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Abstract: In view of the limited applicability of traditional chemical flooding and
binary composite flooding for heavy-oil reservoirs, branched-preformed particle gel
(B-PPG) with excellent plugging performance was added to construct the B-PPG/SP
(B-PPG/surfactant/polymer) composite system. Through sand pack flooding experiments,
it has been proven that the synergistic effect between B-PPG and polymer can expand the
swept area and increase the contact between the viscosity reducer and heavy oil, enabling
the viscosity reducer to better exert emulsification and viscosity reduction effects. The
synergistic effect between B-PPG, polymer and viscosity reducer can further expand the
swept area and oil displacement efficiency, ultimately enhancing the heavy-oil recovery
by 37.8%. Microscopic visualization flooding experiments proved that cluster remaining
oil accounts for the largest proportion in the microscopic remaining oil in heavy oil. By
adding B-PPG and polymers, cluster remaining oil can be effectively displaced, thereby
significantly enhancing the heavy-oil recovery. And adding viscosity reducer to the com-
posite system can effectively enhance the dispersed residual oil recovery within the swept
area. The sand pack flooding experiments with different heavy-oil viscosity proved that
the optimal oil viscosity of the B-PPG/SP composite system can reach 657.2 mPa-s, with an
incremental oil recovery rate increase of 30.2%.

Keywords: heavy-oil reservoir; branched-preformed particle gel (B-PPG); composite
flooding; applicable viscosity range; enhanced oil recover (EOR)

1. Introduction

With the development of the petroleum industry, the importance of heavy oil in the
world’s hydrocarbon resources is increasing [1,2]. Due to the high viscosity and poor
fluidity of heavy oil, conventional water flooding development suffers from high water—oil
mobility and low swept area, resulting in low water flooding recovery [3,4]. Meanwhile,
long-term water flooding development leads to changes in fluid properties, reservoir pore
structure, and remaining oil distribution, making it more difficult to enhance heavy-oil re-
covery [5]. Based on the characteristics, the thermal recovery and cold recovery are adopted
to reduce the heavy-oil viscosity and enhance heavy-oil recovery [6]. However, thermal
recovery methods such as steam flooding and steam huff and puff have drawbacks such as
high energy consumption, highly specific equipment conditions, and poor adaptability to

Processes 2025, 13, 1206

https:/ /doi.org/10.3390/ pr13041206


https://doi.org/10.3390/pr13041206
https://doi.org/10.3390/pr13041206
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/processes
https://www.mdpi.com
https://orcid.org/0009-0001-5376-9986
https://orcid.org/0000-0002-7798-2749
https://orcid.org/0000-0002-0722-8847
https://doi.org/10.3390/pr13041206
https://www.mdpi.com/article/10.3390/pr13041206?type=check_update&version=1

Processes 2025, 13, 1206

2 of 15

heavy-oil reservoirs with thin and deep oil layers [7-11]. Therefore, thermal recovery is not
suitable for deep and thin heavy-oil reservoirs.

The chemical flooding technology, as an important cold recovery method, has the
advantages of low production cost, simple process flow, and low equipment requirements.
And it has achieved good development results in oilfield applications [12-14]. At first, the
chemical flooding technology applied to heavy-oil reservoirs only used a single chemical
agent, such as polymer (polyacrylamide or partially hydrolyzed polyacrylamide), alkali and
surfactant (petroleum Sulfonates). Previous studies [15,16] have demonstrated that alkali
substances undergo saponification reactions with indigenous organic acids present in crude
oil reservoirs, resulting in the in situ formation of surfactant species. These endogenously
generated surfactants effectively stabilize oil-in-water (O/W) emulsions through interfacial
activity. Furthermore, experimental evidence reveals that these in situ formed surfactants
exhibit synergistic interactions with exogenously introduced synthetic surfactants, enabling
the achievement of ultralow interfacial tension (IFT) values at oil-water interfaces. This
combined surfactant system demonstrates superior performance in destabilizing viscous
crude oil systems through multiple mechanisms, including emulsification, interfacial ten-
sion reduction, and fluidity improvement, thereby significantly augmenting the efficiency
of enhanced heavy-oil recovery processes. Researcher [17-19] proved that surfactant exhibit
superior emulsification capacity, enabling the disintegrated dispersion of viscous crude oil
into stabilized oil-in-water (O/W) emulsion systems within brine formation and reducing
the heavy-oil viscosity. At the same time, viscosity reducers can reduce the IFT between oil
and water, thereby reducing the seepage resistance of heavy oil and enhancing oil recovery.
A large number of studies [20,21] have confirmed that polymer (such as polyacrylamide)
additives enhance recovery efficiency through dual mechanisms: (1) viscous fingering miti-
gation via aqueous phase viscosity augmentation, and (2) macroscopic sweep improvement
through permeability-selective mobility control.

At present, with the development of chemical flooding in heavy oil exploitation, more
and more experts and scholars are combining different oil displacement agents to form
binary or ternary composite flooding systems, such as SA (surfactant/alkali) flooding,
SP (surfactant/polymer) flooding and ASP (alkali/surfactant/polymer) flooding [22-25].
These systems further enhance heavy-oil recovery through the synergistic effect between
different oil displacement agents.

However, there are many problems associated with different chemical flooding meth-
ods. In the process of oil displacement in chemical composite systems containing alkali,
there will be problems such as low sweep efficiency and oil displacement efficiency caused
by a large amount of alkali consumption, unsuitable mobility ratio, as well as scaling
and viscosity fingering [26,27]. At the same time, the applicable range of heavy-oil vis-
cosity using SP flooding technology is limited. In high heavy-oil-viscosity reservoirs,
decreasing the water—oil mobility ratio by increasing the injection liquid viscosity cannot
effectively expand the swept area [28-30]. Therefore, exploring new exploitation methods
for heavy-oil reservoirs is of great significance for enhancing efficient development of
heavy-oil reservoirs.

In the exploitation of heterogeneous oil reservoirs, a heterogeneous phase combination
flooding system (HPCF) composed of the polymer, surfactant, and branched-preformed
particle gel (B-PPG) was proposed. Preformed particle gel (PPG) can absorb water and
swell to form soft solid particles [31]. By changing the profile through particle migration,
selective permeability plugging, and viscoelastic deformation driven diversion, the sweep
efficiency was significantly enhanced [32-34]. The B-PPG represents a structural advance-
ment achieved through the incorporation of water-soluble linear branched chains into
the PPG molecular architecture. These hydrophilic branches enhance colloidal stability
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through steric hindrance effects while synergistically improving aqueous phase viscos-
ity and particulate suspension capacity [35-37]. The field pilot test of HPCF has been
implemented in the Zhongyiqu Ng3 block, Gudao oil plant of the Shengli oilfield. The
results of the field pilot test showed that the total daily oil production increased from 4.5
to 81.2 t/d, and the comprehensive water cut was decreased by 18.5% and oil recovery
was increased by 3.5% [38]. However, there is few research on the application of B-PPG to
heavy-oil reservoirs. Therefore, we propose a method to enhance heavy-oil recovery and
the applicable viscosity range of chemical flooding by utilizing the plugging performance
of B-PPG and the synergistic effect between B-PPG, polymers, and viscosity reducers.

In a previous study, a surfactant system with excellent oil displacement ability was
screened for constructing the B-PPG/SP composite flooding system [18]. In this study,
the ability of different oil displacement agents, different binary displacement, and B-
PPG/SP composite flooding to enhance oil recovery was investigated and compared
through macroscale and microscale flooding experiments to analyze the synergistic ef-
fect between polymers, viscosity reducers, and B-PPG. The mechanism of the B-PPG/SP
composite system on enhancing heavy-oil recovery was clarified. At the same time, the
influence of crude oil viscosity on the ability of B-PPG/SP composite system to enhance oil
recovery was studied through sand-packed flooding experiments, and the applicable vis-
cosity range of the system was clarified, providing a new method for enhancing heavy-oil
reservoir recovery.

2. Materials and Methods
2.1. Materials

Degassed heavy oil from Shengli Oilfield was used as the oil phase, with a viscosity of
446 mPa-s and a density of 0.962 g-cm ™2 at 70 °C. The oil used in the microscopic visual
flooding experiment was a synthetic oil prepared by mixing the degassed heavy oil and
kerosene, with a viscosity of 363.73 mPa-s at 30 °C. The mass ratio of heavy oil to kerosene is
10:1. The oil with different viscosities used in the sand-flooding experiment is a synthetic oil
prepared by mixing degassed heavy oil and kerosene at 70 °C. This synthetic oil can better
simulate the flooding process under real reservoir conditions. The experiment also featured
a surfactant system Alkyl Polyglucoside and Linear Alkylbenzene Sulfonate Sodium Salt
(APG1214/LAS-30, produced by Shandong Yousuo Chemical Technology Co., Ltd., Linxi,
China) with excellent viscosity-reducing ability with an IFT of 0.15 mN-m~! [18]. Branched-
preformed particle gel (B-PPG) was provided by Shengli Oilfield. The size distribution of
B-PPG is shown in Figure 1. Polymer (partially hydrolyzed polyacrylamide, HPAM) with a
molecular weight of 30 million was provided by Shengli Oilfield. The brine adopted the
composition of that from Gudong, Shengli Oilfield. The synthetic formation brine contained
Ca?* (292 mg/L), Mg?* (65 mg/L), Na*(K*) (3667 mg/L), and Cl~ (6583 mg/L). The B-PPG
concentration used in the experiment was 1500 mg-L~!, the polymer concentration was
2000 mg-L~!, and the micro dynamic viscosity reducer concentration was 3000 mg-L~!.
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Figure 1. Particle size distribution of B-PPG.

2.2. Methods
2.2.1. Evaluation of Emulsifying Ability and Stability of Composited System

The shaker shaking method was used to evaluate the emulsifying ability of the viscos-
ity reducer. The oscillation of the shaker would disrupt the oil-water interface and form
relative flowing and shearing at the oil-water interface, offering a better simulation of the
emulsification conditions of the reservoir [39]. The procedures of the oscillation method
were as follows:

(1) First, 15 mL crude oil was added into 35 mL of prepared viscosity reducer solution in
a container.

(2) Then, the sample bottle was placed in a constant-temperature shaker and then was
oscillated for 3 min under different oscillation frequency from 0 to 250 r-min~!.

(3) The emulsifying ability of viscosity reducers was determined by observing the state

of oil and water in different systems with increasing oscillation frequency.

The emulsion prepared using a constant-temperature shaker at oscillatory frequencies
of 250 r-min~"! for 3 min was poured into a test tube and then placed in a 70 °C constant-
temperature water bath. Then, the oil-water interface position and the water separating
volume from the emulsion were recorded at regular intervals for 120 min. The water
separating rate was calculated using the following formula:

_ W

f—70 )

where f was the water-separating rate, a dimensionless quantity. V; was the volume
of water separation in mL. Vy was the volume of water initially used to prepare the
emulsion (mL).

2.2.2. Sand Pack Flooding Experiment

To clarify the effect of different oil displacement agents on oil recovery and the appli-
cable range of heavy-oil viscosity for B-PPG/SP composite system, the sand pack flooding
experiments were conducted to compare the effects of different chemical agents and heavy-
oil viscosity on oil recovery. The experimental processes are as follows:

(1) Preparation of sand pack core: A sand pack core with permeability of 1.0 um? was
made with 120 mesh quartz sand. Then, water flooding was conducted and the
permeability of the sand pack was measured by Darcy’s law.

(2) Heavy-oil saturation period: At 70 °C, the sand pack core was flooded with heavy oil
at an injection rate of 0.1 mL-min~! until the oil was complete at the production end.
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The original oil saturation of the sand pack was calculated based on the volume of
water expelled. Then, the saturated sand pack was sealed in a 70 °C oven for 24 h.

(3) Initial water flooding period: According to the flow chart of the oil displacement
experiment, as shown in Figure 2, water flooding was conducted until the water
reached the 95% cutoff rate with an injection rate of 0.3 mL-min .

(4) Chemical flooding and subsequent water flooding period: Then, 0.4 PV chemical slug
was injected into the sand pack care and followed by subsequent water flooding until
the water cut reached 98%. The injection pressure and volume of produced water was
recorded during different flooding periods, and parameters such as water cut and oil

recovery were calculated based on the oil and water volume of the produced liquid.

Chemical
container

Figure 2. Flow chart of sand pack flooding experiment.

2.2.3. Microscopic Visualization Flooding Experiment

To clarify the EOR mechanism at pore scale, the microscopic visualization flooding
experiments were conducted by using a microscopic visualization etching model to compare
water flooding and different chemical flooding.

(1) Heavy-oil saturation period: The synthetic oil was injected into the microscopic
visualization model using a high-precision injection pump at an injection rate of
0.01 mL-min~!. The flow rate value was chosen to ensure complete flooding of the
porous material without bubbles. Then, the saturated model was aged for 24 h.

(2) Initial water flooding period. The water flooding was conducted until the water cutoff
point reached 100% with an injection rate of 0.01 mL-min~!. And the distribution of
remaining oil was recorded.

(3) Chemical flooding period: The different chemical slugs were injected with injection
rate of 0.01 mL-min~! after water flooding until the water cutoff reached 100% again.
And the distribution of the remaining oil was recorded.

(4) The heavy-oil recovery and microscopic remaining oil proportion after different
amounts of chemical flooding were calculated by Xitu image processing software
(CIAS-WQT Micro displacement Dynamic Image Analysis System v3.0).

3. Results and Discussion
3.1. Evaluation of Emulsifying Ability and Stability

The emulsification ability of three systems was compared and evaluated by using a
constant-temperature shaker, and the emulsification states of the three systems and crude
oil at different oscillation frequencies were compared.

As shown in Figure 3, when the oscillation frequency increased to 150 r-min~!, the
heavy oil was completely emulsified by 1#. Meanwhile, heavy oil was only partially
emulsified by 2# and 3#, and due to the addition of polymer, the viscosity of the aqueous
phase increased, resulting in an emulsion with clear phase boundaries. When the oscillation
frequency increased to 180 r-min~!, the heavy oil in all three sample bottles was completely
emulsified. It indicated that since the viscosity of 2# and 3# was higher than that of 1#,
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the required oscillation frequency for 2# and 3# was higher; that is, the external energy
required to emulsify heavy oil was greater.

() (d)

Figure 3. Emulsification state of heavy oil and different composite systems under different oscillation
frequencies (1# is a viscosity reducer/B-PPG system, 2# is a viscosity reducer/polymer system, and
3# is the B-PPG/SP composite system). (a) Initial state (b) oscillation frequencies of 100 r-min—!
(c) oscillation frequencies of 150 r-min—!, and (d) oscillation frequencies of 180 r-min~—1.

As shown in Figure 4, the emulsion formed by the B-PPG/SP composite system and
heavy oil had the best emulsification stability, followed by the viscosity reducer/polymer
system. This was attributed to the increase in solution viscosity, which made it more
difficult for oil droplets to aggregate, resulting in the emulsion having better stability.

100

30 | —&— Viscosity reducer

—e— Viscosity reducer/B-PPG
—A— Viscosity reducer/polymer
. —¥— B-PPG/SP composite system

Water separating rate (%)

20

0 Y I I I I
0 20 40 60 80 100 120

Time (min)

Figure 4. Curves of the water-separating rate of emulsion formed by heavy oil and different
composite systems.

3.2. The Sand Pack Flooding Experiment Results of Chemical Flooding

The sand pack flooding experiments were conducted to investigate the enhanced oil
recovery ability of different oil displacement systems. And the ability and mechanism to
enhance oil recovery can be recognized.

According to Table 1 and Figure 5, the water flooding recovery of all experiments was
at the same level, while the incremental oil recovery varied due to the injection of different
chemicals. The B-PPG/SP composite system had the best ability to enhance heavy-oil
recovery. By injecting 0.4 PV B-PPG/SP composite into the system, the heavy-oil recovery
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increased from 42.2% to 80.0% with increments of 37.8%. The synergistic effect between
viscosity reducer, B-PPG, and polymers effectively enhanced heavy-oil recovery.

Table 1. Oil recoveries of different sand pack flooding experiments.

No. Chemical Slug Wﬁzecrol‘:lleor(;j:/?g Oil Recovery/% Ing:;:s:;;;o/? il
1# B-PPG 43.3 54.7 11.4

2# Polymer 42.7 60.5 17.8

3# Viscosity reducer 42.0 49.0 7.0

4 Viscosity reducer/B-PPG 42.4 60.1 17.7

5# Viscosity reducer/polymer 419 67.2 25.3

6# B-PPG/polymer 42.9 75.9 33.0

7# B-PPG/SP composite system 422 80.0 37.8

100

—=— B-PPG |

 —@— Polymer |

—A— Viscosity reducer: ,

|—v— Viscosity reducer/B-PPG!

| —®— Viscosity reducer/polymer
B-PPG/polymer 1 |

60 B-PPG/SP compo?ite syst:em

80

Oil recovery (%)

40 P> - Subsequent water flooding
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I I

4 Water flooding ! :

¥/ 1 |

< I I

.l " 1 " 1 | 1 1 1 " 1 " 1 "

0 0.5 1.0 1.5 2.0 2.5 3.0 35

20 4
A
4

Injected pore volume (PV)

Figure 5. Oil recovery curves of different flooding experiments.

To further analyze the influence of different single-oil displacement agents on the
EOR ability of the composite system, the pressure and water cut curves were analyzed,
as follows.

According to Figure 6, after water flooding, the pressure increase in polymer flooding
was at its largest, while the viscosity reducer flooding was almost negligible. Meanwhile,
compared to polymer flooding, the pressure increase and water cut decrease in B-PPG
flooding lagged behind. Analysis suggested that both polymer flooding and B-PPG flooding
enhanced heavy-oil recovery by expanding the swept area, which led to an increase in
displacement pressure after water flooding. However, the mechanisms by which polymer
flooding and B-PPG flooding improved the swept area were different. Polymers directly
increased the viscosity of the water phase, increasing the flow resistance and expanding
the swept area. B-PPG utilized its unique “partially crosslinked and partially branched”
molecular structure to dynamically adjust and block the flow line in porous media through
viscosity enhancement and elastic deformation properties, thereby expanding the swept
area. The effect of polymer flooding on enhancing heavy-oil recovery was more significant
due to B-PPG. In viscosity reducer flooding, most viscosity reducer flowed out along the
advantageous channels formed after water flooding, failing to effectively emulsify heavy oil
and reduce heavy-oil viscosity, resulting in a limited ability to enhance heavy-oil recovery.
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Figure 6. Oil displacement curves of single oil displacement agent flooding experiments. (a) Pressure
curve and (b) water cut curve.
To further analyze the synergistic effect between different single-oil displacement
agents, the pressure and water cut curves were analyzed, as follows.
According to Figures 6 and 7, by comparing viscosity reducer/B-PPG flooding and
B-PPG flooding, the synergistic effect of viscosity reducer and B-PPG resulted in a decrease
in the pressure of viscosity reducer/B-PPG flooding compared to B-PPG flooding after wa-
ter flooding, while the heavy-oil recovery increased. B-PPG increased the contact between
viscosity reducers and heavy oil by expanding the swept area. During the flow process, vis-
cosity reducers can effectively emulsify heavy oil to form O/W emulsion, thereby reducing
the flow resistance and enhancing heavy-oil recovery. The synergistic effect between vis-
cosity reducers and polymers is similar to the synergistic effect between viscosity reducers
and B-PPG. However, emulsions containing polymers have better stability, as shown in
Figure 4.
0.8 100
: :4.7 Viscosity reducer/B-PPG
| —®— Viscosity reducer/polymer| 1
! —A— B-PPG/polymer :
: : Subsequent water flooding 80 |
0.6 I ] I
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Injected pore volume (PV) Injected pore volume (PV)
(a) (b)

Figure 7. Oil displacement curves of different binary composite flooding experiments. (a) Pressure
curve; (b) water cut curve.

By comparing B-PPG/polymer flooding with B-PPG flooding and polymer flooding,
the synergistic effect of B-PPG and polymer resulted in an increase in pressure of B-
PPG/polymer flooding after water flooding, while the heavy-oil recovery increased. During
the B-PPG flooding, some B-PPG settled and accumulated near the injection end, and cannot
enter the interior of the sand pack core. At the same time, polymer flooding had poor
plugging of pore throats. Therefore, in the B-PPG/polymer composite system, due to the
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thickening and suspension performance of the polymer, the injectability of B-PPG was
enhanced, allowing more B-PPG particles to enter the porous media, fully improving the
formation heterogeneity, and continuously expanding the swept area. This also increased
the displacement efficiency of the polymers on heavy oil during the displacement process,
and ultimately enables B-PPG/polymer flooding to effectively enhance heavy-oil recovery
by 33.0%.

According to Figures 8 and 9, adding B-PPG to the SP system can significantly increase
the swept area and reduce water content, effectively enhancing heavy-oil recovery by
37.8%. The thickening performance of polymers increased the injectability and suspension
performance of B-PPG, enhanced the plugging performance of B-PPG, and at the same
time, the plugging performance of B-PPG further enhanced the displacement efficiency of
polymers and expanded swept area. This synergistic effect increased the contact between
viscosity reducers and heavy oil in the B-PPG/SP composite system, better exerting the
effect of emulsification and viscosity reduction. The synergistic effect between the viscosity
reducer, B-PPG, and polymer enhances the interaction between each component, further
reducing the oil-water viscosity ratio, expanding the swept area, and effectively enhancing
heavy-oil recovery.

1.0 . - 100
, —®— B-PPG/SP composite system
1 —e— Viscosity reducer/polyner 1 1
I I I I
I I
08 - | | 80 - : :
I I I I
! I Subsequent water flooding 1 1
— ! 1 1
© I I o I I
Q06 : : X L
s Chemical flooding < 0 .
= 1 ] 3 1 1
g ! % 8 1 1
7] 1 1\ a 1 1
§ 0.4 ! u " S 40 1 1
a \ 1 /1 n ; 1 1
m Water flooding Vo4 U ! [
| 18g : : Subsequent water flooding
0z r | | 0 Chemical flooding
: : Water flooding : —&— B-PPG/SP composite system
0.0 ) ) ! : . . ) | —e— Viscosity reducer/polymer
X 0 1 1 L1 il 1 1 1
0.0 0.5 1.0 15 2.0 25 3.0 0.0 05 1.0 15 20 25 30
Injection pore volume (PV) Injected pore volume (PV)
(a) (b)

Figure 8. Oil displacement curves of SP system and B-PPG/SP system flooding experiments. (a) Pres-
sure curve; (b) water cut curve.

5}
Viscosity reducer

Increase the swept area
Polymer B-PPG
Increase suspension

Figure 9. Schematic diagram of the synergistic effect between viscosity reducer, polymer, and B-PPG.
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3.3. The Microscopic Visualization Flooding Experiment Results

The flooding experiment was conducted to investigate the remaining oil distribution
in porous media by using a microscopic visualization etching model. It was also conducted
to clarify the utilization mechanism of the different oil displacement systems for remaining
oil in ordinary heavy-oil reservoirs.

From Table 2 and Figure 10, due to the high viscosity of heavy oil, the water flooding
recovery was low and the proportion of clusters of remaining oil was the highest. According
to Figure 11, B-PPG/polymer flooding and B-PPG/SP composite flooding can effectively
displace cluster remaining oil and increase the oil recovery. Therefore, for low-recovery
heavy-oil reservoirs, expanding the swept area to displace cluster remaining oil is the most
effective method of enhancing heavy-oil recovery. However, by increasing the swept area
and utilizing the cluster remaining oil, some of the cluster remaining oil will transform into
dispersed remaining oil, such as column remaining oil and oil droplets. Therefore, in order
to further enhance heavy-oil recovery, it is necessary to consider utilizing the dispersed
remaining oil.

Table 2. Oil recoveries of different microscopic visualization flooding experiments.

No. Chemical Slug wﬁzecroilor;(/l:/?g Oil Recovery/% Inﬁfgﬁ:ﬁ;}f il
1# B-PPG 22.8 30.1 7.3

2# Polymer 24.4 359 11.5

3# Viscosity reducer 22.3 28.6 6.3

4# Viscosity reducer/B-PPG 23.8 359 12.1

5# Viscosity reducer/polymer 22.0 419 19.9

6# B-PPG/polymer 22.5 52.6 30.1

7# B-PPG/SP composite system 23.2 66.1 429

Figure 10. Cont.
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(8) (h)
- Cluster remaining oil- Porous remaining oil Column remaining oil - Oil droplet

Figure 10. Remaining oil distribution at the end of different chemical flooding periods. (a) Initial
state; (b) water flooding; (c) B-PPG/SP composite flooding; (d) B-PPG flooding; (e) polymer flooding;
(f) viscosity reducer flooding; (g) viscosity reducer/B-PPG flooding; (h) viscosity reducer/polymer
flooding; (i) B-PPG/polymer flooding.
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Figure 11. Microscopic remaining oil proportion at the end of different chemical flooding.

Meanwhile, compared with single-chemical-agent flooding and other binary compos-
ite flooding, B-PPG/polymer flooding resulted in a larger swept area but also a higher
proportion of dispersed remaining oil. Compared with B-PPG/polymer flooding, after the
B-PPG/SP composite system flooding, not only did the proportion of porous remaining
oil decrease, but the proportion of cluster remaining oil also further decreased, while the
proportion of column and droplet oil did not change much. This indicated that adding
viscosity reducers to the oil displacement system, through the synergistic effect of viscosity
reducers with B-PPG and polymers, can further increase the oil displacement efficiency
within the swept area, thereby increasing the heavy-oil recovery.

3.4. The Applicable Range of Heavy-Oil Viscosity in the B-PPG/SP Composite System

The sand pack flooding experiments were conducted using seven heavy oils with
different viscosities to clarify the effect of heavy-oil viscosity on enhancing heavy-oil
recovery in the B-PPG/SP system. The viscosity of the heavy oil used in this experiment
was measured at 70 °C and a shear rate of 6-s71.

From Figure 12 and Table 3, at the stage of water flooding, as the heavy-oil viscosity
increased, the water flooding recovery decreased. This indicated that the higher the heavy-
oil viscosity, the higher the oil-water viscosity ratio during water flooding, the lower the
water flooding recovery. After water flooding, as the heavy-oil viscosity increased, the
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effect of the B-PPG/SP composite system on enhancing the heavy-oil recovery began to
decrease. When the heavy-oil viscosity exceeded 1031.3 mPa-s, the decrease in incremental
oil recovery slowed down. When the viscosity of crude oil was 657.2 mPa-s, the incremental
oil recovery was 36.9%, but when the viscosity increased to 1031.3 mPa-s, the incremental
oil recovery was 30.2%, and the decrease was significant. The B-PPG/SP composite system
could increase the viscosity of the injection liquid, reduce the water—oil viscosity ratio, and
expand the sweeping efficiency. But when the viscosity was too high, the ability of the
composite system flooding to expand the sweeping efficiency was limited, and the effect of
enhancing oil recovery would decrease.
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Figure 12. Comparison of oil recovery of B-PPG/SP composite system flooding experiments with
different heavy oil viscosities. (a) Recovery and increment oil recovery of B-PPG/SP flooding
experiments oil with different oil viscosities; (b) Relationship between incremental oil recovery and
oil viscosity of B-PPG/SP flooding experiment.
Table 3. Oil recoveries of B-PPG/SP composite flooding experiments with different heavy oil viscosities.
Heavy Oil . .
No. Chemical Slug Viscosity Wfa{i:eecrol‘loo?ol/ng Oil Recovery/% Inf::;lszta}o/oll
/mPa-s (70 °C) Ty Ty
1# 53.9 449 87.6 42.7
2# 107.3 44.3 85.8 41.5
3# 0.4 PV B-PPG/SP 314.6 42.7 81.1 38.4
4# composite 446.8 42.2 80.0 37.8
5# system 657.2 41.7 78.6 36.9
6# 1031.3 38.5 68.7 30.2
7# 2471.3 35.2 60.7 255

4. Conclusions

In this study, based on sand pack flooding experiments and microscopic visualization
flooding experiments, the synergistic effect between polymers, viscosity reducers, and B-
PPG and the applicable heavy-oil viscosity range of B-PPG/SP composite flooding system
were explored. Some conclusions can be drawn as follows:

(1) The thickening performance of polymers can increase the injectability of B-PPG,
thereby increasing its plugging performance. The synthetic effect of B-PPG and
polymer can expand the swept area and the contact between the viscosity reducer
and heavy oil. The increase in contact area between viscosity reducers and heavy oil
enables the viscosity reducer to better exert emulsification and viscosity reduction
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effects, thereby reducing the viscosity crude oil. This further reduces the oil-water
viscosity ratio and expands the swept area. The synergistic effect between B-PPG,
polymer, and viscosity reducer can further expand the swept area and oil displacement
efficiency, ultimately enhancing the heavy-oil recovery by 37.8%.

(2) Inthe proportion of microscopic remaining oil in heavy oil, the proportion of clustered
residual oil is particularly high. Therefore, adding B-PPG and polymers to expand
the swept area and displace the cluster remaining oil is the most effective method
to enhance heavy-oil recovery. The viscosity reducer can effectively displace the
dispersed remaining oil within the swept area, thereby further enhancing the oil
displacement efficiency.

(3) When the viscosity of crude oil was 657.2 mPa-s, the incremental oil recovery was
36.9%. When the heavy-oil viscosity exceeded 1031.3 mPa-s, the incremental oil
recovery declined to 30.2% and was stabilized. The B-PPG/SP composite system
can effectively expand the applicable range of heavy-oil viscosity in ordinary heavy-
oil reservoirs.
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