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Abstract: Novel profile control agents are constantly emerging in the field of enhanced oil recovery,
contributing to the extension of a stable production period. However, evaluation performed through
conventional core flow experiments is usually inadequate to reveal the in-depth mechanism of profile
control agents. Besides, due to different operation and production modes, there is an urgent need
for a specific experimental method applicable to horizontal wells in bottom water reservoirs. In this
context, this paper describes two models tailored to bottom water reservoirs and investigates the flow
characteristics and mechanisms of three water-shutoff agent types. At the pore scale, further study
was carried out on the water-shutoff synergism between a gel and an emulsifier. The results show
that the gel is present at the edge of the pore body, while the emulsion is blocked in the center of the
pore body. Hence, gel that enters a water channel (main flow and accumulation area of emulsion)
can cooperate with an emulsion to achieve high-strength water shutoff, making the bottom water
that re-invades mainly break through at oil-rich areas. Compared with water shutoff with gel alone
(randomly distributed in the breakthrough area), the synergism improves the gel’s ability to select
flow channels, inhibits emulsifier channeling, and achieves a remarkable EOR effect.

Keywords: polymer microspheres; emulsifier; water shutoff

1. Introduction

Bottom water reservoirs exist widely in oilfields, mostly developed through horizontal
wells. Compared with vertical wells, smaller production pressure difference in horizontal
wells helps restrain the bottom water coning and increase production [1]. After years of
development, most horizontal wells will enter the high water cut stage, and water shutoff
operation is necessary to further improve the recovery [2–5]. This article mainly focuses on
water plugging agents used in horizontal wells of bottom water reservoirs.

At present, four types are recognized as agents for water plugging in horizontal wells:
(1) a polymer gel system, (2) a surfactant, (3) a precipitate, and (4) a disperse system [6]. The
primary components of polymer gels are polymer monomers and functional monomers; the
long-chain polymer is cross-linked into a spatial network structure in formation with a cross-
linking agent to block the channel. Polymer gel systems are commonly used in oilfields
because of their low cost and simple technology. Scholars have carried out a large number of
systematic studies on polymer gel and managed to control the strength of underground gel
formation by polymer concentration and crosslinking agent concentration [7,8]. Liang et al.
used core flooding experiments coupled with NMR scans to clarify the gel-dehydration
mechanism [9]. Seright et al. designed a gel-injection parameter that could be used for
water-shutoff treatment in fractured reservoirs through analytical methods [10,11].

Disperse systems are another widely applied plugging agent in oilfields, represented
by polymer microspheres (particle gel). A stabilizer is used to help dispersed substances
such as particles form a relatively stable suspension in water, then dispersed substances
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are readily injected into the formation to block large pores in the channeling zone [12,13].
Bai et al. proposed a preformed particle gel (PPG) to achieve profile control of heteroge-
neous and fractured reservoirs [14,15]. A series of test tube experiments and core experi-
ments were performed to carry out systematic research on PPG, and a numerical simulation
method for the characterization of PPG action mechanism was established, which paved
the way for its field application.

Precipitation occurs in chemical reactions between an injected fluid and original
components underground. This type of plugging agent is represented by sodium silicate
and is relatively expensive. It is mainly used in salt-rich reservoirs with high Ca2+ and
Mg2+. After the sodium silicate solution is injected into the formation, it can form calcium
silicate precipitation with Ca2+ in the formation water. The precipitate exists in the form of
gel particles and plays a role in blocking water. However, low viscosity (2–10 cp) weakens
its profile control effect.

Surfactants emulsify the crude oil in the formation by injecting fluid to form an
emulsion, which will squeeze and deform when passing through the pore throats to
increase the flow resistance of the water channel [13–15]. Surfactants are usually used
with a strong gel system to avoid the tendency for channeling [16–19]. Previous studies
show that the current selection and evaluation of plugging agents are primarily based
on core displacement experiments, with pressure drop (resistance coefficient, residual
resistance coefficient) as the evaluation benchmark. New experimental methods are needed
to clarify the flow physics and mechanism of plugging agents in the development of bottom
water reservoirs.

The microfluidic model can visually present the fluid flow process in porous media,
which provides important support for studying the mechanism of chemical agents to
enhance oil recovery [20]. Xu et al. designed microscopic models to study the formation and
flow process of an O/W emulsion and confirmed that the O/W emulsion could block the
channel and divert the subsequent injection water to low-permeability formations [21–23].
Yu et al. used a microscopic model to systematically study the formation mechanism
of W/O/W emulsions and the mechanism of enhanced oil recovery [24]. Sendekie and
Bacchin designed a microfluidic model to study the mechanism of polymer microspheres to
achieve water-shutoff through logging effects [25]. Liang et al. used a microfluidic model to
visualize the gel-like plugging agent’s dehydration and gel formation process and pointed
out the distribution position of the dehydrated gel in the porous medium [26].

Researchers have also conducted microfluidic experiments to study the mechanisms
of blocking agents. Sendekie et al. studied the flow behaviors of polymer nanospheres
through a theoretical homogeneous micromodel [26]. They clarified the clogging of pore
entrances and the adsorption of PNSs on the rock surface. However, their microfluidic
experiments only researched the flow of polymer nanospheres as a single-phase flow.
Besides, they only consider the impacts of particle/particle and particle/wall interactions
on the retention of PNSs, while failing to take into account the influence of PNSs–oil
interaction. Su et al. used a fractured 2.5D micromodel to further research the blocking
effects of polymer nanospheres in fractured reservoirs [27]. However, they failed to consider
the blocking effects of polymer nanospheres in pores. Moreover, few researchers have
focused on understanding the blocking mechanisms of a gel by micromodels.

This paper describes two types of microfluidic models that could simulate the produc-
tion characteristics of typical bottom water reservoirs in horizontal wells and covers their
use in experiments with three types of plugging agents: polymer gels, polymer microsphere
dispersions, and emulsifiers. The study of flow characteristics and the mechanism of action
is expected to provide a reference for the scientific selection of plugging agents to increase
the productivity of horizontal wells in bottom water reservoirs.
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2. Methodology
2.1. Chemicals

Kerosene obtained from Aladdin Ltd (Cuddington, UK). was used as the oil phase
in this study. Before experiments, the kerosene was dyed by Sudan IV for identification
and also filtered through 0.25-mm filter paper. The polymer (Flopaam 3530S) was obtained
from SNF (Cedex, France). The crosslinking agent TD-2A was purchased from Xinjiang
Baomo Company. The polymer microsphere PCS and emulsifier SC-Z were purchased
from Beijing Yide Petroleum Company (Beijing, China).

2.2. Micromodels

The pore structure of sandstone slices scanned by CT was extracted by binarization,
and the microscopic model was designed by image stitching. Two types of microfluidic
models were produced: one is a homogeneous model simulating a typical homogeneous
bottom water reservoir that is completely watered-out; the other is a heterogeneous model
simulating a typical heterogeneous bottom water reservoir that is partially watered-out.
The model is 2.5 cm in length, 1.5 cm in width, and 20 µm in depth. The average width
of the low-permeability channel is 60 µm, and the average width of the high-permeability
channel is 180 µm. Two types of microfluidic models are shown in Figure 1.
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2.3. Micromodel Flooding Schemes

The experiment process is as follows:
(1) Model cleaning: Before the experiment, the model was repeatedly washed with hy-

drochloric acid solution, sodium hydroxide solution, ethanol, and deionized water, respectively.
(2) Model saturated with oil: The oil phase was injected into the micromodel by

a FLUIGENT pump (MFCS-EZ) at a constant pressure of 100 mbar. To remove all gas
bubbles trapped in the micromodel, the injected pressure was increased from 100 mbar to
4000 mbar with a gradient of 300 mbar. In this case, all trapped gas bubbles were gradually
compressed and mobilized by the injected-oil phase.

(3) Bottom water invasion: Constant-rate water flooding from the bottom of the model
is performed to simulate the process of bottom water invasion. A Harvard pump (PHD
UL-TRATM) was used to inject the displacement fluids. The flow rate of the aqueous phase
was controlled at 0.1 µL/min (Darcy velocity divided by the void fraction of porous media),
equivalent to approximately 2 ft/day, which is a typical flow rate used in the EOR process.
The flooding is stopped after the water cut increases to 98% in the outlet.

(4) Plugging agent injection: After water invasion, the plugging agent system is
injected at the same speed from the top of the model to simulate the process of water
plugging in horizontal wells.

(5) Water reinvasion from the bottom: Step (3) is repeated to simulate the process of
water invasion again after the plugging agent is blocked.

In the above process, the flooding in the porous micromodels was observed by a Leica
M165FC microscope, and recorded by a Leica CCD camera (100 fps, 1600 × 1200 pixels).

3. Results and Discussion
3.1. Performance Tests of Profile Control Fluids
3.1.1. Emulsifier Performance Test

Emulsion-phase behavior tests were conducted to investigate the emulsifying ability.
As shown in Figure 2, after mixing the emulsifier and the oil phase at a ratio of 1:1, all
of the oil phase was emulsified, and the emulsion gradually shrank during the standing
process. The emulsion gradually stabilized after about 10 h, forming tight emulsion blocks
on the upper part of the water phase. Figure 2b–d shows the microscopic images of the
emulsion at different times, displaying that emulsions of different particle sizes appeared
immediately after mixing. As the standing proceeded, the size of most emulsions gradually
stabilized at about 100 µm.

3.1.2. Microsphere Performance Test

The mother liquid of polymer microspheres was diluted with deionized water at 1:100
to prepare 1% polymer microsphere dispersion. The dispersion is stood, and a Top-Sizer
laser particle size analyzer is used to measure the particle size of the dispersion during the
standing process. The result shows that the average particle size of the newly prepared
dispersion was about 3.7 µm (Figure 3a) and that the particle size of the microspheres
remained basically unchanged at 32 µm after 3 days of expansion (Figure 3d).

3.1.3. Gel Performance Test

First, a 3000 ppm polymer solution was prepared with deionized water, and its
viscosity at 25 ◦C was measured with a Brookfield DV2T rotating viscometer. Then, the
polymer solution was mixed with 0.01% cross-linking agent TD-2A. The experimental
results are shown in Figure 4. The fluidity of the mixed liquid before gelation was relatively
high, with a viscosity of 60 mPa·s. After 24 h of mixing, the mixture exhibited characteristics
of gel, and its viscosity reached 1041 mPa·s.
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3.2. Flow Dynamics of Plugging Agents
3.2.1. Water Shutoff of Emulsifier

Figure 5 shows the results of an in-depth profile control of microspheres using a
homogeneous model. Calculated by the digital processing of the experimental images, the
recovery degree increased from 63% to 76%. In the homogeneous model, the invasion front
of bottom water was relatively stable, and the bottom water rose uniformly along the bottom
of the model. The entire model presented a completely watered-out state. After flooding,
the microscopic residual oil had the same occurrence as the state proposed by Li et al.,
showing the typical characteristics of “overall dispersion and local concentration” [24].
After injecting the emulsifier along the simulated “horizontal wellbore”, since the emulsifier
and the water phase are completely miscible, the emulsifier flowed along the channel
invaded by the bottom water, and the flooded area changed from dark blue to shallow
blue, as shown in Figure 6. However, in the area where the emulsifier flowed, the clustered
remaining oil that was locally concentrated was found to be mobilized by the emulsifier
and became small dispersed oil droplets. The droplets were carried by the emulsifier
and migrated to the deep part of the reservoir during the emulsifier injection. When the
bottom water invaded again, droplets would get stuck when flowing through small pore
throats, leading to a local detour of the bottom water, and realizing the development of the
remaining oil.
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Figure 7 shows the results of the heterogeneous model, wherein the recovery increased
from 36.9% to 40.1% after the emulsifier blocked water. Most bottom water flowed along
the high-permeability area, and consequently oil was left in the low-permeability part on
the two sides of the high-permeability area. During the process of emulsifier injection,
the emulsifier still flowed along the high-permeability area, and the remaining oil in the
low-permeability area remained untouched. In the subsequent water-invasion process of
the bottom water, due to the high oil-washing efficiency in the high-permeability area, little
oil is emulsified, resulting in a poor microscopic detour effect. The subsequent bottom
water still flowed along the high-permeability channel, and the remaining oil in the low-
permeability area was basically not influenced.
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As shown in Figure 8, the flow physics of an emulsifier as a horizontal well water-
shutoff in bottom water reservoirs include the following facts: (1) the emulsifier and the
water phase have the same mobility and flow along the water phase channel; (2) in the
process of emulsifier injection, through diffusion and disturbance, the oil phase is emulsified
to displace the residual oil; (3) as the emulsion flows with the bottom water, it will get stuck
when flowing through the pore throats, leading to the detour of the subsequent invasion of
bottom water; (4) however, the profile control effect of this emulsion is very limited, and it
can only realize the spread and expansion of homogeneous reservoirs at pore scale, which
has little effect on heterogeneous reservoirs.

3.2.2. Water Shutoff of the Microsphere

Figure 9 shows the results of the in-depth profile control of microspheres using the
homogeneous model. The recovery degree of the homogeneous model increased from
68.9% to 90.1%. As can be seen from the figure, since the microsphere dispersion has
the same mobility as the water phase, after the microsphere dispersion was injected, the
dispersion mainly flowed along the bottom water invasion channel, and the whole model
turned to light blue in the deep blue area of the bottom water invasion. During the
injection, the injected fluid diversion was realized by blocking and bridging at the pore
throats, then trapped oil was displaced. After 3 days of expansion, in the process of bottom
water invasion, the bottom water could no longer fully enter the channels occupied by the
microspheres. As shown in the figure, some bottom water flowed around the light blue
area. By comparing the microspheres in the light blue channel and the dark blue channel, it
can be seen that the microspheres in the light blue channel were squeezed because their
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diameter was larger than the depth of the channel after expansion. Then the local area
of the homogeneous model was blocked, and the microspheres wherein the water phase
could enter did not show this feature.
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Figure 10 shows the results of the emulsifier water shutoff experiment using the
heterogeneous model; the recovery degree increased from 36.1% to 72.1%. Figure 10 shows
that, in the heterogeneous model, when the microsphere dispersion was injected, it still
flowed mainly along the bottom water invasion channel and left the remaining oil in the
low-permeability area unused. But after 3 days of expansion, the microspheres in the high-
permeability channel began to exert a good blocking effect; the injected water effectively
flowed along the low-permeability channel, and the effective production of the remaining
oil in the low-permeability area was realized.

Figure 11 depicts the flow physics of the microsphere dispersion as a horizontal well
water shutoff in a bottom water reservoir: (1) the microsphere dispersion has the same mobility
as the water phase and flows along the water phase flow channel; while the oil phase in other
areas is untouched, especially in heterogeneous reservoirs, the micro-spheres hardly enter
the low-permeability area and will not pollute the low-permeability layer; (2) the expanded
microspheres can effectively relieve water channeling, causing the re-invasion bottom water to
detour, and effectively mobilize the remaining oil in the low-permeability area. The in-depth
profile control effect is remarkable in heterogeneous reservoirs.
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Figure 9. The subsequent water invasion process diagram after polymer microsphere injection
and microsphere expansion in the homogeneous model. (a) The microsphere is injected along the
simulated “horizontal wellbore”; (b) end of the second water flooding.

3.2.3. Water Shutoff of Gel

Figure 12 shows the experimental results of deep profile control using gel in a homoge-
neous model, and the recovery degree increased from 65.5% to 86.2%. In the homogeneous
model, due to the high viscosity of the gel system, the effect of improving oil–water mobil-
ity was obvious during the injection process, and the gel advanced uniformly along the
simulated “horizontal wellbore”. After 24 h of gelation, the gel system formed a thicker
gel-blocking area near the wellbore. When the bottom water invaded again, the bottom
water no longer advanced evenly along the bottom of the model, but made a breakthrough
in certain areas that the gel blocked weakly. In this process, the remaining oil outside the
gel-blocking area in the model was basically not used. In the homogeneous model, the gel
system has a poor effect on locally concentrated residual oil and discontinuous residual oil
in pore throats.
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Figure 11. Water shutoff mechanism of polymer microspheres. (a) The distribution of polymer
microspheres in the channel before expansion; (b) no permeability loss before expansion; (c) the
distribution of polymer microspheres in the channel after expansion; (d) permeability loss caused by
blocked pores after the expansion of polymer microspheres.

Figure 13 shows the results of a gel water shutoff experiment using the heterogeneous
model; the recovery rose from 34.7% to 78.8%. In the heterogeneous model, mobility was
greatly improved due to the high viscosity of the gel system. During the injection process,
the depths of high- and low-permeability channels that the gel entered were similar, which
seriously polluted the low-permeability layer. However, as the bottom water reinvaded,
the gel system could effectively block both the high- and low-permeability layers. The
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injected water would break through in areas where the sealing strength was weak, and gel
was very effective in exploiting the remaining oil in the low-permeability area.
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Through the above experiments, the flow physics of gel as a horizontal well water
shutoff in a bottom water reservoir is basically clear. (1) For a gel system with higher
viscosity, it has a significant effect on improving mobility during the injection process; the
wellbore of horizontal well advances evenly, which may pollute the low-permeability area;
(2) a very strong plugging zone is formed after gelation, causing the subsequent bottom
water to advance evenly along the bottom and break through at several points with weak
plugging strength.

3.3. Flow Dynamics of Plugging Agents

The flow characteristics and action mechanism of three different types of plugging
agents have been clarified in 3.2. A microsphere is an in-depth profile control agent
with good selectivity to oil–water channels and is often used alone in oilfields to achieve
enhanced oil recovery. The effect of the emulsifier on in-depth profile control is relatively
weak, and it is basically ineffective for heterogeneous models; however, the emulsifier
can effectively emulsify and mobilize residual oil through the process of the injection and
re-invasion of bottom water. Although the gel system has strong plugging strength, its
shortcomings include commingled water plugging, low-permeability layer pollution, and
excessive plugging strength. In this context, multiple-cycle injection of the emulsifier and
gel is often used in oilfields to achieve complementary advantages and avoid disadvantages,
and combination plugging-control experiments were carried out to further study the
synergistic effect.
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After the first water invasion, 0.1 PV gel was injected to achieve high-strength plug-
ging of the near-well channel flow channel. The results are shown in Figures 14a and 15a.
As described in 2.2, the gel system advanced uniformly in both homogeneous and hetero-
geneous models. In the process of second bottom water invasion, bottom water channeling
occurred at one end of low gel-plugging strength in both models (Figures 14b and 15b).
Then 0.2 PV emulsifier was injected again along the horizontal wellbore. It can be seen
from Figures 14c and 15c that the emulsifier basically flowed along the second water in-
vasion channel during the injection, realizing the mobilization of oil phase in the water
invasion channel. As the third round of bottom water invaded, the bottom water also
flowed along the emulsifier flow channel, as shown in Figures 14d and 15d. We continued
to inject 0.1 PV gel system along the wellbore area of the horizontal well. It can be seen
from Figures 14e and 15e that the gel system injected this time was no longer uniformly
advanced, but mainly moved along the area where the gel accumulated in first injection.
This indicates that a strong blocking area was formed in the area where the third bottom
water invasion broke through, and the gel system cannot enter this area again, as shown in
the marked areas in Figures 14e and 15e. The fourth bottom water invasion was carried out
after the gelation; the locally concentrated residual oil and discontinuous residual oil in
pores were effectively produced in both homogeneous and heterogeneous models.

According to the definition of microscopic remaining oil swept area by Yu et al., the
remaining oil occupying more than five pores is defined as continuous remaining oil, and
the displacement occupied by continuous remaining oil is defined as the unswept area [17].
On this basis, the images in the above experiments can be determined by digital processing.
In the homogeneous model, the first water invasion area is 77.2%, with a recovery degree
of 62.1%; the second water invasion area after gel injection is 100%, with a recovery degree
of 76.3%; the third water invasion area after emulsifier injection is 100%, with a recovery
degree of 84.3%; the fourth water invasion area after the second gel injection is 100%, with
a recovery degree of 93.2%. In the heterogeneous model, the first water invasion area is
40.3%, with a recovery degree of 36.2%; the second water invasion area after gel injection
is 80.9%, with a recovery degree of 51.2%; the third water invasion area after emulsifier
injection is 100%, with a recovery degree of 78.3%; the fourth water invasion area after the
second gel injection is 100%, with a recovery degree of 86.2%. Compared with the results
in 3.2, the combination of the gel system and emulsification exerts the synergistic effect of
the two and realizes a greater effect of in-depth profile control.

Microscopic images were collected to reveal the synergistic effect of the emulsifier
and gel system in experiments. Figure 16 shows the occurrence of the oil, water, and gel
system after gelation. The gel was mainly distributed on the rock wall, leading to the
narrowing and permeability loss of the channel. After the emulsifier was injected, the oil
phase was emulsified into small oil droplets and flowed along the center of the channel.
Figure 16c reveals the high-strength plugging area formed under the synergism of the gel
and the emulsifier. The gel was present at the edge of the pores, and emulsified oil droplets
occupied the pores. As a result, before the subsequent fluid could break through, it should
not only break through the gel in the center of the pore body but also effectively mobilize
dispersed oil droplets in the gel system. As shown in the figure, the plugging of the gel
and the emulsion resulted in the emergence of a high-strength plugging area, realizing the
synergism in in-depth profile control.

Through the above analysis, the synergistic mechanism of the gel and emulsifier
system is clear: the gel is present at the edge of the pore body, while the emulsion is blocked
in the center of the pore body. Hence, gel that enters the water channel (the main flow
and accumulation area of the emulsion) can cooperate with the emulsion to achieve high-
strength water shutoff, making the bottom water that re-invades mainly break through
at oil-rich areas. Compared with water shutoff with gel alone (randomly distributed in
the breakthrough area), the synergism improves the gel’s ability to select flow channels,
inhibits emulsifier channeling, and achieves a remarkable EOR effect.
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4. Conclusions

This paper simulates the experimental process of plugging agents for horizontal wells
in bottom water reservoirs through a microfluidic model and studies the flow characteristics
and mechanism of three types of plugging agents: a gel, microspheres, and emulsifiers.
The main understandings are as follows:

(1) The emulsifier can mobilize and block part of the residual oil during the injection
process. During the bottom water invasion, the residual oil will be driven again under the
action of the emulsifier to form more emulsion. The main mechanisms of the emulsifier
include the bypass effect of the emulsion blocking pore throats and the flow ability im-
provement of residual oil. The emulsifier performs better in homogeneous oil reservoirs
because of less-serious channeling.

(2) The mobility of microsphere dispersion fluid is the same as that of the water phase.
It flows along the channel of water phase and basically exerts no influence on the oil phase
in other areas. Especially in heterogeneous reservoirs, the microspheres hardly enter and
pollute the low-permeability area; however, the expanded microspheres can effectively
block the channel, making the reinvading bottom water flow around and effectively extract
the remaining oil out of the low-permeability area. The effect is very obvious in the
heterogeneous reservoir.
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(3) The combination of the emulsifier and the gel can reduce the amount of gel injected,
and the emulsifier helps reduce the interfacial tension to employ residual oil. In addition,
since the gel exists at the edge of the pore body and the emulsion is blocked in the center of
the pore body, the gel entering the water channel (the main flow and storage area of the
emulsion) can cooperate with the emulsion to achieve high-strength sealing, so that the
bottom water invaded again mainly breaks through at the gel that enters the oil-rich region.
Compared with pure gel water shutoff (the breakthrough area is randomly distributed),
the synergy of the two can improve the flow channel selectivity of gel-plugging agents and
inhibit the channeling of emulsifiers, and the recovery is the most considerable.
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