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ABSTRACT: Injecting nanoparticle profile agents into low-perme-
ability heterogeneous reservoirs to plugging water breakthrough
channels is a widely used technical method to enhance oil recovery.
However, insufficient research on the plugging characteristics and
prediction models of nanoparticle profile agents in the pore throat has w0 =

led to a poor profile control effect, short profile control action time, and _ 7 hrost diameter 51
poor injection performance in the actual reservoir. This study uses £ _aisime o0
controllable self-aggregation nanoparticles with a diameter of 500 nm ~hreat diameter 1505

and different concentrations as profile control agents. Microcapillaries of =,

different diameter sizes were used to simulate the pore throat structure ~§ xo

and flow space of oil reservoirs. Based on a large number of cross- ' PR
physical simulation experimental data, the plugging characteristics of o 50 100 150 200 250
controllable self-aggregation nanoparticles in the pore throat were
analyzed. Gray correlation analysis (GRA) and gene expression
programming algorithm (GEP) analysis were used to determine the key factors affecting the resistance coefficient and plugging
rate of profile control agents. With the help of GeneXproTools, the evolutionary algebra 3000 was selected to obtain the calculation
formula and prediction model of the resistance coeflicient and plugging rate of the injected nanoparticles in the pore throat. The
experimental results show that the controllable self-aggregation nanoparticles will achieve effective plugging when the pressure
gradient is greater than 100 MPa/m in the pore throat, and when the injection pressure gradient is 20—100 MPa/m, the nanoparticle
solution will be in the aggregation to breakthrough state in the pore throat. The main factors affecting the injectability of
nanoparticles, from strong to weak, are as follows: injection speed > pore length > concentration > pore diameter. The main factors
affecting the plugging rate of nanoparticles, from strong to weak, are as follows: pore length > injection speed > concentration > pore
diameter. The prediction model can effectively predict the injection performance and plugging performance of controllable self-
aggregating nanoparticles in the pore throat. The prediction accuracy of the injection resistance coefficient is 0.91, and the accuracy
of the plugging rate is 0.93 in the prediction model.

5000mg/L, 6¢m, 0. 04mL/min

effective plugging

1. INTRODUCTION

The matrix of low-permeability oil reservoirs is very dense, and
generally, fractures are commonly developed, leading to strong
heterogeneity of the reservoir, which is easy for water
channeling to occur during the development process;
especially for oil reservoirs with edge water supply, severe
water channeling often leads to low oil recovery."” The
plugging technology, as a leading technology for effectively
improving oil recovery in heterogeneous reservoirs, has always
been a hot research topic in the petroleum industry. Among
them, granular plugging agents with special functions and their
plugging technology have developed rapidly.”~”

According to the characteristics of water channeling
treatment in low-permeability heterogeneous oil reservoirs,
previous research mainly focused on the direct plugging or
bridge plugging of polymer microspheres in the large pores
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under laboratory conditions during the migration of polymer
microspheres to the deep part of the reservoir and achieve the
purpose of plugging the water breakthrough channel. However,
this kind of plugging is often concentrated near the injection
end, it is difficult to move to the deep part of the reservoir
smoothly, and it is difficult to effectively plug the water
channeling channel far away from the injection well.

Ma et al. studied the polyacrylamide microspheres that can
absorb and expand; they used the swelling characteristics of
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a) microcapillary pore models

Figure 1. Microcapillary models for the plugging experiment.

b) outlet flow rate observation

a) nanoparticles solutions

b) single nanoparticle
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Figure 2. TEM images of controllable self-aggregating nanoparticles.

d) effective self-aggregating

microsolvity to plug the water breakthrough channels of
heterogeneous reservoirs and injected the microspheres into
the heterogeneous reservoir before swelling, and then the
polyacrylamide microspheres continued to expand under the
action of formation water to form larger particle size
microspheres and then plug the high-permeability layer.'’~"*
However, this swellable polyacrylamide microsphere has the
problem of shearing and being easily broken, resulting in a
poor actual profile control effect. Yang et al. found that
microspheres synthesized by acrylamide as monomers have
poor temperature resistance and are prone to thermal
decomposition at high formation temperatures, which limits
its application in high-temperature heterogeneous reser-

In order to achieve deep profile control in low-permeability
heterogeneous reservoirs, it is necessary to solve the sharp
contradiction between the migration and plugging of profile
control agents in the reservoir. As a reservoir with porous
media, its most basic channels are pores and throats (including
fractures); that is, the most basic unit of profile control agent
migration and plugging is the pore throat. This studies the
migration and plugging mechanism of a new type of profile
control agent, controlled self-aggregating nanoparticle (CSA),
in the pore throat microcapillary model, attempting to reveal
the essential reason why CSA truly achieves deep profile
control in reservoirs.

The injection of controllable self-aggregating nanoparticles
into heterogeneous reservoirs will be influenced by multiple
factors. Previous studies only focused on whether the plugging
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Figure 3. Flowchart of the nanoparticle plugging experiment.
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Table 1. Experimental Parameter Design

no injection rate (mL/min) particle size (nm)
1 0.02 500
2 0.03 500
3 0.04 500
4 0.02 500
N 0.03 500
6 0.04 500
7 0.02 500
8 0.03 500
9 0.04 500
10 0.02 500
11 0.03 500
12 0.04 500

concentration (mg/L)

2000
2000
2000
2000
2000
2000
5000
5000
5000
5000
5000
5000

microtubule length (cm) pore throat diameter (ym)

6 5/10/20/50/100/150
6 5/10/20/50/100/150
6 5/10/20/50/100/150
12 5/10/20/50/100/150
12 5/10/20/50/100/150
12 5/10/20/50/100/150
6 5/10/20/50/100/150
6 5/10/20/50/100/150
6 5/10/20/50/100/150
12 5/10/20/50/100/150
12 5/10/20/50/100/150
12 5/10/20/50/100/150

agent and profile control agent could achieve a certain plugging
strength, and the evaluation indicators in the laboratory were
generally based on specific evaluation conditions and specific
profile control agents. However, the effects of the actual
performance parameters and injection conditions of CSA on
the plugging channel and plugging strength have not been
thoroughly studied in the actual application process. The
evaluation of the effect of controlling water breakthrough
channels is generally limited to the increase in the ultimate
recovery rate of the reservoir but often ignores the influence of
changes in reservoir pores during the different injection and
production stages and different profile control displacement
cycles in heterogeneous reservoirs on subsequent water
flooding. There is no targeted adjustment of the scheme for
the heterogeneous reservoir conditions after certain stages of
treatment.

Therefore, this paper comprehensively considers the four
main factors that affect the deep profile control effect of
injectable controllable self-aggregating nanoparticles: particle
concentration, injection rate, pore length, and reservoir pore
diameter. The resistance coeflicient and plugging rate of
controllable self-aggregating nanoparticles under different
injection parameters were obtained through a cross-experi-
ment. This provides a theoretical guidance and research ideas
for solving the problem of profile control agents, such as agents
that can inject into the oil reservoir being often unable to plug
the water channel or agents that can plug the water

21307

breakthrough channels being unable to inject into the oil

reservoir.

2. EXPERIMENTAL SECTION

2.1. Materials. The experiment designed different micro-
capillary models that were sealed and connected by a
compression fitting, as shown in Figure 1. It was verified that
the model can withstand high pressure and has a sealing
characteristic. Microcapillary glass tubes with pore diameters of
S, 10, 20, 50, 100, and 150 ym were inserted into the PEEK
tube and fixed by compression fitting,

2.2. Apparatus. This study applied 500 nm-diameter
controllable self-aggregating nanoparticles, 2000 and 5000 mg/
L nanoparticle solutions, and TEM images of controllable self-
aggregating nanoparticles, as shown in Figure 2. PEEK tubes
with different inner diameters, pressure sensors, intermediate
containers, an ISCO 100DX pump, microcapillaries from
Polymicro Technologies (with pore diameters of S, 10, 20, 50,
100, and 150 ym), and a Nikon Eclipse LV100ND microscope
were used. The simulation experiment was conducted under
normal-temperature conditions; the experimental flowchart is
shown in Figure 3.

2.3. Experimental Procedures. The experimental proce-
dure for the plugging characteristics of nanoparticles in
microcapillary pore models is as follows:

(1) Prepare microcapillary pore models with different pore
sizes (S, 10, 20, SO, 100, 150 xm) and two different lengths (6
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and 12 cm), and assemble the device according to the
flowchart in Figure 3.

(2) Use ionized water as the base fluid medium and measure
the stable flow pressure at different injection rates of 0.02, 0.03,
and 0.04 mL/min.

(3) Prepare a nanoparticle solution with concentrations of
2000 and 5000 mg/L and a nanoparticle size of 500 nm, place
the solution in the middle container, and inject it into the
microcapillary pore models with different pore sizes at different
injection rates (0.02, 0.03, and 0.04 mL/min). Record the
pressure and outlet liquid volume changes at different injection
times. Use a small amount of silicone oil in the outlet end of
the visual tube for sealing and marking to record and observe
the outlet volume and prevent liquid evaporation.

(4) Change the nanoparticle concentration, pore length,
throat diameter, and injection rate, and then record the
pressure and outlet flow rate changes under each experimental
condition. Repeat the experimental steps in (1)—(3).

This paper considers the four main factors that affect the
plugging effect of injectable controllable self-aggregating
nanoparticles: concentration, injection rate, pore length, and
pore throat diameter. The resistance coefficient and plugging
rate of controllable self-aggregating nanoparticles under
different injection parameters were obtained through a cross-
experiment. The experimental parameters are as shown in
Table 1.

2.4. Predictive Models. The theoretical basis for the
prediction model of the injection resistance coefficient and the
plugging rate of controllable self-aggregating nanoparticles is
based on the application of two methods, gray relational
analysis (GRA) and gene expression programming algorithm
(GEP).

GRA can statistically analyze the effects of multiple factors
and characterize the strength, size, and order of the
relationship between factors using the degree of association
as a reference based on various sample data of factors.'® If the
degree of association is greater than 0.8, it indicates a good
correlation between factors; if the degree of association is
between 0.5 and 0.8, it indicates a relatively good correlation
between the factors; and if the degree of association is less than
0.5, it indicates that the factors are basically unrelated.'” By
applying the GRA method, the degree of correlation between
each influencing factor and the injection resistance coefficient
and plugging rate of CSAs is first identified, and a model is
established using the stepwise discrimination method,
ultimately resulting in a highly accurate prediction model.

The GEP is a recently developed evolutionary method,
which is based on the development of genetic algorithms and
genetic programming. It overcomes the complexity of function
in genetic algorithm systems and the difficulty of genetic
operations in genetic programming systems. The GEP has
stronger function discovery ability and higher search efliciency
and can achieve data mining in multi-dimensional space. It is
currently the most effective analytical method for complex
multi-factorial relationship problems.'® Currently, the gene
expression algorithm has been used in the prediction of
dynamic modulus of asphalt mixtures,'” the prediction of bond
strength of concrete,” cost estimation of subway construction
projects,”’ and depth prediction of abrasive jet cutting,””
among other related research, and ideal predictive models have
been established to improve prediction accuracy.

This paper for the first time applies this algorithm to the
field of oilfield development technology to analyze predictive

models under multiple influencing factors. Based on the
demand for accurate prediction of the effect of research and
application of profile control agents, CSAs with a diameter of
500 nm are studied for their transport behavior in micro-
capillary pores. Reliable experimental data is used as the basis
for calculations, with nanoparticle concentration (C), injection
rate (V), pore length (L), and throat diameter (D) as the main
parameters. A prediction model for the injection resistance
coefficient (F) and plugging rate (I) of nanoparticles based on
the GEP is established to achieve an accurate evaluation and
rapid prediction of the application effect of nanoparticles in
reservoirs.

3. RESULTS AND DISCUSSION

3.1. Displacement Dynamic Analysis. One set of
experimental results was selected for analyzing the displace-
ment flow dynamics of controllable self-aggregating nano-
particles in microcapillary pore models. The pump injection
flow rate was 0.04 mL/min. A solution of nanoparticle size 500
nm and concentration 5000 mg/L was injected into a 6 cm-
long microcapillary pore model with pore sizes of S, 10, 20, S0,
100, and 150 pym. The changes in injection pressure and outlet
liquid volume were recorded.

As shown in Figures 4 and S, when the 5000 mg/L
nanoparticle solution was injected at a rate of 0.04 mL/min
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Figure 4. Dynamic diagram of the outlet flow rate.
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Figure 5. Dynamic diagram of the displacement pressure gradient.
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Figure 6. Schematic diagram of flow and plugging in the throat.
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Figure 7. Pressure gradient change at different injection rates (2000 mg/L).
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Figure 8. Pressure gradient change at different injection rates (5000 mg/L).
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Figure 10. Pressure gradient change at different throat diameters (5000 mg/L).

into the microcapillary pore models with pore diameters of §
and 10 pum, the outlet flow rate increased continuously within
0—120 and 0—135 min. The pressure gradient also increased
rapidly. When the injection pressure gradient reaches 100
MPa/m, the flow rate at the outlet end begins to decrease
slowly and the outlet flow decreases with the increase of the
injection pressure, which proves that the controllable self-
aggregating nanoparticles have achieved effective plugging in
the microcapillary. At this time, the nanoparticle solution
overcame the capillary resistance and the interfacial tension
between solid and liquid to flow forward in the microcapillary
pore models.

The outlet flow rate of the microcapillary pore models with a
pore size of S pum gradually decreased to a very small value
within 120—200 min, and the injection pressure gradient
stabilized at 715 MPa/m. The microcapillary pore models with
a pore diameter of 10 um entered the stable flow stage of
nanoparticles with a gradual decrease in the outlet flow rate
within 135—250 min, and the stable flow pressure gradient was

390 MPa/m. As time passed, the outlet flow rate decreased
rapidly and the injection pressure gradient tended to stabilize
in the microcapillary pore models with pore sizes of 20, S0,
100, and 150 pgm. Moreover, as the pore diameter increased,
the stable flow pressure gradient decreased. The schematic
diagram of flow and plugging in the throat is shown in Figure
6.

3.2. Plugging Effect Analysis. Based on the migration
and plugging of nanoparticles in the microcapillary pore
models under different experimental conditions, the effective
plugging conditions, maximum plugging pressure, and stable
flow pressure of nanoparticles under plugging conditions are
compared, and the plugging characteristics of nanoparticles in
the microcapillary pore models are further analyzed. As shown
in Figures 7 and 8, the dashed line represents the 6 cm-length
microcapillary experiment and the solid line represents the 12
cm-length microcapillary experiment.
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1. The migration and plugging characteristics of nano-
particles in the microcapillary pore model under different
concentrations and injection rates can be observed:

(1) As the injection rate increases, the injection pressure
gradient increases. When the pore diameter is small, a relatively
large injection rate easily causes nanoparticles to plug in the
microcapillary pore, and the injection pressure gradient rapidly
rises, reducing the injectability of the nanoparticle solution.

(2) When the microcapillary pore diameter is less than 20
um, the length of the microcapillary (6 cm, 12 cm) has little
effect on the injection pressure gradient. When the micro-
capillary pore diameter is less than 20 ym, the smaller the pore
diameter, the greater the influence of the microcapillary length
on the injection pressure gradient. This indicates that as the
transport length of nanoparticles in small pores increases, the
injection pressure gradient increases. The nanoparticles will
first enter the larger pores and throats during the injection of
the porous medium, thereby achieving to plug the high-
permeability water breakthrough channels. As the concen-
tration of nanoparticle solution increases, the injection
pressure gradient also increases.

(3) Comparing the flow characteristics and plugging
pressure gradient of nanoparticle solutions in the pore
model, when the injection pressure is greater than 100 MPa/
m under different injection parameters (injection rate, pore
length, concentration, pore diameter), the particle solution will
form an effective plugging in the microcapillary pore.
Therefore, detailed research on the distribution and size of
pore throats in oil reservoirs should be done in oilfield
acidification and water plugging operations, and based on the
experimental results of the laboratory nanoparticle solution
transport characteristics, the nanoparticle solution and
corresponding injection parameters suitable for the target
reservoir conditions can be selected, thereby achieving effective
plugging of heterogeneous oil reservoir water channels and
deep acidification of oil reservoirs.

2. The plugging characteristics of different pore diameters at
different flow rates through microcapillary pore models, as
shown in Figures 9 and 10:

(1) For different nanoparticle concentrations, the increase in
injection rate affects the injection pressure gradient
differently. When the concentration of nanoparticle
solution is 5000 mg/L, the effect of increasing injection
rate on the pressure gradient is small for the same pore
diameter. The smaller the pore diameter, the smaller the
influence coeflicient of the concentration. When nano-
particles with a concentration of 5000 mg/L are injected
into microcapillary pore models at different flow rates,
the injection pressure gradient increases significantly
with the increase of injection rate. The smaller the
diameter, the more obvious the change of pressure
gradient with flow rate.

(2) When the pore diameter is less than 20 pm, the change
in pressure gradient with diameter within the effective
plugging zone changes exponentially. In the steady flow
zone, the change of pressure gradient with pore diameter
is linear. The larger the diameter, the less pressure
gradient is affected by the length of the microcapillary.

(3) Based on the flow characteristics of nanoparticle
solutions in the microcapillary pore model, as well as
the final plugging pressure gradient and outlet flow rate,

it can be seen that under different injection parameters
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(injection rate, microcapillary length, concentration),
when the microcapillary diameter is less than 20 pm, the
pressure gradient of the injected nanoparticle solution
under different parameters increases exponentially as the
microcapillary diameter decreases. This indicates that a
500 nm nanoparticle solution can be applied to a
heterogeneous oil reservoir channel with pore throats
larger than 20 ym by adjusting the injection parameters.
During the injection process of nanoparticle solution, it
is important to prevent the solution from entering
smaller pore throats, which enables the nanoparticle
solution to exhibit selective plugging characteristics
during the injection process in heterogeneous oil
reservoirs. This can improve the displacement profile
of the heterogeneous oil reservoir in the subsequent
water flooding process and increase the utilization of
reserves in low-permeability areas of heterogeneous oil
reservoirs.

3.3. Gray Correlation Analysis. The statistical character-
istics of the cross-experimental data results were obtained
through calculations, as shown in Table 2.

Table 2. Statistical Characteristics of Experiment Data

parameter C D 1L 14 F I
minimum value 2000 S 6 0.02 1.93 0.48
maximum value 5000 150 12 0.04 1000 1
average value 3500 55.83 9 0.03 163.47 0.92
median value 3500 35 9 0.03 46.67 0.98
standard 1510.53 53.32 3.02 8.22 243.34 0.13

deviation

To determine the degree of influence of the nanoparticle
concentration (C), injection rate (V), injection pore length
(L), and pore diameter (D) on the injection resistance
coefficient (F) and plugging rate (I) of nanoparticles, gray
correlation analysis is used for data analysis and the steps of
relevant calculations are as follows:

(1) Determine the analysis sequence. In this paper, the
resistance coefficient (F) and plugging rate (I) are taken
as the mother sequence Y = Y(k), and the four
parameters C, V, L, and D are taken as sub-sequences,
ie,i=1234,56; k=12,..,72.

Normalize the data sequence into a dimensionless and
normalized form. Commonly used methods for calcu-
lation include the mean method and initial value
method. In this paper, the initial value method is used.

xi(k) = Xi(k)/Xi(1).

Obtain the difference sequence, maximum difference,
and minimum difference of the relevant data. That is,

)

3)

(k

l.m,i=1..n,

Xo(k) — Xi(k)
n is the number of evaluation objects)

minminlX,(k) — X,(k)I + maxmaxlX,(k) — X,(k)I
i k=1 i=1 k=1

i= =

(4) Calculate the correlation coefficient; the calculation
formula is
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min minlX (k) — X;(k)l + pmin minlX, (k) — X;(k)!
) = =X -

IXo(k) = X,(k)I + pmax mkaxlXO(k) — X,(k)!
(12-5) k=1l.m

where resolution coefficient p = 0.5.
(5) Calculate the degree of relevance; the calculation

formula is
1 n
n== Y k)
=1

(6) Sort the correlation of each influencing factor. Sort the
correlation between the comparison sequence and the
reference sequence in descending order.

By analyzing the experiment data, the correlation ranking of
the influencing factors on the injection resistance coefficient
and plugging rate was obtained, as shown in Table 3. The

Table 3. Correlation of Each Influencing Factor

Parameter 14 i C D
resistance coefficient correlation  0.9227 0.9219 0.9096 0.6732
Parameter 1L 14 C D

plugging rate correlation 0.9632 0.9628 0.9488 0.6929

correlation ranking of the four parameter pairs with the
resistance coefficient from strongest to weakestis V> L > C >
D, which means the main factors affecting the injection
performance of the nanoparticles are injection rate > pore
length > concentration > pore diameter. The correlation
ranking of the plugging rate from strongest to weakest is L > V
> C > D, which means the main factors affecting the plugging
rate of the nanoparticles are pore length > injection rate >
concentration > pore diameter.

3.4. GEP Analysis. To establish the model using GEP,
GeneXproTools was used to select various parameters such as
the number of genes, chromosomes, and connection functions.
After choosing an evolutionary generation of 3000, a relatively
accurate prediction model for injection resistance coefficient
and plugging rate was obtained. Multiple function sets were
used, and the variable set was T = {d0, d1, d2, d3}, where d0—
d3 represent C, D, L, and V, respectively, to calculate different
output values of resistance coefficient (F) and plugging rate
.

According to the genetic algorithm, the accuracy of the
prediction model for the injection resistance coeflicient and
plugging rate considering four influencing factors is shown in
Table 4 in terms of mean square error and correlation

Table 4. Correlation Degree of Each Influencing Factor

modeling results R? correl. coeff
resistance coeflicient 0.92 0.96
plugging rate 0.87 0.93

coeflicient of calibration. The data shows that the obtained
prediction model can well predict the values of the injection
resistance coeflicient and plugging rate under different
parameters.

3.5. Predictive Model Results Analysis. For the
feasibility and accuracy analysis of using GEP to predict the
injection resistance coeflicient and plugging rate of controllable

self-aggregating nanoparticles, five evaluation indices, determi-
nation coefficient (R*), mean squared error (MSE), residual
standard error (RSE), root mean square error (RMSE), and
mean absolute error (MAE), were selected to assess the
accuracy and reliability of the model calculation results. The
calculation formulas for each evaluation index are as follows:

PR

1 Determination coefficient: R* = 1 — Z(iiy)z

.6 -y

2 Mean squared error: MSE = izl";l 0 - )2)2

3 Residual standard error:

RSE = ;RSS
n—p-—1
1 .
=\/72(x--x->2
n—p-—1

4 Root mean square error: RMSE = l% DI 2)2

S Mean absolute error: MAE = izil |(yi - j)l

In the formula, y; — ¥, represents the difference between the
true value and the predicted value on the test set, n — p — 1
represents the degree of freedom, and p represents the number
of features. Based on the formula, the evaluation indicators for
the injectivity resistance coeflicient and plugging rate of
controllable self-aggregating nanoparticles can be obtained, as
shown in Table S.

Table S. Evaluation Index of the Prediction Model

evaluation index R® MSE RSE RMSE MAE
injectivity resistance coefficient 092 074  0.76 0911 0.98
plugging rate 0.87 0.70 0.88 0.85 0.93

To select the optimal predictive model, the above five
indicators are normalized to obtain an expression for the

comprehensive evaluation accuracy: K; = %Z;;lmin(Ej) /E;;
where K; represents the evaluation accuracy of the ith
combination, i = 1,2, ...m, E; represents the jth error indicator
value of the ith combination, j = 1,2,.n, and min(Ej)
represents the minimum value of the jth error indicator
value among the m combinations. The larger the prediction
accuracy K; the better the corresponding combination
prediction model. According to the results of the compre-
hensive evaluation accuracy calculation, the prediction model
calculated by the GEP has an accuracy of 0.91 for the injection
resistance coeflicient and an accuracy of 0.93 for the plugging
rate of controllable self-aggregating nanoparticles. The
predicted values of the injection and plugging properties
under different experimental parameters are calculated by the
program, as shown in Figure 11.

4. CONCLUSIONS

By studying the plugging characteristics of controllable self-
aggregating nanoparticles, a microcapillary pore model was
established to investigate the plugging characteristics exhibited
by different injection parameters. The critical conditions for
effective plugging of controllable self-aggregating nanoparticles
in pores were determined, and predictions were made
regarding the resistance coeflicient and plugging rate of
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Injection and plugging prediction Prediction Calculation results

Concentration (mg/L)
‘ 4000 ‘

Concentration (mg/L): 4000

Throat Diameter (um) 20

Throat Diameter (um)
| 20

‘ Microtubule length (cm): 6

Microtubule length (cm) Injection speed (mL/min): 0.03

[s |

Injection resistance coefficient: | 44.22

Injection speed (mL/min)

‘ 0.03 ‘ Plugging rate:

Figure 11. Calculation results of the injectability prediction model.

nanoparticles in pores. The following insights and conclusions
were obtained:

1. Based on microcapillary pore model experiments, it was
found that when the injection pressure in the pore
model was greater than 100 MPa/m under different
injection parameters (injection rate, pore length,
concentration, and pore diameter), an effective plugging
of particle solution would form in the pore. When the
microcapillary diameter was small, a relatively large
injection flow rate could easily cause particle plugging in
the microcapillary pores, resulting in a rapid increase in
the injection pressure gradient, which in turn reduces the
injectivity of the particle solution. As the particle
transport length increased in small pores, the injection
pressure gradient increased, and the nanoparticles would
preferentially enter larger pores and throats during the
injection process in porous media, thereby achieving
plugging of high-permeability flow channels. As the
particle concentration in the solution increased, the
injection pressure gradient also increased.

2. The 500 nm nanoparticle solution used in the
experiment could be applied to pore throats larger
than 20 pm in heterogeneous reservoir water flow
channels by adjusting the injection parameters. During
the nanoparticle injection process, the nanoparticle
solution could not enter smaller pore throat spaces,
resulting in selective plugging characteristics of nano-
particles during injection in heterogeneous reservoir
pores.

3. Using cross-experimental data, the main parameters
affecting the nanoparticle injection resistance coeflicient
and plugging rate were selected, including nanoparticle
concentration, injection rate, pore length, and pore
diameter. A fast and accurate prediction model for
particle injection resistance coeflicient and plugging rate
was established. The gray correlation analysis method
was introduced to determine the main factors affecting
the injectivity of nanoparticles, in order of strength from
high to low: injection rate > pore length > concentration
> pore diameter. The main factors affecting the plugging
rate of nanoparticles were in order of strength from high
to low: pore length > injection rate > concentration >
pore diameter.

4. The GEP was introduced, and after 3000 iterations, a
reasonable and accurate prediction model was obtained.
The relationship between the controllable self-aggregat-
ing nanoparticle injection resistance coeflicient and

plugging rate and the four main controlling factors was
determined. The prediction model obtained using the
GEP was evaluated using multiple evaluation criteria and
comprehensive evaluation considerations. The accuracy
of the controllable self-aggregating nanoparticle injection
resistance coefficient is 0.91 and that of the plugging rate
is 0.93 in the prediction models.
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