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The particle system is one of the widely used profile control agents inmany oilfields, and the
matching relationship between the particle and the reservoir pore throat is significant for
the profile control effect. In order to enhance oil recovery after water breakthrough in the
Fuyu oilfield, a self-assembled particle with some branches on the surface, compounded
by inverse emulsion polymerization and added, is introduced as the profile control agent in
this paper. Then the permeabilities of the water channel and the oil remaining area in the
Fuyu oilfield are achieved after the statistic analysis of 1,022 cores from the practical
reservoir. Furthermore, the oil restarting pressure in the oil remaining area and the self-
assembled particle plugging strength in the water channel are tested. Finally, the adaption
of the self-assembled particle and effect of profile control in the Fuyu oilfield are evaluated
by comparing the oil restarting pressure and the plugging strength. The results show that
the self-assembled particles can be gathered together easily by the force of the ionic bond,
which is good for water channel plugging. The permeability of the water channel in the Fuyu
oilfield ranges from 1,000 mD to 1,500 mD. The oil restarting pressure increases with the
decreasing of permeability, and the increasing rate grows rapidly when it drops below 50
mD. Comparing the oil restarting pressure with the plugging strength, a self-assembled
particle with a diameter of 20–40 μm in the water channel with a permeability of 1,265.7
mD can provide sufficient plugging strength to restart the remaining oil in the oil remaining
areas with a permeability over 3.38 mD. The matched window of the self-assembled
particle is wider than a normal particle in the Fuyu oilfield.
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INTRODUCTION

High water cut and low oil recovery efficiency are common phenomena in most oilfields now after
long-term water flooding (Feng, et al., 2013). The effective way to enhance oil recovery is to use a
suitable profile control agent to plug the water channel, which exists in the high permeability areas of
the reservoir. After the water channel is plugged by the agent, the subsequent injected fluid can be
swept to the low permeability areas and avoid flowing along the water channel. Thus, the residual oil
there can be displaced (Yadav and Mahto, 2014).

Many chemical particle systems, such as the preformed gel particle (PGP), microgels, and dispersed
particle gels (DPG), are proposed by researchers as profile control agents, and the mechanism of the
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plugging and profile control are studied (Dai, et al., 2012; Goudarzi,
et al., 2013; You, et al., 2013; Zhou, et al., 2013; Yue, et al., 2006). Bai
observed elastic deformability during the migration and plugging
process of the preformed gel particle in visible etched-glass
micromodels, and concluded profile control mechanism and
sweep efficiency improvement in the reservoir (Bai, 2001; Bai
et al., 2007a; Bai et al., 2007b). Iscan, A.G. and Civan, F. showed
that particles with sizes comparable to pore throat sizes can reduce the
permeability effectively in high permeability formations (Iscan and
Civan, 2006; Iscan, et al., 2007; Tran, et al., 2009). Al-Ibadi, A. and
Civan, F. explored the effects of flow rate, concentration, and size on
the plugging ability when injecting the deformable gel particles in the

near-wellbore formation (Al-lbadi, et al., 2012; Al-lbadi and Civan,
2013). Zhao investigated the mechanisms of profile control and
enhanced oil recovery of DPG particles with core flow tests and
visual simulation experiments, and the deformation, retention,
adsorption, trapping, and bridging during DPG particle migration
in porous media were demonstrated (Zhao, et al., 2014).

These studies mentioned above all concentrated on the plugging
ability and thematchable degree between the reservoir and the different
particles. However, the restarting pressure of remaining oil in the lower
permeability areas is little considered, which was exactly related to the
final profile control effect and enhanced oil recovery.

As the water channel in the Fuyu oilfield has had long-term
water flooding (Liu, et al., 2009), the measure of profile control
should be taken urgently (Li, et al., 2010; Shu, et al., 2013).

In this work, the physical properties (permeability distribution) of
1,022 cores from the practical reservoir in the Fuyu oilfield are
analyzed first. Then, a self-assembled particle with some branches on
the surface is introduced as the profile control agent. The particle is
compounded with the method of inverse emulsion polymerization.
After that, two kind of experiments, the remaining oil restarting
pressure test and particle plugging strength analysis, are designed and
completed according to the theoretical foundation of profile control.
Furthermore, the plugging ability of the self-assembled particle and
the matchable degree between the particle and the water channel in
the Fuyu oilfield is discussed. Finally, the adaption of the self-
assembled particle for profile control in the Fuyu oilfield is
evaluated by comparing the plugging strength with the remaining
oil restarting pressure.

MATERIALS

Self-Assembled Particle
The profile control agent used in the reservoir is the self-
assembled particle, which is made with the method of
emulsion polymerization. The main synthesis materials of the
particle are styrene (St), acrylamide (AAm), and N,N′-
methylenebisacrylamide (MBA).

The self-assembled property of this particle is determined by its
structure, which can be seen from the SEM tests in the continuous

FIGURE 1 | The property of self-assembly in static and dynamic conditions.

FIGURE 2 | The statistical analysis of the permeability distribution.

TABLE 1 | The component content of ions in experimental water.

Ions K++Na+ Ca2+ Mg2+ Cl- SO4
2- HCO3

− CO3
2-

Content (ppm) 1,070 20 27 1,152 228 763 0
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mediumor in the porousmedia (Figure 1). This property canmake single
particles gather together, which is good for plugging the water channel.

Experimental Cores
The experimental cores are selected and confirmed after the
statistical analysis of the permeability from 1,022 natural cores
in the Fuyu oilfield (Figure 2).

It can be seen that the distribution frequency of permeability is
normal. As the water channel exists in high permeability reservoirs,
the experimental cores with the permeability above 1,000 mD are
selected in this paper according to the statistical analysis.

Experimental Fluids
Thewater used in the experiments is formationwater,with a total salinity
of 3260mg/L. The component content of ions is shown in Table 1.

The oil is a mixture composed of gas-free crude oil and
kerosene. Oil viscosity is 7.36 mPa·s at 32 °C.

EXPERIMENTS

Theoretical Foundation
The measure of profile control in the oilfield is taken for reducing
water channeling and enhancing oil recovery. According to the

research of Dong et al., 2021, water breakthrough will happen if
microheterogeneity exists in the reservoir, and the oil will remain
local in the high permeability areas (Figure 3A). As seen from
Figure 2, the heterogeneity of the reservoir in the Fuyu oilfield is
common. Thus, water breakthrough is unavoidable. The oil
saturation in the smaller size capillary (or lower permeability
areas) is

So � μo
μo − μw

⎧⎪⎪⎨⎪⎪⎩
�������������������
1 − (r1

r2
)2[1 − (μw

μo
)2]√√

− (μw
μo
)⎫⎪⎪⎬⎪⎪⎭ (1)

where So is oil saturation; μo, μw are the viscosity of oil and water;
r1, r2 are the sizes of the smaller capillary (lower permeability
areas) and the bigger capillary (higher permeability areas). The
theoretical model can be found in Appendix A.

The self-assembled particle is used to plug the water channel
(bigger-sized capillary), and the finally purpose is to restart the
remaining oil in the smaller-sized capillary (low permeability
areas). It means that the plugging strength of the particle in high
permeability areas (Pr2) should be larger than the restart pressure
of oil in the low permeability areas (Pr1).

As seen from Figure 3B, the condition below should be satisfied:

Pr2 ≥ Pr1 (2)

That is the theoretical foundation of profile control.

Experimental Scheme
Based on the theoretical analysis, two pressures should be
achieved and compared before the adaptation evaluation. So
two kind of experiments are designed.

FIGURE 3 | Water breakthrough and profile control.

TABLE 2 | Basic parameters of experimental cores.

Number Diameter/cm Length/cm Oil saturation/% Permeability/mD

H1 2.50 30.00 60.26 0.38
H2 — — 62.53 6.88
H3 — — 64.02 35.66
H4 — — 64.72 56.36
H5 — — 65.15 104.25
H6 — — 68.87 540.12
H7 — — 70.88 1,265.70

TABLE 3 | Basic parameters of experimental cores.

Number Diameter/cm Length/cm Permeability/mD Porosity/%

ZR-1 2.50 30.00 1,265.70 33.40
ZR-2 2.50 30.00 3,014.70 38.10
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1) The oil restarting pressure experiment.

Seven different permeability cores saturated the oil are taken, and
the water is injected in the cores to displace the oil. The injecting
pressure is tested when the first oil drop flows out. This pressure can
be represented as the oil restarting pressure. And the experimental
temperature is 32°C. The basic parameters of experimental cores are
shown in Table 2.

2) The plugging strength experiment of the self-assembled
particle.

Two high permeability cores are used to inject the self-
assembled particles. The particles will plug and migrate in the
pore throat of the core, and the injecting pressure will remain
stable when the plugging and migration is balanced. After that,
the water injection follows. And the stable water injection
pressure can be seen as the particle plugging strength.

As the particle plugging is formed in the water channel (high
permeability areas), two cores with the permeability of 1,265.7
mD and 3,014.7 mD are used for the core experiments, and their
basic parameters are listed in Table 3.

Thus, the effect of profile control in the Fuyu oilfield can be
evaluated according to these two pressures. The devices of the
experiments are shown below Figure 4.

RESULTS AND DISCUSSION

1) The oil restarting pressure in different permeability cores

The pressures (or pressure gradients) tested from the
experiments of different permeability cores are shown in
Figure 5.

It can be seen that the oil restarting pressure increases with the
decreasing of permeability. And the increasing rate grows rapidly
when the permeability drops below 50 mD. That means the oil
remaining in the lower permeability areas needs more driving
force for restarting.

2) The plugging strength of the self-assembled particle in high
permeability cores

The self-assembled particle with the diameter of 20∼40 μm is
used for the experiments. The concentration of the particle
solution is 1,000 ppm. The particle injection rate is 1 m/d. The
dynamic behaviors of pressure gradients at different position of
the cores are show in Figure 6.

It can be seen that the pressure gradient at different positions
rises gradually with the increasing particle injection. That means
the self-assembled particle can migrate to deep within the cores.
Meanwhile, the pressure gradient remains stable after injecting
the particle for a while. That is because the particle retention in
the core reaches its maximum. The final pressure gradient of
subsequent water flooding can be represented as the plugging
strength of the self-assembled particle during the profile control
measure.

According to the injection dynamics of Core ZR-1, the
plugging strength at 0–5 cm is much higher than the one at
other positions. That is because the particle retention in the
entrance is higher than that at other places, which is called the
entrance face effect. The plugging strength in the center of the
cores can be represented as the actual particle plugging strength.
Thus, the plugging strength of the self-assembled particle in Core
ZR-1 is about 14.05 MPa/m, which is achieved from the average

FIGURE 4 | The experimental devices.

FIGURE 5 | The pressure gradient of oil restarting with different
permeabilities.
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value of point 5–15 cm and point 15–25 cm. Also, the plugging
strength in Core ZR-2 is 0.64 MPa/m.

3) The evaluation of the self-assembled particle on profile control
in the Fuyu oilfield

The permeability of where the oil can be forced to restart is
achieved by comparing the plugging strength of the self-
assembled particle with the oil restarting pressure in Figure 5.
The results are shown below.

Seen from the table (Table 4), the plugging strength in the
area with a permeability of 1,265.70 mD is equal to the oil
restarting pressure in the area with a permeability of 3.38 mD.
That means the oil in the reservoir with a permeability above
3.38 mD can be displaced completely by water if the water
channel with a permeability of 1,265.70 mD is plugged by the
particle. Thus, combined with the statistical analysis of the
permeability in the Fuyu oilfield (Figure 2), most of the
remaining oil can be displaced. Similarly, if the self-
assembled particle plugs the water channel with a

permeability of 3,014.70 mD, the plugging strength can
force the oil to be displaced in the areas with permeability
over 121.65 mD. So the remaining oil where the permeability
is below 121.65 mD cannot be exploited.

As the frequency of permeability over 1,500 mD is very low,
the water channel in the Fuyu oilfield exists mostly in the areas
with a permeability between 1,000 mD to 1,500 mD. Therefore,
the self-assembled particle with a diameter of 20–40 μm is
suitable for profile control in the Fuyu oilfield.

Furthermore, seen from the research of Dong et al., 2016, the
plugging strength of a normal particle in the core with a
permeability of 3014.70 mD is only 0.12 MPa/0.3 m (equals to
0.4 MPa/m), which is less than the plugging strength caused by
the self-assembled particle injection in the same permeability core
(Table 5). The property of self-assembly gives the particle a
higher plugging ability and a larger matching window. To sum
up, the self-assembled particle is more suitable for profile control
than the normal particle.

CONCLUSIONS

1) The permeability in the Fuyu oilfield is normally distributed,
and the water channel mostly exists at the areas with a
permeability ranging from 1,000 mD to 1,500 mD.

2) The oil restarting pressure increases with the decreasing of
permeability, and the increasing rate grows rapidly when the
permeability drops below 50 mD.

3) The self-assembled particle with the diameter of 20–40 μmhas
a good plugging ability in the reservoir with a permeability of
1,265.7 mD, and it can make the remaining oil in the areas
with a permeability over 3.38 mD displace by subsequent
water flooding.

4) The property of self-assembly can provide the particle with a
higher plugging ability and a larger matching window with the
water channel than the normal particle. It is suitable for profile
control in the Fuyu oilfield.

TABLE 4 | Comparison of plugging strength and oil restarting pressure.

Pressure gradient MPa/m Permeability/mD

Particle plugging Oil restarting

14.05 1,265.70 3.83
0.64 3,014.70 121.65

TABLE 5 | Plugging strength of self-assembled particle and normal particle.

Permeability mD Plugging strength/MPa/m

Self-assembled particle Normal particle

3,014.70 0.64 0.40

FIGURE 6 | Injection dynamics of the self-assembled particle in experimental cores.

Frontiers in Chemistry | www.frontiersin.org August 2021 | Volume 9 | Article 6818465

Dong et al. Self-Assembled Particle For Profile Control

https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material, further inquiries can be
directed to the corresponding author.

AUTHOR CONTRIBUTIONS

LD: Investigation, Experimental schemes design, Methodology, Results
discussion, Writing- Reviewing and Editing. MW: Experimental datas
analysis, Figures production. JH: Characterization of static properties of
the microsphere. MD: Implementation of the core experiments. HL:
Writing–Original draft preparation.

FUNDING

This research is supported by the Natural Science
Foundation of Chongqing, China (cstc2019jcyj-
msxmX0570) and the Chongqing Municipal Education
Commission Program (KJQN201901216;
KJQN202001203).

SUPPLEMENTARY MATERIAL

The SupplementaryMaterial for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fchem.2021.681846/
full#supplementary-material

REFERENCES

Al-lbadi, A., and Civan, F. (2013). Experimental Investigation and Correlation of
Treatment in Weak and High-Permeability Formations by Gel Particles. SPE
Prod. Operations 28 (4), 387–401.

Al-lbadi, A., and Civan, F. (2012). Experimental Study of Gel Particles Transport
through Porous media. SPE Lat. Am. Caribb. Petro. Eng. Conf. Proc 2,
1459–1485. doi:10.2118/153557-MS

Bai, B. J. (2001). “Fundamental Research on Usage of Pre-gel Particles’ In-Depth
Profile Controlling and Flooding,” in Doctoral Dissertation (Beijin: China
University of Geosciences).

Bai, B., Li, L., Liu, Y., Liu, H., Wang, Z., and You, C. (2007b). Preformed Particle
Gel for Conformance Control: Factors Affecting its Properties and
Applications. SPE Reservoir Eval. Eng. 10, 415–422. doi:10.2118/89389-pa

Bai, B., Liu, Y., Coste, J.-P., and Li, L. (2007a). Preformed Particle Gel for
Conformance Control: Transport Mechanism through Porous media. SPE
Reserv. Eval. Eng 10 (2), 176–184. doi:10.2118/89468-pa

Dai, C., Zhao, G., Zhao, M., and You, Q. (2012). Preparation of Dispersed Particle
Gel (DPG) through a Simple High Speed Shearing Method. Molecules 17,
14484–14489. doi:10.3390/molecules171214484

Dong, L., Wang, M., Wang, W., Ding, M., and Lin, H. (2021). Analysis of Oil
Displacement and Residue Distribution in Microheterogeneity Reservoir.
J. Dispersion Sci. Technology, 1–7. doi:10.1080/01932691.2020.1848576

Dong, L., Yue, X. A., Su, Q., Qin, W., Song, W., Zhang, D., et al. (2016). Study on
the Plugging Ability of Polymer Gel Particle for the Profile Control in
Reservoir. J. Dispersion Sci. Technology 37, 34–40. doi:10.1080/
01932691.2015.1022656

Feng, Q., Chen, X., and Zhang, G. (2013). Experimental and Numerical Study of
Gel Particles Movement and Deposition in Porous media after Polymer
Flooding. Transp Porous Med. 97, 67–85. doi:10.1007/s11242-012-0110-1

Goudarzi, A., Zhang, H., Varavei, A., Hu, Y., Delshad, M., Bai, B., et al. (2013).
“Water Management in Mature Oil Fields Using Preformed Particle Gels,” in
SPE165356 Presented at the SPE Regional & AAPG Pacific Section Meeting
Held in Monterey (USA: California). doi:10.2118/165356-ms

Iscan, A. G., and Civan, F. (2006). Correlation of Criteria for Perforation and Pore
Plugging by Particles. J. Por Media 9 (6), 541–558. doi:10.1615/jpormedia.v9.i6.40

Iscan, A. G., Civan, F., and Kok, M. V. (2007). Alteration of Permeability by
Drilling Fluid Invasion and Flow Reversal. J. Pet. Sci. Eng. 58 (1), 227–244.
doi:10.1016/j.petrol.2007.01.002

Li, D. X., Hou, J. R., and Zhao, F. L. (2010). Research on Profile Control and Water
Shut off Performance of Pre-crosslinked Gel Particles and Matching
Relationship between Particle and Pore Size. J. Petrochem. Univ. 23 (2), 25–28.

Liu, P. L., Pan, Z. G., and Chen, G. X. (2009). Reservoir Waterflooding
Characteristics and Water Plugging Technology in Fuyu Oilfield. Fault-
Block Oil &Gas Field 16 (2), 103–105.

Shu, J. F., Zhang, L., and Chen, Y. (2013). Evaluation and Field Application of Gel
Particle Profile Control Agent. J. Adv. Fine Petrochem. 14 (1), 15–18.

Tran, T. V., Civan, F., and Robb, I. D. (2009). Correlating Flowing Time and
Condition for Perforation Plugging by Suspended Particles. SPE Drill.
Completion 24 (3), 398–403. doi:10.2118/120847-pa

Yadav, U. S., and Mahto, V. (2014). In Situ Gelation Study of Organically
Crosslinked Polymer Gel System for Profile Modification Jobs. Arab J. Sci.
Eng. 39, 5229–5235. doi:10.1007/s13369-014-1014-x

You, Q., Dai, C. L., Tang, Y. C., Guan, P., Zhao, G., and Zhou, F. L. (2013). Study on
Performance Evaluation of Dispersed Particle Gel for Improved Oil Recovery.
J. Energ. Resour. Technology 135, 1–7. doi:10.1115/1.4024119

Yue, X. A., Hou, J. R., Qiu, M. J., and Zhang, H. F. (2006). Evaluation on Character
of Profile Control by Polymer Gel Particle. J. Pet. Geology. Recovery Efficency 13
(2), 81–84.

Zhao, G., Dai, C. L., and Zhao, M. (2014). Investigation of the Profile Control
Mechanisms of Dispersed Particle Gel. Plos One 9 (6), e100471. doi:10.1371/
journal.pone.0100471

Zhou, W., Wang, Z., Delshad, M., Avaravei, A., Wang, X., and Zhang, W. (2013).
“A Multi-Well Performance Particle Gel Injection Evaluation Using a
Sophisticated Simulator,” in IPTC16693 Presented at the International
Petroleum Technology Conference, Beijing, China. doi:10.2523/IPTC-16693-
Abstract

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Dong, Wang, He, Ding and Lin. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Chemistry | www.frontiersin.org August 2021 | Volume 9 | Article 6818466

Dong et al. Self-Assembled Particle For Profile Control

https://www.frontiersin.org/articles/10.3389/fchem.2021.681846/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fchem.2021.681846/full#supplementary-material
https://doi.org/10.2118/153557-MS
https://doi.org/10.2118/89389-pa
https://doi.org/10.2118/89468-pa
https://doi.org/10.3390/molecules171214484
https://doi.org/10.1080/01932691.2020.1848576
https://doi.org/10.1080/01932691.2015.1022656
https://doi.org/10.1080/01932691.2015.1022656
https://doi.org/10.1007/s11242-012-0110-1
https://doi.org/10.2118/165356-ms
https://doi.org/10.1615/jpormedia.v9.i6.40
https://doi.org/10.1016/j.petrol.2007.01.002
https://doi.org/10.2118/120847-pa
https://doi.org/10.1007/s13369-014-1014-x
https://doi.org/10.1115/1.4024119
https://doi.org/10.1371/journal.pone.0100471
https://doi.org/10.1371/journal.pone.0100471
https://doi.org/10.2523/IPTC-16693-Abstract
https://doi.org/10.2523/IPTC-16693-Abstract
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


NOMENCLATURE

L Length of the parallel capillary, m

v Moving velocity of oil-water interface, m/d

x Distance between oil-water interface and entrance, m

r Radius of capillary, m

r1 Radius of smaller-sized capillary, m

r2 Radius of bigger-sized capillary, m

pA Pressures at interface-A, MPa

pB Pressures at interface-B, MPa

μw Viscosity of water, mPa.sViscosity of oil, mPa.s

μw Viscosity of water, mPa.sViscosity of oil, mPa.s

t Time of water flooding, s

x1 Position of oil-water interface in the smaller size capillary when the oil-

water interface in the bigger-sized capillary is arriving at Interface-B, m

LR Length of remaining oil in the smaller-sized capillary, m

So Saturation of remaining oil in the smaller-sized capillary, %
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