0 93.43
Fig.4 Validation of flow of ___ Fitline: y = 0.21427x + 6.82e-06
Newtonian fluid in 2D Berea R? = 0.9980
sample. The slope of this plot 0.0020 x Data points
indicates permeability
0.0015f
x
>
X
= 0.0010
3
0.0005
0.0000
0.000 0.002 0.004 0.006 0.008 0.010
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Fig.5 Velocity field, shear-rate, omega,

where u is velocity, k is permeability, y is viscosity, Ap is
pressure difference, and / is the length of the flow domain.
Based on the formula, there is a linear relationship with the
slop of permeability between velocity and %. arious simula-

tions were conducted by altering Ap to investigate this rela-
tionship furthur. The geometry of the porous media for these
simulations utilized a square cross-section of the two-dimen-
sional Berea micro-model, as proposed by Boek and Ven-
turoli (2010), and is depicted in Fig. 3. The boundary condi-
tions implemented were constant pressure (Zou and He
1995) at the inlet and outlet (on the right and left sides,
respectively), with a bounce-back scheme applied at the
interface between the rock and fluid domains. The input
parameters and the results of these simulations are presented
in Table 3. As demonstrated in Fig. 4, the results exhibit a
strong correlation with a slope of approximately 0.214,
which is in agreement with the permeability estimated by
the code.

@ Springer

and geometry changes after injecting different types of fluids in a 2D Berea sample

Simulation of polymer gel injection in porous media
and investigate the changes in geometry

After successfully validating the code, we can now use it for
simulating the injection of polymer gel in porous media. The
value of v, was increased at every 2000 iterations to miti-
gate the risk of divergence. The values for TD_factor and
Threshold could be methodically chosen to reflect a desired
of gelation behaviors within porous media, allowing the sim-
ulation to adapt to a variety of potential real-world gelation
scenarios. This non-specific selection is intended to provide
a versatile modeling approach rather than to replicate the
behavior of any particular polymer gel.

In this phase of research, simulations were conducted
for three fluid types with differing rheological properties:
a Newtonian fluid, a shear-thinning polymer, and a shear-
thinning, time-thickening polymer gel. The input param-
eters and results for these fluids are detailed in Table 4. The
results, illustrated in Fig. 5, show that while the omega field
remains constant for the Newtonian fluid, indicating uniform
viscosity, it varies for the non-Newtonian fluids, displaying
elevated values in regions of higher velocity or shear rate,
notably within smaller pores.
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D pore
. rock

(©

Fig.6 Schematic of different stages of the simulation. A Initial rock geometry, B relaxation frequency field at the end simulation, C formation of

gel in pores, D rock geometry after injection of polymer gel

Furthermore, analysis of the rock geometry post-simula-
tion reveals that the gel formation process is accurately rep-
resented in the polymer gel simulation, with no significant
geometrical change observed for the Newtonian fluid and
polymer simulations. The segmented images suggest that gel
predominantly forms in comparatively larger pore spaces,
as visually discernible from the micro-CT images, support-
ing the simulation’s validity. This outcome aligns with the
objective of polymer gel injection strategies, which aim to
obstruct more permeable pathways to enhance oil recovery
from less permeable regions.To take a closer look, Fig. 6
summarizes the simulation procedure stages. This figure
also indicated that polymer gel had changed the structure of
porous media desirably.

Uderscoring relationship between gelation
parameters and permeability reduction

In this section, efforts are made to derive a mathematical
relationship linking gelation threshold and TD_factor with
permeability reduction. It is important to note that the results
pertain specifically to the selected range of parameters. The
primary aim here is to demonstrate the simulator’s ability to
capture the gelation phenomenon within this defined param-
eter space.

Effect of gelation threshold

Two parameters in this study have been identified as criti-
cal in defining the gelation behavior. The influence of the
gelation threshold on the alteration of the porous media
structure and the subsequent reduction in permeability
is the focus of this section. By utilizing the omega field

@ Springer
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Fig. 7 Formation of gel with different threshold values in the pores of the Berea sample

data at the result of the polymer-gel fluid simulation (pre-
sented in Table 4) different threshold values were chosen
to isolate only the effect of gelation threshold on perme-
ability reduction. Figure 7 illustrates gel formation using
threshold values that are varied from 0.55 (corresponding
to v_threshold =0.44) to 0.95 (v_threshold=0.18). As can
be seen, an increase in the threshold value results in an
increased number of pores obstructed by the polymer gel.
Elevating the maximum omega value, where polymer gel
remains mobile within the pores, leads to a decrease in
the minimum viscosity necessary for gel formation. Con-
sequently, a larger number of pores satisfy the criteria for
gel development.

The study subsequently explored the mathematical rela-
tionship between the Threshold value and permeability

@ Springer

reduction. For each simulation conducted with a TD_fac-
tor ranging from 1.08 to 1.13, the Threshold was adjusted
between 0.55 and 0.9. The percentage of permeability
reduction was plotted to determine the best-fitting curve.
As demonstrated in Fig. 8, a quadratic equation appears
to accurately depict the relationship between permeability
reduction and the Threshold. The derived overall equation
is as follows:

y:ax2+bx+c (6)

where x is Threshold and y is the percentage of permea-
bility reduction. The coefficients for this relationship and
some metrics for evaluating the goodness of the results are



Journal of Petroleum Exploration and Production Technology (2024) 14:2509-2527 2521

TD_factor=1.08

Permeability reduction
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TD_factor=1.11
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TD_factor=1. 12

threshold

TD_factor=1.10
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\

threshold

Fig.8 Permeability reduction versus Threshold for different values of TD_factor. The simulation results are represented as dots, and the fitted

quadratic equation is shown with a blue line

Tablg 5 Coefficients ar.1d TD a b c SSE R-square Adj R-sq RMSE

metrics for the quadratic

relation;?llip bet(vlveef1 . 1.08 -1153 311.1 -95.57 2.17 1.00 1.00 0.85

?}frrensfglé ‘VZIEZ f‘;it(‘l‘i’;‘fear‘;m 1.09 ~3952 704.3 —2434 2.66 1.00 0.9 0.94

TD. factor 1.1 -193.9 413 -116 1.88 1.00 0.99 0.79
1.11 —-356.2 645.5 —-193.3 0.63 1.00 1.00 0.46
1.12 —-336.6 589.7 —158.5 1.34 0.99 0.99 0.67
1.13 —-218.2 378.6 —64.08 0.62 0.99 0.99 0.46
Avg —269.23 507.03 —145.14 1.55 1.00 0.99 0.70

presented in Table 5. Also, the residual plot for the quadratic
equation is shown in Fig. 9.

Effect of TD_factor

Another important parameter that has a considerable impact
on the formation of gel is TD_factor. For the purpose of this
investigation, the TD_factor for the polymer-gel fluid was
varied from 1 to 1.15. To isolate the impact of the TD_factor
on the pore structure, a constant threshold value of 0.75 (cor-
responding to v_threshold =0.28) was selected for analysis.
This particular value was chosen as a representative example
to clearly delineate the sole effects of the TD_factor vari-
ation. The findings, as illustrated in Fig. 10, indicate that
an increase in the TD_factor enhances the time-thickening
behavior, leading to a higher viscosity and resulting in the
obstruction of a greater number of pores by the polymer gel.

Again a mathematical representation for changing perme-
ability reduction with TD_factor is investigated. For each
threshold value between 0.65 and 0.9, we selected different
values for TD_factor between 1.08 and 1.14. As it could
be understood from Fig. 11, a quadratic equation similar to
Eq. 6 with x as TD_factor seems to fit the data very well.
The coefficients and metrics for the quadratic representation
are reported in Table 6, and the residual plots are depicted
in Fig. 12.

A general relationship between TD_factor, threshold,
and permeability reduction

Analytical correlation for estimation of permeability reduc-
tion from gelation parameters is elaborated here. Using
the generated simulation results, a two-variable equation
between permeability reduction with the TD_factor has

@ Springer
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Fig.9 Residual plot for the quadratic relationship between permeability reduction and Threshold for different values of TD_factor

been developed (between 1.08 and 1.14) and the gelation
threshold (between 0.65 and 0.9). The selected range for the
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Fig. 11 Permeability reduction versus TD_factor for different values of Threshold. The simulation results are represented as dots, and the fitted

quadratic equation is shown with a blue line

gel formation. As demonstrated in Fig. 12, a quadratic equa-
tion succinctly encapsulates this relationship, offering a pre-
dictive formula for the observed data.

F(x,y) = p00 + p10sx + p0lsy + p20sx® + p11sxsy + p02sy?

(N
where x is TD_factor, y is Threshold, and z is the percent-
age of permeability reduction. Table 7 and Fig. 13 show the
coefficients and metrics of Eq. 7 and the residual plot for this
curve, respectively.

Limitations and areas of improvement

The results obtained suggest that utilizing LBM to model
polymer gel flow in porous media is a viable step forward.
Given the nascent stage of research in this domain, the
model incorporates certain simplifications. An isotropic
porous medium is assumed, where transport properties such
as permeability and porosity are considered uniform in all
directions. Morover,the gelation threshold is considered as

a fixed value depending the properties of porous media, and
this limitation can be address in future works by calculating
the drag force on the fluid and delineating gelation areas
where the drag force is insufficient to mobilize the viscous
fluid.

It is also to be noted that the mathematical model has
been employed to generate a dataset for the development of
an Artificial Neural Network(Kamel Targhi et al. 2023). This
network is designed to estimate the effects of polymer gel
injection using the model’s input parameters. In adddtion,
result of assessing the model in Kamel Targhi et al., (2023).
is consistent with mathematical analysis over this paper, as
it was concluded the TD_factor and threshold parameters
have the most segnificat (Fig. 14).

Conclusions
According to the relative importance of polymer gel injec-

tion as a successful method for water shutoff treatment in oil
and gas reservoirs, it is necessary to engineer this process

Table 6 Coefficients and

- . Threshold a b c SSE R-square Adj R-sq RMSE

metrics for the quadratic

relatioﬂg%ii,ls betsveetfl D 0.65 590.9 -597.6 -0.29 2133 0.98 0.97 231

?:Cr:(’)‘re?m’ cllg:fzer‘:f ti:’r’;;‘:)l 4 - 07 216 —219.4 ~0.87 2.62 1.00 1.00 0.81

values 0.75 129.6 -1353 -1.01 0.83 1.00 1.00 0.45
0.8 114.8 -120.8 -1.04 1.78 0.99 0.99 0.67
0.85 107.7 -113.9 -1.05 2.08 0.99 0.98 0.72
0.9 102.5 ~-109.6 -1.07 1.64 0.98 0.97 0.64
Avg 210.25 -216.10 -0.89 5.05 0.99 0.99 0.93
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Fig. 12 Residual plot for the quadratic relationship between permeability reduction and TD_factor for different values of Threshold

with the best available tools. This study has explored the
use of the LBM to simulate polymer gel injection in a 2D
Berea sample, representing a realistic porous media. The
time dependate behavior of polymer and x-linker solution
which eventually forms the gel to blok pores has been con-
sidered through two key simulation parameters: TD_factor
and Threshold.

Palabos software was utilized for the simulations, and the
results pertaining to both the non-Newtonian fluid model and
the flow in porous media were verified against Poiseuille
flow and Darcy’s law respectively. Various simulations were
conducted to examine the impact of gelation parameters
on altering the geometry of the 2D Berea sample and on
the permeability reduction in the porous media. The result
represent the capability of proposed methodology to model
ormation of gel in pores, as the gel was mainly form in high
permeable conduits, i.e. relatively larger pores. Key findings
include:

e The capability of proposed methodology to model forma-
tion of gel in pores, as the gel was mainly form in high
permeable conduits, i.e. relatively larger pores which is
desireable for water shut-off treatment

e It was concluded that increasing the value of TD_
factor, which is responsible for signifying the time-

dependancy and increasing viscousity of fluid was
resulted in blocking more pores, which shows the abil-
ity of proposed methodology to consider different per-
operties for polymer gel.

e The study established a quadratic relationship between
permeability reduction and the gelation parameters,
specifically TD_factor and Threshold, demonstrat-
ing the predictive strength of the Lattice Boltzmann
Method (LBM) in modeling polymer gel flow in porous
media.

e |t was observed that the TD_factor has a more substan-
tial impact on permeability reduction than the Thresh-
old, as indicated by the larger absolute value of the
quadratic term coefficient. This suggests that TD_fac-
tor optimization could more effectively control gelation
behavior.

In conclusion, the research demonstrates innovative use
of the step-wise LBM in predicting the time-dependent
behavior of non-Newtonian fluids within porous media,
a promising tool for the design and optimization of water
shutoff treatments in the petroleum industry. The research
also outlines clear directions for future research, including
the potential for refining the model by either considering
the anisotropic porous media or incorporating calculations

Table 7 Coefficient and metrics for the quadratic relationship between permeability reduction, TD_factor, and Threshold

p00 pl0 pO1 p20 pll

p02 SSE R-square Adj R-sq RMSE

-7218 10,830 2715 —4000 —2011

—255 47.24 0.99 0.99 1.15
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Fig. 13 Quadratic relationship
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shows the predicted value for
permeability reduction
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for drag forces and the dynamic nature of gelation areas,
thereby enhancing the accuracy of permeability control
predictions.
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