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Abstract: Polymer-plugging agents are widely employed in profile control and water-plugging
measures, serving as a crucial component for efficient reservoir development. However, quanti-
tatively monitoring the emplacement depth of polymer-plugging agents in low-permeability and
high-permeability layers remains a challenging bottleneck. Presently, insufficient attention on shear
thinning, a critical rheological property for water shut-off and profile control, has limited our under-
standing of polymer distribution laws. In this study, polymer shear-thinning experiments are firstly
conducted to explore polymer variations with flow rate. The novelty of the research is that varying
polymer viscosity is implemented instead of the fixed-fluid viscosity that is conventionally used.
The fitted correlation is then integrated into the 2D and 3D heterogeneous numerical models for
simulations, and a multivariate nonlinear regression analysis is performed based on the simulation
results. The results show that lower polymer emplacement depth ratios corresponded to higher
viscosity loss rates under the same flow rate. An increase in the initial permeability ratio corresponds
to a decrease in the emplacement ratio, along with a reduction in the fraction of the plugging agent
penetrating the low permeability formations. The model was applied to the Kunan Oilfield and
demonstrated a polymer reduction of approximately 3000 tons compared to traditional methods.
Despite the slightly complex nature of the multivariate nonlinear mathematical model, it presents
clear advantages in controlling plugging agent distribution and estimating dosage, laying good
theoretical ground for the effective and efficient recovery of subsurface resources.

Keywords: shear thinning; component model; numerical simulation; plugging agent; profile control

1. Introduction

Profile control and water shutoff represent widely employed techniques for stabiliz-
ing oil production and regulating water flux [1,2]. This method holds particular signifi-
cance in oil fields characterized by predominant fluid flow through specific channels [3-5].
Throughout the process of profile control and water shutoff, variations in injection pressure
and velocity exert influence on the distribution of plugging agents within reservoirs [6].
Polymer-plugging agents stand out as the most frequently utilized approach for profile con-
trol. However, challenges arise due to the non-Newtonian fluid characteristics and unique
gelation kinetics of polymers, complicating the determination of distribution regularities,
especially within heterogeneous reservoirs [7-9].
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Scholars have investigated the distribution of plugging agents using seepage me-
chanics and numerical simulation [10,11]. Applying the principles of mass conservation
and Darcy’s law, Scott derived expressions for linear displacement and plane radial flow
displacement, explicating the injection volume of the monomer gel-plugging agent [12].
Scott’s work, however, exhibits a limitation in that it does not quantitatively assess the
seepage behavior of polyacrylamide or xanthan sealants. To develop a more comprehensive
model, Seright drew upon the studies by Deppe ] C, particularly his work on injection
rates, mobility ratio, area swept, and pattern effects [13-15]. This approach considered
plugging agent viscosity, formation water viscosity, and formation porosity as constants,
thereby elucidating the impact of the polymer injection resistance coefficient, chemical
retention, dispersion, and diffusion on polymer agent emplacement. Nevertheless, the
oversimplification of constant parameters by Seright resulted in noticeable errors in the
calculation of the plugging agent emplacement ratio [16,17].

In summary, both Scott and Seright’s methodologies are analytical, relying on as-
sumptions that may introduce biases in practical applications. Notably, they fall short in
estimating variations in polymer emplacement and describing changes in fluid viscosity
within heterogeneous reservoirs. To address these challenges, significant contributions have
been made by various scholars. For instance, Wang established a black oil model for the
oil-water phase, enabling the calculation of the plugging agent emplacement rate [18]. The
numerical model incorporates factors such as the residual resistance coefficient, adsorption
capacity, and oil-water viscosity ratio. However, the specific influence of the shear-thinning
characteristics of plugging agents on their distribution was not explicitly delineated [19]. In
the context of deep profile control in heterogeneous reservoirs, the distinct flow velocities
of plugging agents result in varying shear deformations [20]. This dynamic process leads
to continuous changes in the viscosity of polymer agents. The time-varying viscosity, in
turn, significantly impacts the distribution patterns of plugging agents in heterogeneous
reservoirs, resulting in varied injection amounts of these agents [21].

This paper endeavors to elucidate the impact of shear-thinning characteristics on
the distribution of plugging agents. Presently, various tools are employed for studying
the shear-thinning properties of polymer-plugging agents, including corrugated mixers,
high-speed mixers, sand-filled tubes, artificial cores, Wu Yin mixers, and sieve meshes. To
introduce variable parameters for simulation, diverse methods generating shear-thinning
effects were utilized to measure viscosity changes with the flow rate. Specifically, polymer
solutions were subjected to high shearing rates in a corrugated mixer [22], Wu Yin agita-
tor [23], high-speed stirrer [24], and conventional agitators. Alternatively, shear-thinning
effects were examined by injecting polymer solutions through a sieve mesh [25] and artifi-
cial cores [26]. Recognizing that mixers or agitators may inadequately characterize shear
effects in porous media, and the sieve mesh method is applicable primarily to homoge-
neous reservoirs, this study relies on artificial cores to explore the shear-thinning impact on
polymer viscosity in heterogeneous reservoirs for more practical applications.

To summarize, the current characteristics and application of water-plugging agents in
the oil field have the following deficiencies:

1. For the experiments on the shear-thinning properties of water-plugging agents, the
commonly used methods (such as stirrers and sieve meshes) are obviously different from
the shear effect on the flow of water-plugging agents in porous media reservoirs;

2. Previous studies have calculated the depth ratio of a water-plugging agent into
the reservoir, but have not considered the effect of shear thinning on the depth ratio of a
polymer-based plugging agent into the reservoir;

3. The previous research is not sufficient to investigate the different emplacement per-
formance of water-plugging agents in high-permeability reservoirs and low-permeability
reservoirs, and lacks a systematic analysis and summary of the influence of key factors such
as the residual resistance coefficient, cumulative injection volume, permeability extreme
difference and average injection rate.
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Aiming to address the above research gaps, the following innovative work has been
carried out in this study:

1. For the experiments on the shear thinning characteristics of the plugging agent, the
artificial core can more realistically simulate the situation of non-homogeneous reservoirs,
and the shear effect on the flow of the plugging agent in the artificial core is the closest to
the flow of the plugging agent in the real reservoir; therefore, the artificial core method
is chosen;

2. A variable viscosity—velocity rate formula for polymer-based plugging agents is
proposed to make up for the lack of constant viscosity, which makes the calculation of the
depth of the plugging agent into the reservoir more accurate;

3. In the numerical simulation, the control variable method is employed to examine the
influences of four key parameters on the emplacement of polymer agents in different per-
meability layers. These parameters include the residual resistance coefficient, cumulative
injection volume, average injection rate, and initial permeability ratio.

This study adopts an integrated approach encompassing the research stages of “in-
door experiment—numerical simulation—optimization fitting.” The experimental phase in-
volves conducting shear-thinning tests on four types of polymer-plugging agents within ar-
tificial cores, from which correlation curves for the emplacement ratio of polymer-plugging
agents are derived. Subsequently, these correlation curves are incorporated into 2D and 3D
numerical models to analyze the impact of shear thinning on the distribution of polymer
agents. As a concluding step, a multivariate nonlinear regression model is developed,
utilizing the aforementioned four parameters as variables, to predict the emplacement rate
of polymer-plugging agents in both high- and low-permeability layers.

The novelty of the research is that varying polymer viscosity is implemented instead of
the fixed-fluid viscosity that is conventionally used. The proposed model and established
regression model are conductive to the understanding of the plugging agent distribution
and dosage estimation, which lays a good theoretical foundation for effective and efficient
reservoir exploitation, especially the secondary recovery of crude oil.

2. Experiment
2.1. Materials and Apparatus

The artificial cores utilized in this study were fabricated through the compression
and sintering of quartz sands. These cores possess dimensions of 2.5 cm in diameter and
30 cm in length, featuring an average permeability of 0.8 Darcy and an average porosity of
26.05% (Figure 1a). The simulated brine used has a salinity of 508 mg/L and is employed
to prepare the mother solution. The chemical agent employed is the salt-resistant polymer
KYPAM, characterized by a relative molecular weight of 2.6 x 10”7 and a solid content of
90.86%. The mother solution, with a concentration of 5000 mg/L, is prepared using clear
water (salinity 508 mg/L), and subsequently diluted with sewage (salinity 3700 mg/L) to
yield four distinct polymer solutions with experimental concentrations of 1.4 g/L, 2.1 g/L,
32¢g/L,and 4.5¢g/L.

The experimental setup comprises a core holder measuring 2.5 cm x 100 cm (Figure 1b),
a pump operating at a consistent speed and pressure (Figure 1c), a rheometer, an incubator,
a hand pump, and multiple pressure gauges. The pump utilized in the system is a high-
pressure piston pump capable of pressurizing and draining liquids, conducting pressure
tests, and monitoring pressure. This pump features two distinct modes: constant speed
and constant pressure.
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Figure 1. Apparatus for Studying the Relationship Between Viscosity and Velocity of Polymers of
Different Concentrations: (a) Synthetic rock core, 300 mm in length; (b) Rock core holder, 1000 mm in
length; (c) Laminar flow pump.

2.2. Experimental Scheme

To assess the viscosity loss of polymer solutions, various concentrations of solutions
were injected into cores to induce shear degradation. The experiment employed a total vol-
ume of 200 mL of a salt-resistant polymer solution, with concentrations of 1.4 g/L, 2.1 g/L,
3.2 g/L, and 4.5 g/L. The shearing process took place at room temperature, subjecting
four distinct salt-resistant polymer solutions to different shear rates. Subsequently, the
rheometer measured the viscosity of each polymer post-shearing. (1) The core underwent a
30 min vacuumization process, followed by the saturation of pore spaces with a 3700 mg/L
brine at 45 °C for a duration of 2 h. Subsequently, the stable pressure of the core was
recorded under various flow conditions. To further analyze the core, the water content was
calculated, and permeability measurements were conducted. (2) Seepage experiments were
conducted under a flow rate of 256 mL/h, and stable pressure was recorded. (3) Following
the stabilization of pressure, a core sample was meticulously extracted from the outlet for
the purpose of measuring the rheological parameters of the polymer system. (4) Subsequent
to the final rheological test, the injection rate was altered, and the process of repeating steps
(2) and (3) was continued. At each flow rate, the viscosity of the plugging agent was tested
and recorded at the core output.

2.3. Experimental Results

Figure 2 illustrates the viscosity variation curve of a salt-resistant polymer solution
concerning seepage velocity. The x-axis of Figure 2 is shown in logarithmic form. The data
reveal that heightened polymer concentration correlates with increased initial viscosity.
Upon altering the seepage velocity from 0.0148 cm/min to 0.732 cm/min, the viscosi-
ties of the four polymers experience respective reductions of 18,330 mPa-s, 17,246 mPa-s,
7695.1 mPa-s, and 2914.1 mPa-s. The viscosity loss rates for these polymers are 87.7%,
87.6%, 81.9%, and 79.6%, sequentially. Notably, polymer solutions characterized by an ele-
vated concentration and larger average molecular diameter exhibit a proclivity to obstruct
micropores during the flow process, attributed to interm olecular entanglement, resulting
in a pronounced viscosity reduction.

To integrate the rheological phenomena observed in the experiment into the numerical
simulation, a power-function-fitting approach is employed to capture the relationship be-
tween viscosity and seepage velocity across various polymer conditions. The mathematical
representation of the fitting curve, progressing from polymer solution A to D, is articulated
as follows:

jy = 26347y, 0508 (1)

jiy = 227350, 0207 ()
ji3 = 150505 0432 (3)
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1y = 798.9v,03% 4)

In Figure 2, the R? values illustrate the level of agreement between the physical
experimental data and the fitted equations for each polymer. With the R? scores spanning
from 0.880 to 0.997, this high degree of fit confirms that the mathematical relationships
from the fitting can be confidently applied to upcoming numerical simulation models.

25,000
Exp Data: Polymer D+ Exp Data: Polymer C
= 20000 | : » Exp Data: Polymer B = Exp Data: Polymer A
~ 15,000 } B ¥ =2634.7x0508
g y = 2273.5x0507 . R?=0.985
\;‘c? " Rz-0.986 o ..
< 10,000 |, :
v = 798.9x0-356 e
% 5’000 I ) R?=0.890 .
> -
0 i
0. 009 0. 09 0.9

Seepage velocity V), (cm/min)
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Figure 2. Correlation curves between polymer viscosity and seepage velocity.

3. Components Model Considering the Distribution of Plugging Agent

The polymer-plugging agent comprises the polymer, cross-linking agent, and gel as
its primary components. Investigating the distribution patterns of the polymer-plugging
agent involves considering the impact of the varying concentrations of each component
on viscosity, the residual resistance coefficient, adsorption capacity, and shear-thinning
characteristics. The component model is based on certain assumptions: the fluid comprises
two phases (oil and water) and five components (polymer, crosslinker, gel, water, and oil);
water and oil conform to Darcy’s law, whereas the polymer, as a non-Newtonian fluid,
adopts the flow rule obtained by the indoor experiment, that is, Formulas (1)-(4). The
fluid flow is an isothermal seepage process. Additionally, Equations (1)—(4), describing the
correlation between viscosity and seepage velocity, need to be integrated into the model.

The numerical simulation model encompasses the mass conservation equation, motion
equation, constraint equation, and boundary conditions. The mass conservation equation,
derived from the principle of mass conservation, can be uniformly expressed as follows:

AM = M — My + M3 (5)

The constraint equations encompass the saturation constraint equation, mole fraction
constraint equation, and capillary force constraint equation. The saturation constraint
equation is succinctly expressed as follows:

Sw+S, =1 (6)

where Sy, and S, are the saturations of water and oil, respectively.
The mole fraction constraint equation is represented as follows:

X1+x2+x3=1 (7)

nty2+tys=1 (8)
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The capillary force equation is represented as follows:
Pw == Po —Pcow(sw) (9)

where Py, is the pressure of the water phase, P, is the pressure of the oil phase, Pcow is the
capillary force of the water phase and is a function of water saturation.

Concerning inner boundary conditions, constant production rate and constant bottom
hole pressure are frequently employed, and these conditions can be expressed as follows:

qr = const (10)

Pwf = const (11)

where q; represents the constant production rate, and P, represents the constant well
flow pressure.
The initial conditions are expressed as follows:

P =P,(t =0) (12)

T =T(t=0) (13)

The mass conservation equation, motion equation, constraint equation, and boundary
conditions described above are discretized using different methods that are embedded
in CMG. Due to the limited space of the paper, the detailed discrete forms of the mass
conservation equations for water, oil, the polymer, and the crosslinking agent are not
provided in the text.

4. Numerical Simulations

In this research, the CMG software (2022.10), a prevalent tool for oilfield production
simulation, is employed to create 2D and 3D heterogeneous models. These models are
specifically designed within the CMG framework to analyze the emplacement ratios of
polymer-plugging agents in layers with different permeability levels, focusing on the
variations between low-permeability and high-permeability strata. The 2D model simulates
the emplacement ratio for linear displacement in fractured reservoirs (Figure 3), while the
3D model simulates the emplacement ratio for planar radial flow in reservoirs without
fractures (Figure 4). Both models consist of two layers, a low-permeability layer and a
high-permeability layer, with emplacement depths denoted as L, and Ly;gp,, respectively.
The study systematically analyzes the influences of the residual resistance coefficient,
cumulative injection volume, average injection rate, and initial permeability ratio on the
emplacement of polymer agents in different permeability layers.

Permeability/103um?

40
.

Figure 3. Two-dimensional model for modeling linear displacement.

In terms of the polymer flow characterization method, the commonly used fixed-fluid
viscosity is not recommended here; instead, varying viscosity is considered according
to the fitting curves obtained from the indoor experiment. To implement this process,
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a customized table linking the flow rate and viscosity of the polymer is intentionally
embedded in CMG.

Permeability/10-3um?

4.0
. 3.6

32

P1
P4 P2

28

Figure 4. Three-dimensional model for modeling planar radial displacement.

4.1. The Effect of Residual Resistance Coefficient

In this section, the influence of the residual resistance coefficient on the emplacement
ratios (L / Lpign) of plugging agents with different concentrations is considered under
shear-thinning and non-shear-thinning conditions. The residual resistance coefficient
reflects the polymer’s capability to reduce the permeability of porous media, defined as the
ratio of the water-relative permeability of porous media before and after polymer flooding.
The basic simulation parameters for the 2D and 3D models are detailed in Tables 1 and 2,
and the results of the emplacement ratio are presented in Figures 5 and 6, respectively.

Table 1. Two-dimensional plug agent model sim params with varied residual resistance.

Parameters Value Unit
Cumulative injection volume 36 cm3
Initial permeability ratio 5.65 /
Average injection rate 0.1 cm/min
Residual resistance coefficient 0.5-15 /
Number of grids 20x 3 x1 /
Grid size 1.48 x 1.48 x 2.1 cm
Porosity 0.27561 x 0.2986 x 0.3096 /
Permeability 223 x 620 x 1260 1073 pm?

Table 2. Three-dimensional plug agent model sim params with varied residual resistance.

Parameters Value Unit
Cumulative injection volume 1600 cm3
Initial permeability ratio 5.65 /
Average injection rate 2 cm/min
Residual resistance coefficient 5-120 /
Number of grids 41 x 41 x 3 /
Grid size 1.48 x 1.48 x 2.1 cm
Porosity 0.27561 x 0.2986 x 0.3096 /
Permeability 223 x 620 x 1260 1073 um?

As illustrated in Figure 5, in the 2D model, when the residual resistance coefficient
is less than 3, the depth of plugging agent penetration into the low-permeability layer
increases rapidly with the rise of the residual resistance coefficient, leading to a substantial
increase in the emplacement ratio. Conversely, when the residual resistance coefficient
exceeds 5, the emplacement ratio stabilizes.
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Figure 5. The effect of residual resistance on 2D plugging agent emplacement.
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Figure 6. The effect of residual resistance on 3D plugging agent emplacement.

As depicted in Figure 6, the 3D model illustrates a dynamic fluctuation in the em-
placement ratio with an increase in the residual resistance coefficient, revealing an intricate
pattern. This phenomenon may be attributed to the combined effects of the emplacement
depth and viscosity loss of the polymer-plugging agent. A smaller residual resistance
coefficient results in a deeper penetration of the polymer-plugging agent into the low-
permeability layer. With the same seepage velocity, a higher viscosity loss rate corresponds
to a smaller filling ratio of the low-permeability layer to the high-permeability layer. How-
ever, under the same seepage velocity, a higher viscosity loss rate is associated with a lower
emplacement ratio.

4.2. The Effect of Cumulative Injection Volume

This section presents the disparity in plugging depth with and without shear thinning
at various cumulative injection rates. The control of the cumulative injection volume of the
polymer-plugging agent is achieved through the regulation of injection time. Parameters
utilized in the 2D and 3D models are outlined in Tables 3 and 4, encompassing a diverse
range of cumulative injection volumes. The emplacement ratio outcomes are shown in
Figures 7 and 8.
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Table 3. Two-dimensional plug agent model sim params with varying cumulative injection volume.

Parameters Value Unit
Cumulative injection volume 0.99-3.58 cm3
Initial permeability ratio 5.65 /
Average injection rate 0.1 cm/min
Residual resistance coefficient 5 /
Number of grids 20x 3 x1 /
Grid size 148 x 1.48 x 2.1 cm
Porosity 0.27561 x 0.2986 x 0.3096 /
Permeability 223 x 620 x 1260 1073 um?

Table 4. Three-dimensional plug agent model sim params with varying cumulative injection volume.

Parameters Value Unit
Cumulative injection volume 433-1534 cm3
Initial permeability ratio 5.65 /
Average injection rate 2 cm/min
Residual resistance coefficient 5 /
Number of grids 41 x 41 x 3 /
Grid size 1.48 x 1.48 x 2.1 cm
Porosity 0.27561 x 0.2986 x 0.3096 /
Permeability 223 x 620 x 1260 1073 um?

0.7
—Default Polymer Solution D Polymer Solution C
0.6 —Polymer Solution B —Polymer Solution A
O F
05 |

03

Emplacement ratio L,,, /L,

0.2 1 1 1 1 1 1
0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.05

Cumulative injection volume PV (cm?)
Figure 7. The effect of cumulative injection volume on 2D plugging agent emplacement.

Upon the introduction of the polymer-plugging agent into the reservoir, the perme-
ability undergoes alteration, resulting in a dynamic shift in the emplacement ratio. Never-
theless, as the cumulative injection volume rises, the discrepancy in the emplacement ratio
between the low permeability layer and high permeability layer progressively diminishes.

As depicted in Figures 7 and 8, the emplacement ratio of the default polymer solution
consistently ranks as the highest, succeeded by polymer solutions C and D. Conversely,
polymer solutions A and B exhibit the lowest emplacement ratios. Both the 2D and 3D
modeling results indicate that polymer solutions A and B experience elevated viscosity
loss rates, resulting in a relatively modest ratio of plugging agent emplacement depth.
Consequently, at equivalent seepage velocities, a higher viscosity loss rate correlates with a
diminished emplacement ratio. This, in turn, leads to a reduced amount of plugging agent
infiltrating the low permeability layer, thereby enhancing the plugging efficacy in the high
permeability layer.
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Figure 8. The effect of cumulative injection volume on 3D plugging agent emplacement.

4.3. The Effect of Average Injection Rate

The examination of the impact of the average injection rate on the emplacement ratio
of the plugging agent is conducted under both shear-thinning and non-shear-thinning
conditions. Simulation parameters are detailed in Tables 5 and 6, with the respective results
graphically presented in Figures 9 and 10.

Table 5. Two-dimensional plug agent model sim params with varying average injection rate.

Parameters Value Unit
Cumulative injection volume 36 cm?
Initial permeability ratio 5.65 /
Average injection rate 0.01-0.6 cm/min
Residual resistance coefficient 5 /
Number of grids 20x3x1 /
Grid size 148 x 148 x 2.1 cm
Porosity 0.27561 x 0.2986 x 0.3096 /
Permeability 223 x 620 x 1260 1073 pm?

Table 6. Three-dimensional plug agent model sim params with varying average injection rate average.

Parameters Value Unit
Cumulative injection volume 1600 cm3
Initial permeability ratio 5.65 /
Average injection rate 0.008-0.44 cm/min
Residual resistance coefficient 5 /
Number of grids 41 x41x3 /
Grid size 1.48 x 148 x 2.1 cm
Porosity 0.27561 x 0.2986 x 0.3096 /
Permeability 223 x 620 x 1260 1073 um?

As illustrated in Figure 9, within the 2D model and constrained by an injection rate
of 0.1 cm/min, the emplacement ratio undergoes a distinct variation. For injection rates
below 0.1 cm/min, an incremental injection rate leads to dynamic changes in the depth
of plugging agent penetration into the reservoir. Conversely, stability is observed after
the injection rate surpasses 0.1 cm/min. Figure 10 reveals that, in the 3D model, the
emplacement ratio experiences a rapid increase with the injection rate until it reaches
0.1 cm/min, after which the ratio remains relatively constant. A higher viscosity loss rate
at the same seepage velocity leads to a lower emplacement ratio.
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Figure 9. The effect of average injection rate on 2D plugging agent emplacement.
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Figure 10. The effect of average injection rate on 3D plugging agent emplacement.

4.4. The Effect of Initial Permeability Ratio

Permeability differentiation, being a significant manifestation of reservoir heterogene-
ity, holds a pivotal influence on the emplacement depth of water-plugging agents. To
quantify the differentiation degree of initial permeability distribution, the initial permeabil-
ity ratio is introduced. Simulation parameters, encompassing a diverse permeability ratio
ranging from 5.82 to 34.7, are summarized in Tables 7 and 8.

Table 7. Two-dimensional plug agent model sim params with varying average initial permeability ratio.

Parameters Value Unit
Cumulative injection volume 36 cm?
Initial permeability ratio 5.82-34.7 /
Average injection rate 0.1 cm/min
Residual resistance coefficient 5 /
Number of grids 20x3 x1 /
Grid size 1.48 x 148 x 2.1 cm
Porosity 0.27561 x 0.2986 x 0.3096 /
Permeability 223 x 620 x 1260 1073 pm?

As depicted in Figures 11 and 12, the emplacement ratio consistently positions the
default polymer solution as the highest, with polymer solution A exhibiting the lowest
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emplacement ratio. In both the 2D and 3D models, an increase in the initial permeabil-
ity ratio corresponds to a decrease in the emplacement ratio, along with a reduction in
the fraction of the plugging agent penetrating the low permeability layer. In reservoirs
characterized by highly differentiated permeability, plugging agents exhibit enhanced
effectiveness, minimizing polymer wastage in low permeability layers. Furthermore, at
equivalent seepage velocities, a higher viscosity loss rate for the polymer-plugging agent
results in a smaller emplacement ratio, achieving the same plugging endpoint.

Table 8. Three-dimensional plug agent model sim params with varying average initial permeability ratio.

Parameters Value Unit
Cumulative injection volume 1600 cm3
Initial permeability ratio 5.82-34.7 /
Average injection rate 2 cm/min
Residual resistance coefficient 5 /
Number of grids 41 x 41 x 3 /
Grid size 1.48 x 1.48 x 2.1 cm
Porosity 0.27561 x 0.2986 x 0.3096 /
Permeability 223 x 620 x 1260 1073 um?
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Figure 11. The effect of permeability difference on 2D plugging agent emplacement.
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Figure 12. The effect of permeability difference on 3D plugging agent emplacement.
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4.5. Multivariate Regression Analysis

The numerical simulation results elucidate the impact of the residual resistance coef-
ficient, cumulative injection volume, initial permeability ratio, and average injection rate
on the emplacement ratio of the polymer-plugging agent. Utilizing regression analysis
with these key parameters, the emplacement ratio can be predicted, offering valuable
insights for water-plugging agent selection in heterogeneous reservoirs. In Equations
(14)—(23), where y denotes the plugging agent emplacement ratio, x,, xp, X, and x; repre-
sent the residual resistance coefficient, cumulative injection volume, initial permeability
ratio, and average injection rate, respectively. Each set of fitting equations comprises
four different polymer solution concentrations and one default group. The comparison
between numerical-simulation results and nonlinear-regression-fitting results is illustrated
in Figures 13 and 14, demonstrating satisfactory fitting performance achieved through
multivariate nonlinear regression.
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Figure 13. Multivariate nonlinear regression of 2D model.

)

Multivariate nonlinear regression of 2D model

We employed the CMG software to assess the impact of various plugging agents on
oilfield productivity. Relying on CFD principles and integrating key parameters such as
residual resistance coefficients and injection volumes, the software predicts the effectiveness
of the plugging agents. The numerical simulation data (basic data) from CMG, analyzed
through multivariate nonlinear regression, resulted in “fitting data” curves. This aims to
establish a precise mathematical relationship between the plugging agent’s emplacement
ratio and essential influencing factors. As illustrated in Figures 13 and 14, the meticulous
fitting of the 2D and 3D model data has yielded equations that provide a quantitative basis
for reservoir management, aiding in enhancing production capacity.
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Figure 14. Multiple nonlinear regression of 3D model.

Figure 13’s R? values indicate high accuracy in the fitting results. R? values range
from 0 to 1, where values closer to 1 signify a better match between the fitted and original
data. The ‘Default (No shear)” has a strong correlation at 0.8997. ‘Polymer Solution A’ is an
excellent fit at 0.9456, while ‘Polymer Solution B’ is also robust at 0.8979. ‘Polymer Solution
C’ leads with an R? of 0.9570, showing a tight match with the data. ‘Polymer Solution D’,
although the lowest, is still a solid fit at 0.8610. These high R? values suggest that the model
provides a precise fit across all solutions.

(2) Regression equation of 2D model
y = [179.3 —89.63 x Inx, — 0.622 x (Inxp)* — 168.14 X Inx. — 72.23 x (Inxg)* 4 19.99 x (Inx4)’] (14)
+(1—342.02 x Inx3 — 11251 x In x4)
y=[1.1840.1 x Inx, — 0.11 x (Inx;)? 4 1.46 X xc 4 0.015 x x,2 + 0.00029 X x,°] (15)
+(14155 x Inx, — 0.31 x (Inxy)? +3.39 x x; + 0.04 x x,2)
y = [1.448 — 1.61 x Inx, — 0.027 x (Inx})* +18.13 x x. + 0.18 x x,2 — 0.0014 x x,°] (16)
+[1-0.99 x Inx, — 0.193 x (Inx,)? + 36.8 X x. + 0.37 x x4%]
y = (3.17 4 0.28 x x, + 0.004 x x,% — 0.006 x x. + 0.019 x x42) + (1 +2.48 x x, + 0.01 x x;? 17)
—0.05 x x3 — 1.2 x x4+ 0.086 x x,42)
y = (1.9+0.017 x x, — 0.07 x x; + 3.83 x x4+ 0.037 x x4%) + (1 + 0.4 x x, — 0.0035 x x;2 (18)

+0.013 x x. +0.06 x x42 +0.065 x x,°)

Multiple nonlinear regression of 3D model

®G)

Figure 14 shows the data and fitting curves for different blockers in a 3D simulation
model, with high R? values indicating accurate results. ‘Default (No shear)’ is strongly
correlated at 0.8491, ‘Polymer Solution A’ fits excellently at 0.9698, ‘Polymer Solution B’ is
robust at 0.9425, ‘Polymer Solution C’ is outstanding with an R? of 0.9616, and ‘Polymer
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Solution D’, though the lowest, still fits well at 0.9574. These values demonstrate the
model’s precise fit for all solutions.

(4) 3D model regression equation

y = [0.5076 —0.0167 x Inx, — 0.008 x (Inx;)? — 0.0006 x x, + 0.037 x x42 — 0.0135 x xdﬂ

(19)
+[1—0.033949 x Inx, — 0.01643In x;,? 4 0.0018 x In x> + 0.039 x x4
y = [—6.249 + 0.037x, — 0.0002x,% + 0.219x.% + 1.01x,°] 20)
+[1—7.73x,% + 1.4x.> — 3.04x4 + 6.26x4%]

y = (0.306 — 0.365 x In x, + 0.0026 In x;, + 0.024x. + 0.003x,4% + 0.0167x,) 1)

+(1 - 0.8251In x, + 0.000116x;, + 0.0045x,> + 0.044x,°)
y = (0.523 — 0.0071 In x, — 0.0089 In x,? + 0.0014 In x> — 0.003x,) )

+(1-0.01481nx, — 0.0179 In x,? + 0.01x, — 0.001x,2)

y = (0.7 — 0.0018x, + 0.0000006x;, + 0.0000004x.> + 0.058x,; — 0.49x,2) 23)

= (1 - 0.0038x, + 0.00000011x,% + 0.023x, + 0.5x,% — 0.679x4° )

5. Application

Due to the considerable heterogeneity inherent in most oil and gas reservoirs, the
precise calculation of plugging agent quantities and the prediction of their distribution
pose challenges without real-time monitoring. On-site water plugging and profile control
encounters a significant obstacle when the plugging agent migrates from the substantial
channels within high permeability layers to the designated profile control radius, while
those within lower permeability layers may not have reached the corresponding loca-
tions. In this context, the regression mathematical model proposed in this study offers
an accurate means of calculating plugging agent dosage. The total amount of plugging
agent can be determined by understanding the depth of the plugging agent in various
permeability layers.

This mathematical model has been successfully applied to the Kunan Oilfield block, as
illustrated in Figures 15 and 16. According to the provided statistics, the geological reserves
within the block amount to 394,300 tons, with a cumulative oil production from the well
group reaching 103,000 tons, resulting in a recovery rate of 25.06%. The permeabilities
of the three primary oil-bearing layers are as follows: 900 x 1073 um?, 632 x 1073 um?
300 x 1073 um?, and 140 x 1073 um?, with the mean value of 493 x 1073 um?.

7

oil saturation Gas saturation
070 J— 070 —
053 053
035 - 035 -
018 018
ooo I oco I
porosity Gross
037 1.00
032 i - L8 ors
027 = " T = K 051
022 I3 026
017 ™ |

Figure 15. Schematic diagram showing oil and gas content and saturation in Kunan Oilfield.
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Figure 16. Vertical profile of oil saturation in Kunan Oilfield.

A salt-resistant polymer solution, with a concentration of 1.4 g/L, was employed in
the Kunan Oilfield block. Utilizing a regression mathematical model (residual resistance
coefficient x, = 1.5, cumulative injection rate x}, = 5000, initial permeability ratio x. = 6.4,
average injection rate x4 = 500), the emplacement ratio of the plugging agent y is determined
to be 4. Accounting for a profile control radius equal to 1/3 of the well spacing in the
high permeability layer, the profile control distance for the high permeability layer is set at
100 m. The profile control radii for the other two low-permeability layers are determined
to be 25 m and 6.25 m, respectively. This result obtained from the model simulation and
the water profile obtained from the field-measured logging data can be well matched and
fitted. Table 9 presents the specific setup parameters for the Kunan Oilfield block.

Table 9. Parameters of three horizons in the block of Kunan Qilfield.

Parameters Value Unit

Effective porosity 0.27 /
oil saturation 0.49 /
Surface crude oil density 821 kg/ m3
Volume factor 1.1 /
Profile control radius (1) 100 m
Profile control radius (2) 25 m
Profile control radius (3) 6.25 m
Effective thickness 101 m
The difference of penetration depth of plugging agent in 6 3

. e . . 3.84 x 10 m
different permeability layers is not considered
Wang Juan’s calculation method [16] 2.16 x 10° m>
Considering the difference of penetration depth of plugging 6.25 w3

agent in different permeability layers

The calculated amount of plugging agent, derived from the mathematical model,
serves as a guide for profile control. Post-implementation, there is a notable enhancement
in the water absorption profile, increasing the thickness of the water absorption layer from
5 m (Figure 17a) to 12 m (Figure 17b). The preliminary validation of the mathematical
model is evident through field records. The further refinement of the regression model
is essential to enhance its adaptability, and future efforts may explore the utilization of
fuzzy mathematics to assign weights to key parameters. Simultaneously, clarifying the
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correlation between control parameters is imperative. Due to space constraints, a thorough
discussion on these aspects is not possible here. Nevertheless, the research in this study
holds reference significance for the efficient development of heterogeneous reservoirs.

Depth | Gas Production Profile ~ Layers Depth Gas Production Profile Layers

EESSEEEE S Al
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medium 5350

stream
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(a) (14 April 2019) (b) (21 November 2020)
Figure 17. Water injection profile before profile control.

6. Conclusions

In this study, an artificial core experiment device is configured to assess the plugging
efficiency of a polymer-plugging agent under varying seepage velocities, with the findings
subsequently integrated into two- and three-dimensional heterogeneous models through
component-numerical simulation, which is validated in an application study. The following
findings can be drawn:

(1) The relationship between the flow velocity and viscosity of four types of plugging
agents was tested using artificial core experimental methods, and corresponding
equations were established for numerical simulation research;

(2) Two-dimensional and three-dimensional heterogeneous models were established
through numerical simulation; the ratio of the residual resistance coefficient, cumula-
tive injection volume, permeability gradient, and average injection rate to the depth
of polymer-plugging agents entering low-permeability layers and high-permeability
layers was studied; by comparing the entry depth of plugging agents under shear-
thinning conditions and non-shear thinning conditions, it was found that under the
same flow rate conditions, the higher the viscosity loss rate, the smaller the ratio;

(3) Based on the numerical simulation results of the different types of plugging agents,
multiple nonlinear regression methods were used to establish corresponding math-
ematical models; the R-squared value of the fitting degree between the two was
between 0.85 and 0.96, indicating accurate fitting;

(4) The mathematical model results fitted in this study were applied to a certain block in
the Kunan Oilfield; after profile control, the thickness of the water-absorbing layer
changed from the original 5 m to the current 12 m; the actual construction results
show that the mathematical model calculation results in this article are reliable.
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The proposed model and established regression model are conductive to the under-
standing of the plugging agent distribution and dosage estimation, which lays a good
theoretical foundation for the effective and efficient reservoir exploitation of crude oil.
The research in this paper has guiding significance for the secondary development of oil
reservoirs with different permeability layers. The research work in this paper is a prelimi-
nary exploration of the properties and performance of water-plugging agents in reservoir
development, and a larger-scale field application and comparison with field results is
needed, which will be a promising direction for future research.
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Nomenclature

F Discrete equation of four components

Ko Relative permeability of oil phase

Kig Relative permeability of gas phase

Ky Relative permeability of water phase

Liow Depth of polymer solution entering low permeability
Lyign Depth of polymer solution entering high permeability
P, The pressure of oil phase

Py The pressure of water phase

Py The pressure of gas phase

X, Residual resistance coefficient
Xp Cumulative injection volume
X, Initial permeability ratio

X4 Average injection rate

X Variable to be solved

T Reservoir temperature

U Viscosity

v Seepage velocity

y Emplacement ratio

AM The change in the amount of substance

M; The initial amount

M The amount that has left the system

M3 The amount that has entered or been generated within the system

Swr Residual water saturation

So Oil saturation

Virjljliz,j,k The flow velocity at the node i £1/2,j,k at time step n + 1

ky The absolute permeability in the x direction

k’:;il 27k The relative permeability at the node i £1/2,, k at the time step n + 1
i’ﬁl The pressures at nodes i, j, k and i + 1, j, k respectively, at time step n + 1

U The viscosity of the fluid
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Ax The size of the grid cell in the x direction
Ay The size of the grid cell in the y direction
Az The size of the grid cell in the z direction
At Time step

¢ Porosity of the rock

0 Fluid density

Components of the velocity vector, with subscripts x, y, z indicating components
in the x, y, z directions, respectively
Fn(X +6X) The value of the function Fy; near the point X

Fn(X) The value of the function Fy; at point X
v The summation symbol
ox; The small increment in the variable X;
0(6X?) Represents higher-order infinitesimals
%i 9 The partial derivative of the function F, concerning the variable x;
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