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Polymer flooding has a significant potential to enhance oil recovery in a light oil reservoir. However, for polymer flooding in a
conventional heavy oil reservoir, due to unfavorable mobility ratio between water and oil, the improvement of sweep efficiency
is limited, resulting in a low incremental oil recovery and failure to achieve high-efficiency development for polymer flooding in
a conventional heavy oil reservoir. Inspired by the EOR mechanisms of the surfactant-polymer (SP) flooding process, the
polymer-viscosity reducing surfactant flooding (P-VRSF) system was proposed to enhance conventional heavy oil recovery.
Thus, to gain an insight into enhancing oil recovery by P-VRSF in a conventional heavy oil reservoir, the viscosity property, oil-
water interfacial tension property, and oil viscosity reduction property were investigated. A series of parallel sand pack
experiments were conducted to investigate enhanced oil recovery ability of polymer flooding and P-VRSF in a heterogeneous
reservoir. Then, the 2D micromodel flooding experiments were conducted to investigate the EOR mechanism from porous
media to pore level. Results demonstrated that polymer could increase the viscosity of injection water and improve the sweep
efficiency. The emulsifying stability of surfactant with ultralow IFT (10-3mN/m) was worse than that of the surfactant with
higher IFT (10-2mN/m). The viscosity reduction rate of the surfactant with higher IFT was higher than 80% at different oil-
water volume ratios. The incremental oi recovery of P-VRSF was higher than that of polymer flooding. Moreover, the polymer-
viscosity reducing surfactant with higher IFT could have higher incremental oil recovery. The 2D micromodel flooding results
showed that the swept area of polymer flooding and P-VRSF was larger than that of water flooding. Moreover, the swept area of
the surfactant with good emulsifying stability was larger than that of the surfactant with ultralow IFT. These findings could
provide insights into enhancing oil recovery by P-VRSF in the conventional heavy oil reservoir.

1. Introduction

With decreasing conventional light oil reserves, unconven-
tional resources have becoming more and more important
for meeting the increasing demand of crude oil. Heavy oil
resources as one of the most important unconventional
resources are widely distributed in several countries such as
China, Canada, and Venezuela. The viscosity of heavy oil
typically ranges from 50 to 50000mPa·s at reservoir temper-
ature and pressure [1–5]. Water flooding is recognized as one
of the most common secondary oil recovery techniques after

primary production period, which has been widely applied
for the recovery of light oil. However, for heavy oil reservoirs,
due to adverse mobility ratio of injection water and crude oil,
the fingering effect and water breakthrough occur. It has been
reported that the recovery of heavy oil reservoirs developed
by conventional water flooding is only about 5%~10% of
the original oil in place. Hence, water flooding is more suit-
able for light or less viscous oil flooding than for heavy oil.
In order to recover more heavy oil after conventional water
flooding, different enhanced oil recovery (EOR) techniques
including thermal oil recovery techniques and nonthermal
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techniques have been investigated [6–11]. The EOR pro-
cesses focus on the reduction of oil viscosity or improvement
of injection water viscosity, which can improve the mobility
ratio of injection water and crude oil and enlarge sweep effi-
ciency. On the other hand, the EOR processes focus on the
reduction of oil-water interfacial tension and thereby reduc-
tion of the residual oil saturation, which can improve oil dis-
placement efficiency.

Thermal oil recovery techniques including steam injec-
tion, steam huff and puff, and steam-assisted gravity drainage
(SAGD) have been usually employed and proven to be effi-
cient in many heavy oil reservoirs [12–14]. Compared with
other thermal recovery methods, the SAGD provides more
efficient recovery of unconventional oil resources, such as
heavy oil and bitumen. However, for the deep and thin reser-
voirs, the SAGD or other thermal methods are economically
nonprofitable. The severe heat loss during injection and high
consumption of energy and water to generate steam can lead
to nonprofitable and environmental concerns. Therefore,
nonthermal recovery methods such as chemical enhanced
oil recovery (EOR) methods are more promising methods
for recovery of heavy oil in recent years [15–18].

Chemical enhanced oil recovery (EOR) methods are usu-
ally categorized as polymer flooding, surfactant-polymer (SP)
flooding, and alkali-surfactant-polymer (ASP) flooding. By
increasing the viscosity of the injection water and improving
the mobility ratio, polymer flooding can improve sweep effi-
ciency and thereby enhance oil recovery. Polymer flooding
technology has been considered and implemented in many
heavy oil reservoirs [19–30]. Although ASP flooding process
has been implemented in fewer heavy oil reservoirs, the
incremental oil recovery of ASP flooding is higher than that
of polymer flooding. The surfactant can reduce the oil-
water interfacial tension and thereby reduce the residual oil
saturation and improve oil displacement efficiency. Adding
an alkaline agent such as NaOH can promote the formation
of in situ surfactant and reduce oil-water interfacial tension.
Moreover, adding alkali can contribute to in situ formation
of emulsion, which can improve mobility ratio due to the
resistance factor during transport in porous media. However,
the alkali in the ASP flooding system can cause some prob-
lems, which can restrict the application of ASP flooding.
The alkali can react with rock mineral to cause severe scaling
problems and promote the formation of water-in-oil (W/O)
emulsion in the produced liquids that is too stable to be bro-
ken [31–44]. In addition, the high consumption of alkali for
the heavy oil with low acid number, which will lead to salt-
sensitive effect and reduce the viscosity. Thus, due to the exis-
tence problems of severe scale formation and disposal of pro-
duced emulsions, surfactant-polymer (SP) flooding has
gained more interests for enhancing oil recovery in recent
years [45–50]. In fact, SP flooding pilots have been per-
formed and proven to be efficient in many light oil reservoirs.
While for heavy oil reservoirs, SP flooding has received much
less attention. The EOR mechanism of SP flooding for light
oil reservoirs includes mobility ratio improvement, ultralow
interfacial tension, emulsification, and wettability alteration.
Similarly, the mechanism of ultralow interfacial tension has
also been suggested for the recovery of heavy oil. In recent

years, the mechanism of in situ formation of oil-in-water
emulsion has been more focused and investigated to recover
heavy oil. It is believed that viscous oil is difficult to displace
and the adverse mobility ratio of water and oil is the domi-
nant reason that governs the low incremental oil recovery.
It has been reported that the in situ formation of emulsion
can improve the mobility ratio and enlarge the sweep effi-
ciency. Firstly, the in situ formation of oil-in-water (O/W)
emulsion can reduce the viscosity of heavy oil and make it
easier to flow in the reservoir. Secondly, the formed O/W
emulsion can plug rock pores and improve sweep efficiency.

Thus, inspired by the EOR mechanisms of SP flooding
process, the polymer-viscosity reducing surfactant flooding
(P-VRSF) system that was composed of viscosity reducing
surfactant and polymer was proposed to enhance conven-
tional heavy oil recovery. To gain an insight into enhancing
oil recovery by P-VRSF in the conventional heavy oil reser-
voir, the viscosity property, oil-water interfacial tension
property, and oil viscosity reduction property were investi-
gated. Then, a series of parallel sand pack experiments were
conducted to investigate the enhanced oil recovery ability of
polymer flooding and P-VRSF in heterogeneous reservoir.
The 2D micromodel flooding experiments were conducted
to investigate the EOR mechanism from porous media to
pore level. We hope these findings will contribute to new
insights into recovering heavy oil by P-VRSF.

2. Materials and Methods

2.1. Materials. The polymer used in this study was partially
hydrolyzed polyacrylamide (HPAM) with molecular weight
of 2:0 × 107 and hydrolysis degree of 24%. The viscosity
reducing surfactants used in this study were nonionic surfac-
tants (A1 and D1) provided by Shengli oilfield. The density
and viscosity of heavy oil obtained from Shengli oilfield are
0.956 g·cm-3 and 680mPa·s, respectively. The ionic composi-
tion and concentration of simulated formation brine with
TDS of 10607mg·L-1 were listed in Table 1.

2.2. Methods

2.2.1. Bulk Solution Preparation. The polymer solution was
prepared by slowly adding polymer powder into the simu-
lated formation brine under mechanical stirring at room
temperature. The polymer solution was stirred for 12.0 h
until it became completely transparent. After the polymer
solution was prepared, the viscosity reducing surfactant was
added into the polymer solution under mechanical stirring
to obtain the combination system.

2.2.2. Viscosity Property Measurement. The viscosity property
of polymer solution was measured by using the Brookfield
DV-II viscometer. In this study, all the viscosity properties

Table 1: The ionic composition and concentration of formation
brine.

Ionic composition Na+ Ca2+ Mg2+ Cl- HCO3
-

Concentration (mg·L-1) 3667 292 65 6056 527
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of polymer solution were measured under the shear rate of
7.34 s-1 at 70°C.

2.2.3. Oil-Water Interfacial Tension Measurement. The oil-
water interfacial tension between viscosity reduction surfac-
tant with different concentrations and crude oil was
measured by the spinning drop method on the apparatus of
spinning drop interfacial tension meter TX 500C at simu-
lated reservoir temperature of 70°C.

(1) Emulsifying Stability and Viscosity Reducing Ability Eval-
uation. The emulsifying stability and viscosity reducing abil-
ity of surfactant are essential for recovering heavy oil. The
experimental procedures of emulsifying stability evaluation
were as follows: (1) After the viscosity reducing surfactant
was prepared, according to the water-oil ratio, different vis-
cosity reducing surfactant-heavy oil mixtures were prepared
and placed in the oven at 70°C for 2.0 h. (2) Then, the viscos-
ity reducing surfactant-heavy oil mixtures were stirred by a
homogenizer to form O/W emulsion. (3) The formed emul-
sion was placed in the oven at 70°C, and the water separating
volume was recorded and the water separating proportion
was calculated according to the following equation:

f1 =
Vw

V0
, ð1Þ

where f1 is the water separating proportion, %; Vw is the
water separating volume, mL; and V0 is the initial water vol-
ume, mL.

The viscosity reducing ability of the surfactant was evalu-
ated by viscosity reduction rate. The experimental proce-
dures were as follows: (1) After the viscosity reducing
surfactant was prepared, according to the water-oil ratio, dif-
ferent viscosity reducing surfactant-heavy oil mixtures were
prepared and placed in the oven for 2.0 h. (2) Then, the vis-
cosity reducing surfactant-heavy oil mixtures were stirred
by a homogenizer to form O/W emulsion. (3) The viscosities
of heavy oil and formed O/W emulsion were measured using
the Brookfield DV-II viscometer. (4) The viscosity reduction
rates under different oil-water ratios were calculated accord-
ing to the following equation:

f2 =
μ0 − μ

μ0
, ð2Þ
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Figure 1: The schematic diagram of parallel sand pack flooding experimental apparatus.

Table 2: The porosity and permeability of sand packs used for flooding experiments.

Test no. Chemical slug Sand packs Permeability (μm2) Porosity (%)

1# Polymer flooding (P)
High permeability 3.64 42.1

Low permeability 0.91 35.6

2# Polymer-viscosity reducing surfactant D1 flooding (P+D1)
High permeability 3.97 41.4

Low permeability 1.18 36.5

3# Polymer-viscosity reducing surfactant A1 flooding (P+A1)
High permeability 4.21 41.2

Low permeability 1.25 38.7

Figure 2: The appearance of 2D glass-etched micromodel.
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where f2 is viscosity reduction rate, %; μ0 is the viscosity
of heavy oil, mPa·s; and μ is the viscosity of emulsion after
adding viscosity reducing surfactant, mPa·s.

2.2.4. Parallel Sand Pack Flooding Experiment. To simulate
the reservoir heterogeneity, it should be the parallel sand
pack model that was composed of high- and low-
permeability sand packs (Φ2:5 cm × 30 cm) was used in this
study. Then, a series of parallel sand pack flooding experi-
ments were conducted to evaluate the EOR ability of polymer
flooding and P-VRSF. Figure 1 showed the schematic dia-
gram of parallel sand pack flooding experimental apparatus.

The experimental procedures of sand pack flooding were
as follows: (1) Sand pack preparation and basic properties
measurement: the high- and low-permeability sand packs
(Φ2:5 cm × 30 cm) were prepared by adding different sizes
of quartz sand and formation brine under vibration. Then,
water flooding was conducted and the permeability of sand
pack was measured by Darcy’s law. (2) Crude oil saturation
period: the wet-packed sand pack was flooded with crude
oil until no water production. (3) Initial water flooding
period: then, initial water flooding was conducted until the
water cut reached 95%. (4) Chemical flooding and subse-
quent water flooding period: then, 0.4PV chemical slug was
injected into the sand packs and followed by subsequent
water flooding until the water cut reached 98%. Then, the
flooding experiments were terminated. The injection pres-
sure, volume of produced water, and oil were recorded dur-
ing initial water flooding period, chemical flooding, and
subsequent water flooding period. Table 2 showed the poros-
ity and permeability properties of sand packs used for flood-
ing experiments.

2.2.5. The 2D Glass-Etched Micromodel Flooding Experiment.
To grasp a better understanding on the enhanced oil recovery
mechanism of polymer-viscosity reducing surfactant combi-
nation flooding, the 2D glass-etched micromodel flooding
experiments were performed. The transparent micromodel
was used as the porous media. The glass-etched micromodel

was composed of two glass plates including the etched plate
and cover plate, which were attached together and sealed to
form an enclosed pore space. The etched plate was designed
as heterogeneous pore size distribution. The micromodel
pattern was shown in Figure 2. The size of the micromodel
is 4 cm × 4 cm.

Figure 3 showed the experimental setup used to preform
micromodel flooding experiments. The 2D visualization
experimental apparatus is composed of transparent glass-
etched micromodel, high precise syringe pump, LED light
source, high-resolution camera, and image acquisition and
processing system. The high-resolution camera is used to
record the fluids flow through the glass micromodel at differ-
ent flooding stages. The image acquisition and processing
system can be used to analyze the remaining oil saturation
at different flooding stages.

Before each flooding test, the glass-etched micromodel
was cleaned using toluene, ethanol, and deionized water.
The experimental procedures of micromodel flooding were
as follows: (1) The glass-etched micromodel was saturated
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formation water
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Figure 3: The schematic diagram of micromodel flooding experimental apparatus.
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Figure 4: The viscosity of polymer solution versus polymer
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with simulated oil. (2) Water flooding period: water flooding
was conducted until no oil was produced. (3) Chemical
flooding period: then, about 10 pore volumes (PV) of chem-
ical slugs were injected into the micromodel until no oil was
produced. (4) Image analysis: at the end of water flooding
and chemical flooding period, pictures were taken at different
locations to analyze the oil recovery by image analysis
software.

3. Results and Discussion

3.1. Viscosity Property. The viscosity property of polymer is
crucial for the mobility control ability. Polymer solution
can increase the viscosity of water phase and reduce the
water-oil mobility ratio, thus improving the sweep efficiency.
Figure 4 depicted the viscosity of polymer solution versus
polymer concentration. As the polymer concentration
increases, the viscosity of polymer solution increases. When
the polymer concentration is lower than 1500mg·L-1, the vis-
cosity increases slowly. When the polymer concentration is
over 1500mg·L-1, the viscosity increases quickly. To achieve
mobility control ability, the polymer concentration of P-
VRSF is higher than 1500mg·L-1.

3.2. Oil-Water Interfacial Tension Property. Surfactant can
play a role in reducing interfacial tension between water
and oil, which can reduce residual oil saturation trapped in
porous media after water flooding. Thus, it is essential to
investigate the oil-water interfacial tension property. In this
study, the oil-water interfacial tension (IFT) property of vis-
cosity reducing surfactants with different concentrations was
investigated by the spinning drop method. Figure 5 depicted
the IFT between heavy oil and viscosity reducing surfactant
solutions. It can be clearly seen that the IFT between heavy
oil and viscosity reducing surfactant A1 is higher than the

IFT between heavy oil and viscosity reducing surfactant D1.
For the viscosity reducing surfactant A1, the IFT is in the
range of 1:71 × 10−2 to 2:31 × 10−2mN·m-1, while, for the vis-
cosity reducing surfactant D1, the IFT is in the range of
1:08 × 10−3 to 6:08 × 10−3mN·m-1.

3.3. The Emulsifying Stability and Viscosity Reducing Ability
Evaluation. Emulsifying stability and viscosity reducing abil-
ity are essential for recovering heavy oil. The surfactant can
reduce the oil viscosity by forming oil-in-water emulsion.
Thus, the emulsifying stability of viscosity reducing surfac-
tants at different oil-water volume ratios was evaluated. The
formed oil-in water emulsion stability can influence the
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Figure 5: IFT between heavy oil and viscosity reducing surfactant solutions.
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viscosity reducing effect. The water separating proportion is
used to characterize the formed emulsion stability. Figure 6
showed the water separating proportion of viscosity reducing
surfactant A1 and D1 at different oil-water volume ratios.

For the viscosity reducing surfactant A1 and D1, as the
time lengthens, the water separating proportion increases.
The higher water separating proportion is, the worse
formed emulsion stability is. As the oil-water volume ratio
increases, the water separating proportion decreases. The
emulsifying stability of surfactant D1 with ultralow IFT
(10-3mN/m) is worse than that of surfactant A1 with
higher IFT (10-2mN/m). For the viscosity reducing surfac-
tant D1, the water separating proportion is higher than
90% at oil-water volume ratio of 2 : 8 and 5 : 5 after only five
minutes.

Due to the bad emulsifying stability for viscosity reducing
surfactant D1, the viscosity reduction rate cannot be mea-
sured. Thus, the effect of oil-water volume ratio on the vis-
cosity reduction ability of viscosity reducing surfactant A1
was studied. The viscosity reduction ability was characterized
by viscosity reduction rate. Figure 7 depicted the viscosity
reduction rate of viscosity reducing surfactant A1 at different
oil-water volume ratios. When the oil-water volume ratio is
constant, as the concentration of surfactant A1 increases,
the viscosity reduction rate increases. The IFT of surfactant
A1 decreases slightly with the increase of surfactant concen-
tration. When the concentration of viscosity reducing surfac-
tant A1 is constant, as the oil-water volume ratio increases,
the viscosity reduction rate decreases. Overall, the viscosity
reduction rate of surfactant A1 with different concentrations
is higher than 80% at different oil-water volume ratios. More-
over, the viscosity reduction rate of polymer/surfactant mix-
ture was evaluated and depicted in Figure 8. The polymer
concentration was 1500mg·L-1, and surfactant concentration
was 4000mg·L-1. When the oil-water volume ratio is 2 : 8,
although the viscosity reduction rate of polymer/surfactant
mixture is lower than that of surfactant A1, the viscosity
reduction rate is still higher than 80%.

3.4. Enhanced Oil Recovery Ability

3.4.1. Characteristics of Flooding Curve Analysis. A series of
parallel sand pack flooding experiments were conducted to
investigate the enhanced oil recovery ability of polymer
flooding and P-VRSF. According to the experimental
method, the flooding curves of oil recovery, water cut, and
injection pressure versus injected pore volume were plotted
in Figure 9. The polymer concentration was 1500mg·L-1,
and surfactant concentration was 0.4% in this study.

The flooding curves include three flooding stages: water
flooding period, polymer flooding period or P-VRSF period,
and subsequent water flooding period. The changing trends
of flooding curves at different flooding stages are similar:

(1) During water flooding period, as the injected pore
volume increases, the pressure increases firstly and
then decreases to a stable value. The water cut and
oil recovery increases with the increase of injected
pore volume. When the injected pore is about

1.2 PV (pore volume), the water cut reaches 95%,
and the oil recovery is about 37%.

(2) Polymer flooding and subsequent water flooding
period or P-VRSF period and subsequent water
flooding period. During polymer flooding period or
P-VRSF period, when the chemical slug (polymer or
polymer-viscosity reducing surfactant) is injected
into the sand packs, as the injection amount
increases, the pressure increases and the water cut
decreases. During the subsequent water flooding
period, the pressure decreases and water cut increases

3.4.2. The Incremental Oil Recovery Analysis. To further
reveal the differences, based on the characteristics of flooding
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curves, the cumulative oil recoveries of high-permeability
sand pack, low-permeability sand pack, and total sand pack
at different flooding stages were depicted in Figure 10.

The change trends of cumulative oil recovery are ana-
lyzed as follows:

(1) During the initial water flooding period, due to the
permeability differences between the high- and low-
permeability sand packs, as the injected volumes
increase, most of injection water enters through the
high-permeability sand pack, resulting in higher oil
recovery in high-permeability sand pack

(2) During chemical flooding and subsequent water
flooding period, as the chemical slugs are injected,
due to the mobility control ability, the polymer solu-
tion can increase the viscosity of injection water. The

viscosity reducing surfactant can reduce the crude oil
viscosity. The sweep efficiency can be improved,
which increases the water intake volume of low-
permeability sand pack and recover the remaining
oil in low-permeability sand pack

Thus, the incremental oil recovery of polymer flooding
and P-VRSF was summarized in Table 3 and depicted in
Figure 11.

It can be clearly seen that the total incremental oil recov-
ery of P-VRSF is higher than that of polymer flooding. More-
over, polymer-viscosity reducing surfactant A1 with higher
IFT can have higher incremental oil recovery. The viscosity
reducing surfactant A1 with higher IFT can have better emul-
sifying stability, which can reduce the crude oil viscosity and
have better sweep efficiency improvement ability. It indicates
that more chemical slugs are diverted into the low-
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Figure 9: The oil recovery, water cut, and injection pressure versus pore volume: (a)1#—polymer flooding; (b)2#—polymer and D1
combination flooding; and (c)3#—polymer and A1 combination flooding.

7Geofluids



0.0 0.5 1.0 1.5 2.0 2.5 3.0
0

20

40

60

80

100

Cu
m

ul
at

iv
e o

il 
re

co
ve

ry
 (%

)

P

W
W

Injected pore volume (PV)

High permeability
Low permeability
Total

1#

(a)

0

20

40

60

80

100

Cu
m

ul
at

iv
e o

il 
re

co
ve

ry
 (%

)

0.0 0.5 1.0 1.5 2.0 2.5 3.0
Injected pore volume (PV)

High permeability
Low permeability
Total

P+D1

WW

2#

(b)

0

20

40

60

80

100

Cu
m

ul
at

iv
e o

il 
re

co
ve

ry
 (%

)

0.0 0.5 1.0 1.5 2.0 2.5 3.0
Injected pore volume (PV)

High permeability
Low permeability
Total

P+A1

W
W

3#

(c)

Figure 10: The cumulative oil recovery versus pore volumes injected: (a)1#—polymer flooding; (b)2#—polymer and D1 combination
flooding; and (c)3#—polymer and A1 combination flooding.

8 Geofluids



permeability sand pack and more remaining oil in low-
permeability sand pack can be recovered.

3.5. 2D Glass-Etched Micromodel Flooding Results. To further
clarify the EOR mechanism of P-VRSF, the 2D glass-etched
micromodel flooding experiments were conducted to investi-
gate the remaining oil mobilization process in pore-scale
level. According to the distribution characteristics of the
remaining oil, the incremental oil recovery was analyzed by
image analysis software.

3.5.1. The Remaining Oil Distribution Analysis. Figure 12
showed the remaining oil distribution at the end of water
flooding and polymer-viscosity reducing surfactant flooding.

It can be seen that the remaining oil distribution at the
end of water flooding is similar, while the remaining oil dis-
tribution at the end of polymer flooding, polymer and D1
combination flooding, and polymer and A1 combination
flooding are obviously different.

During the water flooding period, due to the adverse
mobility ratio between water and oil, the viscous fingering
phenomenon can be observed and the injected water will
flow through the main streamline of the injection end and
production end, resulting in forming a similar swept area.

During the polymer flooding, P-VRSF period, most of
injected polymer solution, P-VRSF system still flows
through the formed water path and displace the residual
oil after water flooding. Moreover, for the polymer that
can increase the viscosity of injection water and the viscosity
reducing surfactant can decrease the viscosity of crude oil,
the flow resistance increases, and the swept area increases.
It can be seen clearly that the swept area of polymer-
viscosity reducing surfactant combination flooding is higher
than that of polymer flooding. Moreover, the swept area of
polymer and A1 combination flooding is higher than that
of polymer and D1 combination flooding. The results indi-
cate that the viscosity reducing surfactant A1 with good
emulsion stability can have better sweep efficiency than
the viscosity reducing surfactant D1 with ultralow interfacial
tension.

3.5.2. The Incremental Oil Recovery Analysis. The micromo-
del flooding experiments include water flooding and chemi-
cal flooding stages. Based on the above remaining oil
distribution qualitative analysis, the image processing soft-
ware ImageJ is used to calculate the oil recovery at different
flooding stages. Then, the incremental oil recovery can be
calculated. Table 4 and Figure 13 showed the oil recovery at
different flooding stages.

The micromodel flooding results show that the water
flooding recovery is in the range of 35.31% to 36.46%. The
chemical flooding recovery is in the range of 50.67% to
58.29%. The incremental oil recovery is in the range of
15.36% to 21.83%. The incremental oil recovery of polymer
and surfactant A1 combination flooding is the highest, the
second is the polymer and surfactant D1 combination flood-
ing, and the polymer flooding is the least. The polymer and
A1 combination flooding can have better improve sweep
efficiency than the polymer flooding and polymer and D1
combination flooding.

Table 3: The incremental oil recovery results of polymer flooding and polymer-viscosity reducing surfactant flooding.

Chemical slug Sand packs Water flooding recovery (%)
Chemical flooding and subsequent

water flooding recovery (%)
Incremental oil recovery (%)

0.15% P

High permeability 60.5 77.0 16.5

Low permeability 9.6 20.8 11.2

Total 37.4 51.5 14.1

0.15% P+0.4% D1

High permeability 57.3 75.7 18.4

Low permeability 12.3 31.8 19.5

Total 37.3 56.2 18.9

0.15% P+0.4% A1

High permeability 60.5 79.6 19.1

Low permeability 11.2 34.7 23.5

Total 37.9 59.1 21.2
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Figure 11: The incremental oil recovery results of polymer flooding
and polymer-viscosity reducing surfactant flooding.
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4. Conclusions

In this study, the polymer-viscosity reducing surfactant
combination flooding system was proposed to enhance oil
recovery in conventional heavy oil reservoir. Firstly, the vis-
cosity property, oil-water interfacial tension property, and
oil viscosity reduction property were investigated. Then, a
series of parallel sand pack and 2D glass-etched micromo-
del flooding experiments were conducted to investigate
the enhanced oil recovery (EOR) ability and mechanism
in pore level. Some remarking conclusions can be obtained
as follows:

(1) Polymer solution can increase the viscosity of water
phase and reduce the water-oil mobility ratio, thus
improving the sweep efficiency. To achieve mobility
control ability, the polymer concentration of
polymer-viscosity reducing surfactant combination
flooding is higher than 1500mg·L-1

(2) The IFT of viscosity reducing surfactant A1 is in
the range of 1:71 × 10−2 to 2:31 × 10−2 mN·m-1.
The IFT of viscosity reducing surfactant D1 is in
the range of 1:08 × 10−3 to 6:08 × 10−3mN·m-1.
The emulsifying stability of surfactant D1 with
ultralow IFT (10-3mN/m) is worse than that of
surfactant A1 with higher IFT (10-2mN/m). The
viscosity reduction rate of surfactant A1 with higher
IFT was higher than 80% at different oil-water vol-
ume ratios

(3) The parallel sand pack flooding results show that the
total incremental oil recovery of P-VRSF is higher
than that of polymer flooding. Moreover, polymer-
surfactant A1 with higher IFT can have higher

(a) Water flooding (b) Polymer flooding (c) Water flooding

(d) Polymer and D1 combination flooding (e) Water flooding (f) Polymer and A1 combination flooding

Figure 12: The remaining oil distribution at the end of water flooding and polymer-viscosity reducing surfactant combination flooding.
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Figure 13: The incremental oil recovery results at different flooding
stages for micromodel flooding.

Table 4: The incremental oil recovery results at different flooding
stages for micromodel flooding.

Chemical
slug

Water flooding
recovery (%)

Chemical flooding
recovery (%)

Incremental oil
recovery/%

P 35.31 50.67 15.36

P+D1 35.66 52.89 17.23

P+A1 36.46 58.29 21.83
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incremental oil recovery, which was attributed to the
better emulsifying stability of A1 to reduce the crude
oil viscosity and improve sweep efficiency

(4) The 2D micromodel flooding results show that the
swept area of polymer flooding and polymer-
viscosity reducing surfactant is larger than that of
water flooding. Moreover, the swept area of surfac-
tant with good emulsifying stability is larger than that
of surfactant with ultralow IFT. The incremental oil
recovery of polymer and surfactant A1 combination
flooding is the highest, the second is the polymer
and surfactant D1 combination flooding, and the
polymer flooding is the least

Data Availability
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