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The goal of the research was to investigate the profile control and oil displacement characteristics of the
polymer nanoparticles after high temperature swelling. The displacement parameters showed consid-
erable influence on the plugging effect of the high-temperature swelled polymer nanoparticles, such as
the core permeability, concentration of nanoparticles in the suspension, swelling time and swelling
temperature, which makes it flexible to control the plugging effect by controlling displacement exper-
iments conditions. Experimental results show that polymer nanoparticles dispersion system with a
concentration of 500 mg/L is suitable for cores plugging with a permeability of 30 � 10�3 -
150 � 10�3 mm2, even after aging at 150 �C for three months. The shunt flow experiments show that
when the displacement factors are optimal values, the polymer nanoparticles after high temperature
swelling to plug the high-permeability layer selectivity and almost do not clog the low-permeability
layer. Oil recovery of homogeneous artificial core displacement experiment and a heterogeneous
double-tube cores model are increased by 20% and 10.4% on the basis of water flooding. The polymer
nanoparticles can be a great help for petroleum engineers to better apply this deep profile control and
flooding technology.
© 2022 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

Water flooding is one of the most important methods in the
development of oilfield, water-out inevitably appear in high
permeability layer after water flooding development, which can
result in the sweep efficiency decrease of injected water (You et al.,
2019; Feng et al., 2019; Ebrahim et al., 2019). Conformance control
treatment can plug the high permeability layer, increase the sweep
efficiency of injected water and improve the oil recovery (Zhu et al.,
2017, 2018; Zhao et al., 2018, 2019; Kang et al., 2019). The
frequently-used conformance control materials are colloidal
dispersion gels (Abdulbaki et al., 2014; BjoRsvik et al., 2008), weak
ng), 13910509321@163.com

y Elsevier B.V. on behalf of KeAi Co
gel (Pu et al., 2017; Chen et al., 2018; Wang et al., 2017; Omari et al.,
2006; Hasankhani et al., 2019; Lashari et al., 2018), preformed
particle gel (Sang et al., 2014; Lenji et al., 2018; Pu et al., 2018a,b)
and polymer microspheres (Yao et al., 2015; Yang et al. 2015, 2017;
Lin et al., 2015; Pu et al., 2018a,b). Polymer microsphere confor-
mance control technology is a new deep conformance control
technology in recent years. The particle size of polymer micro-
spheres used in the oilfield is from nanoscale to micron scale and
the particle size is controllable (Ye et al., 2002; Wang et al., 2019).
Polymer microsphere is not difficult to disperse inwater and form a
dispersion system (Jiang et al., 2015). Polymer microsphere has the
water swelling property because of its spatial network structure
(Wang et al., 2018; Zhao et al., 2014). In addition, polymer micro-
sphere does not increase the viscosity of the injection system,
therefore, will not increase the resistance of the injection pipeline.
Polymer microsphere has strong temperature and salt tolerance
and good adaptability. Polymer microsphere has not only confor-
mance control effect, but also oil displacement effect (Inomata
mmunications Co. Ltd. This is an open access article under the CC BY-NC-ND license
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et al., 1995).
Polymer microspheres are often used with polymers in the

oilfield. The commonly used polymer is partially hydrolyzed poly-
acrylamide (HPAM) (Wang et al. 2018, 2019). The high temperature
resistance of acrylamide microspheres is very poor. Many re-
searchers improve the high temperature resistance performance by
adding functional monomers, such as 2-acrylamide group-2-
methyl propyl sulfonic acid (AMPS), 1-vinyl-2-pyrrolidinon (NVP),
N, N-Dimethyl acrylamide (DMAM), etc. However, they cannot be
accord with requirements of high temperature and high salinity
reservoirs (Liu et al., 2014; Gao et al. 2011; Lin et al., 2020).

In our previous work, Zr-induced thermostable polymeric
nanospheres with double-cross-linked architectures were prepared
through inverse emulsion copolymerization (Wang et al., 2019). In
this work, a total of 20 core flood tests were carried out to inves-
tigate the displacement characters of this flooding system,
including the core permeability, concentration of nanoparticles,
swelling time and swelling temperature, and the displacement ef-
ficiency of the system in homogeneous and heterogeneous cores
was also investigated. The basic parameters of the cores are shown
in Table 1.
2. Materials and methods

2.1. Materials

Main composition sodium chloride (NaCl, AR), magnesium
chloride (MgCl2, AR), potassium chloride (KCl, AR), calcium chloride
(CaCl2, AR), sodium carbonate (Na2CO3, AR), sodium bicarbonate
(NaHCO3, AR), methylene blue (dye content, �90%) and. All the
above materials were purchased from Shanghai Macklin
Biochemical Co. LTD, China. All of the above substances were used
without any further purification. Artificial cores provided by China
University of Petroleum, Beijing.
2.2. Optical microscopic observation

A drop of swelled nanoparticle solution was placed onto the
surface of a clean glass slide, which was stained with methylene
blue solution for observation under an Olympus BX41 microscope
manufactured by the Olympus Company (Japan).
Table 1
Physical parameters of cores.

core no. L, D, PV, 4, Kw,

mm mm mL % ( � 103mm2)

1# 151 25.0 20.8 28.07 30.04
2# 150 25.1 21.6 29.83 90.63
3# 150 25.2 22.2 29.93 156.18
4# 149 24.9 23.5 32.15 225.47
5# 151 25.0 24.7 33.61 304.21
6# 151 25.2 20.7 27.94 89.21
7# 149 25.1 20.8 28.69 90.06
8# 150 25.0 20.5 27.64 89.14
9# 151 25.3 20.7 27.94 89.69
10# 149 25.1 20.8 28.69 90.12
11# 150 25.0 20.5 27.64 89.19
12# 148 25.1 20.7 27.83 89.24
13# 150 24.9 20.6 27.77 88.93
14# 149 25.0 20.4 27.91 89.18
15# 152 25.1 20.3 27.88 89.15
16# 151 25.2 20.5 27.89 90.11
17# 150 24.9 20.5 27.64 88.48
18# 149 25.1 20.8 28.69 91.27
19# 150 25.0 20.6 27.77 89.36
20# 151 25.0 20.7 27.94 88.95
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2.3. Long term high-temperature resistance

About 0.2 g of polymer nanoparticles was placed in an ampoule
bottle containing 40 ml brine, then the ampoule bottle was placed
under vacuum and sealed. Finally, the sample was placed in a
constant temperature environment (150 �C), and then the swelling
phenomenon was observed by an optical microscope, along with
the measurement of the particle size distribution by a laser particle
sizer. When the polymer nanoparticles were almost completely
degraded, the process of temperature resistance was considered
finished.
2.4. Experiment of plugging performance

First, measure the length L, width D and height H of the square
core, put the core in a drying oven at 100 �C for 5 h, and thenweigh
the dry weight W1 on the electronic balance. In the vacuum
pumping device, the core is vacuumized for 8 h, then saturated
with brine for 8 h, and weighed the wet weight mass W2. and the
porosity of core matrix void volume PV F is calculated.
2.5. Experiment of enhanced oil recovery (EOR)

Re dried core was inserted into the core holder, and vacuumized
for more than 6h at 65 �C. Salt water (2 PV, salinity of 5000 mg/L)
was injected into the artificial core at a stable flow rate of 0.40 mL/
min until the monitored pressure tended to be stable, then, the
simulated oil was injected at the pump speed of 0.4 mL/min, and
samples are collected at the outlet end of tubes with different
specifications. The water content and water content of each tube
are measured, and the water content is calculated. Until the water
content in the tube reaches below 2%, the sum of the volumes of
water in all tubes is the volume of saturated simulated oil. There-
fore, the cores were all saturated by the simulated oil sample and
the crude oil saturations (Scoi, %) and initial oil volume (Voi, mL)
were calculated. Subsequently, Water drive the core with an in-
jection flow rate of 0.4 mL/min, at the same time, the test tubes of
different specifications are used to collect samples and monitor the
pressure change at the outlet of the core. The liquid content and oil
content in the test tubes were measured at the right time, and the
oil content and water content are calculated until thewater content
in the test tubes reachesmore than 98%, and the residual oil volume
(Vre, mL) was calculated. At the same flow rate, the 4.0 PV nano-
particles solution swelled at 150 �C for 90 days was injected. The
samples were collected at the right time and contents of the oil and
water were calculated. At the end of the solution injection, salt
water was injected until the water content in the test tube reached
more than 98%. Finally, the oil increment volume (DV, mL) was
recorded and the oil recovery of brine water flooding (Rw, %) and
enhanced oil recovery of the high-temperature swelled nano-
particles (EOR, %) was calculated using eqs (1) and (2). The resis-
tance coefficient (RC) and residual resistance coefficient (RRC) are
calculated by equations (3) and (4) respectively.

Rwð%Þ¼Voi�Vre

Voi
� 100% (1)

EORð%Þ¼DV
Voi

� 100% (2)

RC¼ ðDPÞSP
ðDPÞwb

(3)
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RCC¼ ðDPÞwa
ðDPÞwb

(4)

Where ðDPÞSP is the stable pressure drop at both ends of core during
polymer nanoparticle injection (profile control process), ðDPÞwb the
stable pressure drop at both ends of core during water injection
before profile control, ðDPÞwa the stable pressure drop at both ends
of core during water injection after profile control.
3. Results

3.1. Long term high-temperature resistance

Fig. 1 are the micrographs of nanoparticles at different swelling
times at 150 �C. Obviously, the particle size of polymer nano-
particles gradually increases with the increase of swelling time. A
smooth surface and a perfect spherical shape (Fig. 1bee) were
observed in the polymer nanoparticles after swelling for different
days at 150 �C. Dark spots appeared in the center of the particle
after 170 days (Fig. 1h). However, the structure of the polymer
nanoparticles obviously changed when the swelling time reached
180 days. As shown in Fig. 1i, a structure of spines appeared in the
polymer nanoparticles. So far, it was difficult to explain the phe-
nomenon of the resulting polymer nanoparticles within the
structure of spines. However, it is very likely that poly-nuclear
olation complex ions were formed between the hydrolyzed metal
crosslinking agent. With the hydrolysis of the polyacrylamide
molecular chain, the structure of the acrylic acid and the poly-
nuclear olation complex ions formed a more compact network
structure by a coordination substitution reaction. Finally, a dense
Fig. 1. Micrograph of nanoparticles at different swelling times at 150 �C (a-2 day; b-10 days;
i-180 days.).
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three-dimensional network structure filled the interior of the
polymer nanoparticles.
3.2. Effect of permeability to plugging property

As shown in Fig. 2, the injection pressure change in single core
models with different permeability (I, primary water injection; II,
injection of high-temperature swelled nanoparticles solution; and
III, succeeding water injection). It can be seen that when injecting
the nanoparticles dispersion system of 4 PV, with the increase of
core permeability, the pressure at the core inlet decreases gradu-
ally, which are 2372.3 kPa, 523.6 kPa, 242.9 kPa, 77.5 kPa and
29.4 kPa respectively. This shows that the high-temperature
swelled nanoparticles dispersion system has a good plugging ef-
fect for the cores with small permeability (30 � 10�3-
150 � 10�3 mm2, Fig. 2 a-c), but a poor sealing effect for the cores
with large permeability (225 � 10�3-305 � 10�3 mm2, Fig. 2 d-e).
Obviously, the maximum pressure in the middle section of the core
with a permeability of 30 � 10�3 mm2 is 108.14 kPa (Fig. 2a), which
is far lower than the pressure value of 2372.33 kPa at the inlet. It can
be seen that the deep migration performance of the high-
temperature swelled nanoparticles in the core with a perme-
ability of 30 � 10�3 mm2 is poor. For core pore structure, the size of
high-temperature swelled nanoparticles after 30 days is large
enough, so they can only stay at the entrance of the core. In Fig. 2b
and c, the middle sections of core with permeability of
90 � 10�3 mm2 and 150 � 10�3 mm2 have higher pressure values,
which are 178.09 kPa and 88.24 kPa respectively. This shows that
high-temperature swelled nanoparticles have good plugging effect
and deep migration ability in the cores with permeability of
90 � 10�3 mm2-150 � 10�3. The pressures at the core inlet with
c-30 days; d-80 days; e�120 days; f-150 days; g-partial enlargement of (f); h-170 days;



Fig. 2. Injection pressure change in single-tube sand pack models with different permeability (salinity: 10000 mg/L; concentration of nanoparticles: 500 mg/L; swelling time: 30
days; swelling temperature: 150 �C; injection rate: 0.4 mL/min).

Z.-Y. Wang, M.-Q. Lin, H.-K. Li et al. Petroleum Science 19 (2022) 387e396
permeability of 225 � 10�3 mm2 and 305 � 10�3 mm2 are 77.50 kPa
and 29.45 kPa, the middle pressures are 8.98 kPa and 7.66 kPa
respectively from the pressure curves of Fig. 2d and e. The above
390
experimental results show that the swelled nanoparticles disper-
sion system swelled 30 days at 150 �C is suitable for plugging core
with a permeability of 90� 10�3-150� 10�3 mm2. At the same time,
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the swelled nanoparticles can enter the deep part of the core and
play a role of deep profile control. It also indirectly shows that
nanoparticles have excellent high temperature resistance.
3.3. Effect of concentration to plugging property

The concentration of high-temperature swelled nanoparticles
dispersion system will not only affect its plugging effect on porous
media, but also affect its in-depth migration effect. The injection
pressure change in single core models with different permeability
(I, primary water injection; II, injection of high-temperature
swelled nanoparticles solution; and III, succeeding water injec-
tion) as shown in Fig. 3. When the mass concentration of the high-
temperature swelled nanoparticles dispersion system is 200 mg/L,
pressure of the core inlet is 197.09 kPa, and the middle pressure is
48.21 kPa after injecting the 4 PV this dispersion system. This
dispersion system (200 mg/L) has a certain plugging effect on the
core with a permeability of 90 � 10�3 mm2, and some nanoparticles
can also migrate to the middle of the core. However, both the
pressure at the core inlet and the pressure at the middle section
decreased significantly after succeeding water injection, which are
maintained at about 90 kPa and 15 kPa respectively. The coefficient
of residual resistance is small, which is 5.06 and 1.76 respectively,
indicating that the nanoparticles dispersion system with this con-
centration has poor plugging effect on the core. When the mass
concentration of the dispersion system is 500 mg/L, the pressure at
the core inlet is 523.60 kPa, the pressure at the core middle section
Fig. 3. Injection pressure change in single-tube sand pack models with different concentra
swelling temperature: 150 �C; injection rate: 0.4 mL/min).
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is 178.09 kPa, and the resistance coefficient is 26.18 and 22.26,
respectively. Both the pressure at the core inlet and the pressure at
the middle section decreased significantly after succeeding water
injection, which are maintained at about 340 kPa and 85 kPa
respectively. The coefficient of residual resistance is small, which is
5.06 and 1.76 respectively, the coefficient of residual resistance is
17.42 and 10.73, respectively. It can be seen that the nanoparticles
dispersion system of this concentration has a good plugging effect
on the core with a permeability of 90 � 10�3 mm2, and most
nanoparticles can also migrate to the middle part of core. The
pressure at the core inlet is 1209.56 kPa, and the pressure at the
middle part of the core is 62.59 kPa after injection of 4 PV micro-
sphere dispersion system (1000 mg/L), indicating that the nano-
particles is almost blocked at the core inlet and can't move forward
and deeply, so it does not reach the back part of the core. This is
mainly because the concentration of the swelled nanoparticles
dispersion system is too large, which is easy to form aggregation
and bridging in the pore channel of the core port and block it,
resulting in that the injected microsphere can not move forward,
and the compression and accumulation between the swelled
nanoparticles makes the pressure at the inlet rapidly rise, while the
pressure value of the rock core segment is low due to the limited
number of swelled nanoparticles moving here. The results show
that the nanoparticles with 30 days swelled at 150 �C can effec-
tively block the core with a permeability of 90 � 10�3 mm2, and the
optimal mass concentration of the nanoparticles with good
migration performance is 500 mg/L.
tion (salinity: 10000 mg/L; core permeability: 90 � 10�3 mm2; swelling time: 30 days;
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3.4. Effect of swelling time to plugging property

The size of the nanoparticles is different under different
swelling time, so the elasticity and toughness are different, which
will have a certain impact on the plugging effect and the migration
in the core. The injection pressure change in single core models
with different swelling time (I, primary water injection; II, injection
of high-temperature swelled nanoparticles solution; and III, suc-
ceeding water injection) as shown in Fig. 4. It can be seen from
Fig. 4 that when the nanoparticles dispersion system (same con-
centration and the same number of PV) are injected into the cores,
with the increase of the swelling time, the pressure at the core inlet
and at the middle section both increase first and then decrease.
Fig. 4 a shows that the un-swelling nanoparticles have weak
plugging effect on the core and strong migration ability, because
the dry powder nanoparticles are almost a solid rigid sphere with
small particle size and no elasticity. The pressure at the core inlet
increases rapidly from 43.92 kPa to 169.02 kPa, the pressure at the
middle section increases from 16.10 kPa to 42.80 kPa when the
nanoparticles swelled for 3 days. Meanwhile, the swelling time of
the nanoparticles continues to increase to 5 days, 10 days, 20 days
and 30 days. Both the pressure at the core inlet and the pressure at
the middle section continue to increase. It is thus clear that during
this period of time, the nanoparticles gradually swell, water mol-
ecules slowly enter the interior of the nanoparticles, the originally
twisted and folded molecular chains slowly expand under the ac-
tion of repulsion force and the size of nanoparticles increases
gradually. Therefore, the plugging effect of the core with the same
permeability is getting better and better. At the same time, because
the molecular chain is not fully extended and the nanoparticles are
not fully expanded, the result is that nanoparticles exhibit good
elasticity and mobility. When the swelling time is 60 days, the
pressure at the core inlet is 407.99 kPa, and the pressure at the
middle section is 110.60 kPa. At this time, the resistance coefficients
at the inlet and middle section are 16.32 and 9.22, the residual
resistance coefficients after the succeeding water injection are 9.84
and 3.67, respectively. The pressure values at the core inlet and
middle sections are reduced to 248.09 kPa and 92.99 kPa,
continuing to extend the swelling time for 90 days. Meanwhile, the
resistance coefficients at the inlet and middle section are 9.97 and
7.75, the residual resistance coefficients after the succeeding water
injection are 7.52 and 2.68, respectively. Obviously, the nano-
particles with high temperature swelling for 60 days show better
plugging and migration performance. Fortunately, the nano-
particles swelled at high temperature for 90 days also partly had
plugging and migration performance. Quite evidently, this indi-
rectly shows that nanoparticles have excellent high temperature
resistance.

3.5. Effect of swelling temperature to plugging property

In the same swelling time, the swelling temperature directly
affects the properties of polymer nanoparticles. Such as the size and
elasticity of nanoparticles so on. The injection pressure change in
single core models with different swelling temperature (I, primary
water injection; II, injection of high-temperature swelled nano-
particles solution; and III, succeeding water injection) as shown in
Fig. 5. It can be seen from Fig. 5 that when the nanoparticles
dispersion system (same concentration of 500 mg/L and the same
number of 4 PV) are injected into the cores, with the increase of the
swelling temperature, the maximum pressure values at the core
inlet are 443.62 kPa, 523.60 kPa, 565.34 kPa and 580.27 kPa. It can
be seen that the higher the swelling temperature at the same
swelling time, the faster the swelling rate of the microsphere, and
the larger the diameter of the microsphere, the better the sealing
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effect of the core. As the swelling temperature increases, the
pressure values in the middle section of the core are 122.19 kPa,
178.09 kPa, 186.27 kPa and 136.73 kPa, respectively, showing a
trend of first increasing and then decreasing. The results show that
the higher the swelling temperature, the faster the swelling rate.
Therefore, polymer nanoparticles the small particle size at 100 �C
have a certain sealing effect on the core and can also migrate to the
middle and back sections of the core. However, after the succeeding
water injection, the pressure at the inlet and middle sections of the
core dropped to 310 kPa and 65 kPa, and the residual resistance
coefficients are relatively small, 12.41 and 5.42, respectively.
Because of swelling at 100 �C for 30 days, the microspheres are still
in the early stage of swelling, with small particle size and weak
elasticity. Therefore, when the swelling temperature is 100 �C, the
emulsion polymer nanoparticle need longer swelling time (>30
days) to show better sealing and migration performance. When the
swelling temperature is 120 �C and 140 �C, the resistance coeffi-
cient in the middle section of the core after injection of the 4Vp
polymer nanoparticles dispersion system is 14.84 and 15.52,
respectively. The pressure drops little after the succeeding water
injection, and the residual resistance coefficient in the middle
section of the core is 8.33 and 10.24, respectively. The polymer
nanoparticles show good sealing and migration performance.
Because the polymer nanoparticles are in the middle stage of
swelling at 120 �C and 140 �C for 30 days, with moderate particle
size and good elasticity, this nanoparticles swelling for 30 days at
120 �C and 140 �C can meet the blocking and migration demand of
regulating flooding. When the swelling temperature was 150 �C,
the resistance coefficients at the entrance and middle of the core
are 25.23 and 11.39, respectively, and the residual resistance co-
efficients after the succeeding water injection are 18.48 and 4.93,
respectively. It can be seen that polymer nanoparticles swelling for
30 days at 150 �C also had good sealing andmigration performance.

3.6. Effect of enhanced oil recovery

3.6.1. Homogeneous cylindrical core
Core displacement experiment was used to evaluate the effect of

polymer nanoparticles dispersion system on EOR of homogeneous
cores. The effect of enhanced oil recovery of polymer nanoparticles
dispersion system with a mass concentration of 500 mg/L was
investigated at the core containing oil with permeability of
90 � 10�3 mm2. Fig. 8 show the change in cumulative oil recovery,
water cut, and pressure history with displaced fluid at a fixed salt
concentration of 10000 mg/L (Naþ: 2396 mg/L, Kþ: 747.5 mg/L,
Mg2þ: 289 mg/L, Ca2þ: 309 mg/L, Cl-: 5117.5 mg/L, HCO3

- : 1141 mg/
L). From Fig. 6, it can be seen that the oil recovery increased with
the increase of water injection volume, the core pressure value
increased rapidly by injecting 4 PV high-temperature swelled
nanoparticles dispersion system, the maximum pressure value is
525.19 kPa, the water content decreases, the oil recovery increased
sufficiently 13% from 29% to 42%. Fortunately, the pressure value
decreased only about 345 kPa and the oil recovery increased to 50%
after chase water flooding.

The injectivity and plugging performance of the high-
temperature swelled nanoparticles were evaluated by resistance
factor (RF) and residual resistance factor (RRF). The increase of
510 kPa in differential pressure during the injection period of
nanoparticles dispersion system at 150 �C indicated that high-
temperature swelled nanoparticles had fine injectivity and were
capable of penetrating deeply into the petroleum formation. Before
injection, the nano-polymer particles were swelled to certain
extent, therefore their particle sizes have no big change after in-
jection since the temperature remains unchanged. After the ho-
mogeneous cylindrical core was treated by high-temperature



Fig. 4. Injection pressure change in single-tube sand pack models with different swelling time (salinity: 10000 mg/L; core permeability: 90 � 10�3 mm2; concentration of
nanoparticles: 500 mg/L; swelling temperature: 150 �C; injection rate: 0.4 mL/min).
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swelled nanoparticles dispersion system at 150 �C for 3 months,
and during chase water flooding, the differential pressure was
decreased to 425 kPa. It could be calculated that the residual
resistance factor was 10.63 and the plugging efficiency was 93.9%,
indicating that the high-temperature swelled nanoparticles have
excellent resistance to high temperature and plugging perfor-
mance. After aging at 150 �C, the nano-polymer particles's particle
size gradually increased on account of its excellent thermal stability
393
under high temperature, thus blocking pores and throat channels
through adsorption, retention, deformation and other mechanisms
(Liu et al., 2012).
3.6.2. Heterogeneous cylindrical core
A heterogeneous double-tube sand pack model was used in this

study to study the profile control and displacement performance of
nano-polymer particles dispersion system. A 500 mg/L nano-



Fig. 5. The effect of swelling temperature on plugging and migration characteristics of polymer nanoparticle (salinity: 10000 mg/L; core permeability: 90 � 10�3 mm2; concentration
of microspheres: 500 mg/L; swelling time: 30 d; injection rate: 0.4 mL/min).

Fig. 6. Cumulative oil recovery, water cut, and pressure history of different pore vol-
ume fluid injected (concentration of the microsphere: 500 mg/L; swelling time: 30
days; swelling: temperature: 150 �C).
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polymer particles dispersion system was prepared with simulated
salt water with a salinity of 10000mg/L and swelled at 150 �C for 30
days. The slug size of the injected microsphere dispersion system
was 4 PV. The experimental results are shown in Table 2, Figs. 7 and
8.
394
It can be seen from the data in Table 2 that in the early stage of
water drive of parallel double pipe model, the recovery of high
permeability tube is about 27.2%, while that of low permeability
tube is only 17.6%, which is about 10% lower than that of high
permeability tube. This shows that in the early stage of injection of
simulated salt water, the simulated salt water mainly passes
through the high-permeability core with low flow resistance, and
part of it passes through the low-permeability core with high flow
resistance, so that the recovery of high-permeability core is
significantly higher than that of low-permeability core. As shown in
Fig. 7, the pressure value rises rapidly with the maximum value of
929.64 kPa after injection of microsphere dispersion system slug,
and the pressure value gradually decreases after chase water
flooding. The final total recovery of double pipe is 33.2%, in which
the recovery of low-permeability pipe is 29.8%, and that of high-
permeability pipe is 35.4%. The difference between the two is
small. However, from the data in Table 2, it is found that the re-
covery of microsphere dispersion system in low-permeability pipe
is 12.2%, while that in high-permeability tube is only 8.2%, which is
4.0% lower than that in low-permeability tube, and the recovery of
double tube core is 10.4% higher on the basis of water drive. It can
be seen that the injected nano-polymer particles dispersion system
preferentially enters the high-permeability core and blocks the
large pore in the high-permeability core. Because the microsphere
dispersion system has the effect of plugging and profile control,
when the double tube model is used for water drive, the injected
water enters the low-permeability core and displaces the



Table 2
Physical parameters of cores and nano-polymer particles dispersion system double-tube displacement results.

Core Permeability, � 10�3 mm2 Soi, % Rw, % RN-P, % EOR, %

single total single total single total

30 75.2 17.6 22.8 12.2 10.4 29.8 33.2
90 73.9 27.2 8.2 35.4

Fig. 7. Double-tube flooding experiment recovery, water content and the relationship
between injection volume (concentration of the microsphere: 500 mg/L; swelling
time: 30 days; swelling temperature: 150 �C).

Fig. 8. Double-tube experiments in parallel watershed between rate and injection
volume (concentration of the microsphere: 500 mg/L; swelling time: 30 days; swelling
temperature: 150 �C).
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remaining oil or residual oil zone that the first water drive did not
affect. Therefore, the pressure in the model increases obviously and
the water content of the produced liquid decreases after the in-
jection of the microsphere dispersion system.

Fig. 8 is the relationship curve between the liquid separation
rate and injection volume of parallel double tubes displacement. It
can be seen from the Figure that as the injection slug of the nano-
polymer particles dispersion system increases, the liquid separa-
tion rate of the low-permeability core increases, and the liquid
separation rate of the high-permeability core decreases, which also
shows that the injection of the nano-polymer particles dispersion
395
system has played a sealing role in the high-permeability core,
achieving a better liquid flow steering effect, making the subse-
quent displacement fluid enter the low-permeability core, starting
the residual oil in it, and achieving the purpose of EOR. It can be
seen that nano-polymer particles dispersion system has certain
plugging and displacement control effect on high permeability core
when swelling for 30 days at 150 �C.

4. Conclusions

In this paper, the polymer nanoparticles dispersion systemwith
a concentration of 500 mg/L could exhibit an effective plugging
effect for cores with different permeability from 30 � 10�3 mm2 to
150� 10�3 mm2, even after aging at 150 �C for 90 days. The polymer
nanoparticles dispersion system after high temperature swelling
has a good effect on the control and displacement of homogeneous
core, and the oil recovery is improved by 20% on the basis of water
drive. This system could significantly reduce fractional flow
through high permeability channel, and also present good profile
control effect and oil displacement efficiency in parallel double
cores, and the recovery of double tube core is increased by 10.4% on
the basis of water drive. Obviously, this work provides a kind of new
material to meet the demand of tertiary oil recovery in high tem-
perature reservoirs. The novel high-temperature resistant polymer
nanoparticle can be a great help for petroleum engineers to better
apply this deep profile control and flooding technology.
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