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a b s t r a c t

The pilot test of infilling polymer-surfactant-preformed particle gel (PPG) flooding has been successfully
implemented after polymer flooding in Ng3 block of Gudao Oilfield in China. However, the production
characteristics and displacement mechanisms are still unclear, which restricts its further popularization
and application. Aiming at this problem, this paper firstly analyzes the production performance of the
pilot test and proposed four response types according to the change of water cut curves, including W-
type, U-type, V-type response, and no response. Furthermore, the underlying reasons of these four types
are analyzed from the aspects of seepage resistance and sweep efficiency. The overall sweep efficiency of
gradual-rising W-type, gradual-decreasing W-type, and early V-type response increases from 0.81 to
0.93, 0.55 to 0.89, and 0.94 to 1, respectively. And the sum of seepage resistance along the connection line
between production well and injection well for U-type and delayed V-type response increases from
0.0994 to 0.2425, and 0.0677 to 0.1654, respectively. Then, the remaining oil distribution after polymer
flooding is summarized into four types on the basis of production and geological characteristics, namely
disconnected remaining oil, streamline unswept remaining oil, rhythm remaining oil, and interlayer-
controlled remaining oil. Furthermore, the main displacement mechanisms for each type are clarified
based on the dimensionless seepage resistance and water absorption profile. Generally, improving
connectivity by well pattern infilling is the most important for producing disconnected remaining oil.
The synergistic effect of well pattern infilling and polymer-surfactant-PPG flooding increases the
dimensionless seepage resistance of water channeling regions and forces the subsequent injected water
to turn to regions with streamline unswept remaining oil. The improvement of the water absorption
profile by polymer-surfactant-PPG flooding and separated layer water injection contributes to displacing
rhythm remaining oil and interlayer-controlled remaining oil. Finally, the paper analyzes the relation-
ships between the remaining oil distribution after polymer flooding and production characteristics of
infilling polymer-surfactant-PPG flooding. The study helps to deepen the understanding of infilling
polymer-surfactant-PPG flooding and has reference significance for more commercial implementations
in the future.
© 2022 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
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1. Introduction

As a mature chemical flooding technology, polymer flooding is
still one of the effective methods to enhance oil recovery after
water flooding. It can improve the sweep efficiency of the
displacement fluid by injecting high viscosity solution, thus
achieving the purpose of improving oil recovery of high water cut
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reservoirs (Hou, 2007; Ma et al., 2017; Lu et al., 2021; Zhou et al.,
2013). However, it is found that the effect of polymer flooding is
weakened after the subsequent water flooding through a large
number of field tests, resulting in a rapid increase inwater cut and a
significant decrease in oil production. What is worse is that the
reservoir heterogeneity becomes more serious and the remaining
oil is more dispersed after polymer flooding. The current chemical
flooding technology is difficult to meet the requirements of further
significant enhanced oil recovery (Imqam et al., 2017; Lu et al.,
2014; Sheng et al., 2015; Wang, 2013; Zhong et al., 2022).

To further develop the remaining oil after polymer flooding,
researchers propose a new displacement system by mixing poly-
mer, surfactant, and PPG (Cao, 2013). PPG is a kind of profile control
agent with expansion and deformation properties and shows the
characteristics of discontinuous phase seepage in the formation. It
is formed by mixing monomers, crosslinking agents, and initiators
(Bai et al., 2007). It can increase the resistance coefficient,
strengthen the flow diversion, and expand the swept area (Bai et al.,
2007, 2015; Elsharafi and Bai, 2016; Hou et al., 2019). When it flows
to the pore throat, it can cause blockage and force subsequent fluid
flow to other layers, reflecting an increase in the displacement
pressure difference. The displacement pressure difference gradu-
ally increases until it exceeds the extrusion pressure of PPG, then it
can pass through the pore throat. Therefore, the composite system
of PPG, polymer, and surfactant can adjust the heterogeneity of the
reservoir, so that the displacement fluid can enter the unswept area
and improve the sweep efficiency and displacement efficiency (Du
et al., 2019; Song et al., 2018; Sun et al., 2018; Wu et al., 2020).

Aiming at the characteristics of high temperature, high water
salinity, and strong heterogeneity of the reservoir in Shengli Oil-
field, researchers developed a polymer-surfactant-PPG system that
meets the conditions and a pilot test of that systemwas carried out
in Ng3 block of Gudao Oilfield in 2010. It is worth noting that the
well pattern was infilled in the block before polymer-surfactant-
PPG flooding. This block is selected as the pilot test for polymer-
surfactant-PPG flooding mainly include the following reasons.
Firstly, the polymer flooding in the block has completed, and the
production characteristics are in accord with the general laws of
polymer flooding in Shengli Oilfield. Secondly, the reservoir fluid
properties, temperature, and other characteristics can represent
the reservoir after polymer flooding in Shengli Oilfield. Finally, the
well pattern and injection-production relationship are relatively
complete. By 2013, the comprehensive water cut in the pilot test
area decreased by 18.5% compared with the maximum value, and
the oil recovery increased by 3.5% (Sun, 2014). With the successful
implementation of the pilot test, it is proved that polymer-
surfactant-PPG flooding is one of the effective methods to further
enhance oil recovery after polymer flooding. At present, the
polymer-surfactant-PPG flooding technology has been industrially
applied in some oilfields, and the effect of water reduction and oil
increment is remarkable (Cao et al., 2017; Qiu et al., 2017; Seidy
Esfahlan et al., 2021; Sun et al., 2020).

Since the polymer-surfactant-PPG flooding has achieved such
good performance in field tests, many scholars have conducted a
large number of further studies on the enhanced oil recovery
mechanism of PPG, including the properties of PPG (Goudarzi et al.,
2015; Moghadam et al., 2012; Saghafi et al., 2016), injection capa-
bility (Imqam et al., 2016; Zhang and Bai, 2011), migration capa-
bility (Farasat et al., 2017; Imqam et al., 2015), and others. At the
same time, the classical seepage theory and lattice Boltzmann
method are also proposed to study the profile control of PPG (Zhou
et al., 2017, 2019). However, current researches mainly focus on
micro and macro laboratory experiments and numerical simula-
tions without combining a large amount of test data and produc-
tion data obtained from oilfields, resulting in limited conclusions.
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By June 2020, the pilot test of infilling polymer-surfactant-PPG
flooding has been carried out for nearly ten years, and a large
amount of test data and production data have been obtained.
Therefore, this paper studies the production characteristics and
displacement mechanisms of infilling polymer-surfactant-PPG
flooding combining the pilot test data and numerical simulations.

2. Introduction of the pilot test

The pilot test area of polymer-surfactant-PPG flooding is located
in the southeast of Ng3 block of Gudao Oilfield, which is a loose
sandstone and hydrophilic reservoir. The reservoir is a positive
rhythm deposition of fluvial facies with serious heterogeneity, and
the reservoir properties are shown in Table 1. The pilot test areawas
put into production in September 1971 and transferred to water
flooding in September 1974. After well pattern adjustment in 1983
and 1987, a 270m� 300m staggered rowwell patternwas formed.
The polymer flooding pilot test was carried out in October 1992 and
completed in December 2005, followed by the subsequent water
flooding. Before the implementation of polymer-surfactant-PPG
flooding in the pilot test area, the comprehensive field water cut
was 98.3%, and the oil recovery was 52.3% (Sun, 2014).

The water channeling regions were formed after polymer
flooding and subsequent water flooding in the pilot test area, which
is difficult for further increasing the swept volume. Therefore, it
was necessary to infill the well pattern before the implementation
of polymer-surfactant-PPG flooding. According to the principle of
well pattern adjustment, the original staggered row well pattern
was infilled and adjusted to facing row well pattern, as shown in
Fig. 1. Therefore, a 150 m � 135 m facing row well pattern was
formed. As can be seen from Fig. 1, 8 production wells and 9 in-
jection wells were infilled, and the streamline direction of the
original well pattern was changed after well pattern infilling. The
infilled well was put into production in July 2010, and the pre-slug
of polymer and PPG was injected in October 2010. The injection
volume was 0.08 PV, and the average concentration of polymer and
PPG was 1660 mg/L. The main slug was injected in November 2011
with an injection volume of 0.3 PV. The average concentration of
polymer and PPG was 1339 mg/L, and the surfactant concentration
was 0.4%. After the injection of polymer, surfactant, and PPG, the
average injection pressure increased from7.6 to 10.2MPa, while the
polymer flooding in the same reservoir only increased by 0.8 MPa
(Sun, 2014). By the end of polymer-surfactant-PPG flooding in
January 2016, the pilot test entered the subsequent water flooding
development stage. By June 2020, the cumulative enhanced oil
recovery by infilling polymer-surfactant-PPG flooding in the pilot
test area was 8.5%, and the oil recovery was as high as 63.6%.

There are great differences in the performance of each produc-
tion well after the implementation of infilling polymer-surfactant-
PPG flooding in the pilot test area. Therefore, four types of pro-
duction characteristics are summarized and shown in Fig. 2 ac-
cording to thewater cut curve of ten productionwells, includingW-
type response, U-type response, V-type response, and no response.
The W-type response includes gradual-rising W-type response and
gradual-decreasing W-type response. Gradual-rising W-type
response includes producers 11XN411 and 11X3013, and gradual-
decreasing W-type response includes producer 10X3010. The dif-
ference between these two types is that the W-type change occurs
in the rising or decreasing stage of the water cut. The U-type
response includes producer 12X3012, which is characterized by a
deep water cut funnel and rapid decreasing and rising of water cut.
The V-type response includes early V-type response and delayed V-
type response. Early V-type response includes producers 9X3009
and 12X3013. The characteristic of this type is that the water cut
has an early decreasing time. Delayed V-type response includes



Table 1
Reservoir properties in the pilot test area.

Parameter Value Parameter Value

Depth, m 1173e1230 Oil covering area, km2 0.275
Geological reserves, 104 t 123 Formation pressure, MPa 12
Crude oil viscosity, mPa s 46.3 Temperature, �C 69.5
Average porosity, % 33 Permeability, 10�3 mm2 1500e2500
Formation water salinity, mg/L 5923 Crude oil volume factor 1.105

Fig. 1. Schematic diagram of the well pattern in the pilot test area.
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producers 11J11, 11X3012, and 11X3009. Compared with the early
V-type response, this type is characterized by a later decreasing
time of water cut. No response includes producer 11X3010, which is
characterized by no significant decrease in water cut. Noticeably,
the water cut curves of each production well are unified to a fixed
time since the model includes original wells and infilled wells with
different opening times. Therefore, there are no data in the early
stage for infilled wells. In this paper, the starting time of the curve is
set to February 2009, and the ending time is set to June 2020 ac-
cording to the production data. At the same time, some production
wells are shut-in intermittently during the development process
due to sand stuck, break off, and other working conditions,
resulting in the discontinuity of water cut curves. Table 2 summa-
rizes the opening and shut-in time of each production well, among
which producers 11J11, 11X3010, and 12X3013 have been shut in
due to high water cut.

Although four types of response are summarized according to
the characteristics of the water cut curve of infilling polymer-
surfactant-PPG flooding, it is unclear the reasons for these four
types of response, as well as the differences and relations among
them. Therefore, a numerical simulationmodel is established based
on the production data and test data of the pilot test area. The
production characteristics and displacement mechanisms of infill-
ing polymer-surfactant-PPG flooding are analyzed based on the
numerical simulation model.

3. Production characteristics and underlying reasons

Fig. 3 shows the numerical simulation model of infilling
polymer-surfactant-PPG flooding in the pilot test area. Based on the
production data and test data, the start time of the simulation is set
2356
to February 2009, and the end time is set to June 2020. The model
adopts corner grids with a total of 97� 95� 52¼ 479180 grids, and
the number of effective grids is 130391. Additionally, layers 18, 26,
34, and 44 in the Z direction are set as interlayers. The physical
parameters of the reservoir changed greatly after water flooding
and polymer flooding. The average porosity increases from the
initial of 33%e36.7%, and the average permeability increases to
2589 � 10�3 mm2. The average formation pressure drops to
10.67 MPa, and the average oil saturation is 32.36%. Other proper-
ties are shown in Table 1. It is worth noting that injection wells are
shown in blue and production wells in red, and infilled wells are
marked with "*" after the well name. In addition, the model area is
expanded by 1e3 rows of grids in the X and Y directions since the
model is partially intercepted from the whole block, which aims to
reflect the fluid and energy exchange between the simulation
model area and the external area.

Based on the injection dynamics of the polymer-surfactant-PPG
system in the pilot test area, the slug settings during the develop-
ment process are shown in Table 3.

In order to clarify the underlying reasons of production char-
acteristics, the changes in seepage resistance and sweep efficiency
before and after infilling polymer-surfactant-PPG flooding are
calculated. On this basis, the characteristics of four types of
response are analyzed combined with the remaining oil distribu-
tion at the characteristic points of the water cut curve.

(1) Seepage resistance

The seepage resistance reflects the flow resistance of the un-
derground fluid during the seepage process in the porous medium.
Based on the change of seepage resistance before and after infilling
polymer-surfactant-PPG flooding, the characteristics of different
types of response can be represented combined with the stream-
line. According to Darcy's law, the seepage resistance calculation
equation can be calculated as follows:

Ri;j ¼ 1

Ki;j
�
KroðSi;jwÞ

mi;j
o

þ KrwðSi;jwÞ
mi;j
w

� (1)

where Ri;j and Ki;j are the seepage resistance and absolute perme-

ability of the grid ði; jÞ; KroðSi;jwÞ and KrwðSi;jwÞ are the relative
permeability of the oil phase and water phase, both are functions of

water saturation; mi;jo and mi;jw are the viscosity of the oil phase and
water phase.

(2) Sweep efficiency and displacement efficiency

The sweep efficiency refers to the ratio of the swept volume of
the injected fluid to the total volume of the reservoir, and the
displacement efficiency refers to the ratio of the volume of crude oil
displaced by the injected fluid to the original volume of the swept
area. The sweep efficiency and displacement efficiency of infilling
polymer-surfactant-PPG flooding can be calculated by counting the



Fig. 2. Four types of production characteristics.

Table 2
The opening and shut-in time of production wells.

Well name Opening time Shut-in time Well name Opening time Shut-in time

10X3010 2010.06 e 12X3013 2010.06 2014.10
11X3012 2010.07 e 12X3012 2010.07 e

11J11 2009.02 2014.11 11X3013 2010.06 e

11X3009 2010.07 e 11XN411 2009.02 e

11X3010 2010.07 2013.03 9X3009 2010.06 e
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saturation field and pressure field before and after that.
In order to calculate the sweep efficiency and displacement ef-

ficiency resulting from infilling polymer-surfactant-PPG flooding, it
is necessary to exclude the elastic production due to the drop of
formation pressure assuming that the formation is elastic. When
the formation pressure drops to P, the change of oil saturation per
unit rock pore volume due to elasticity is (Wang, 2013):

DV ¼
�
Cf þ fðSoiCo þ SwcCwÞ

�
SoiðPinit � PÞ (2)

where DV is the oil saturation change; Cf , Cw, and Co are the
compressibility coefficients of rock, water, and oil, respectively; Swc

and Soi are the bound water saturation and initial oil saturation;
Pinit is the original formation pressure; f is porosity.

Let Ct ¼ Cf þ fðSoiCo þ SwcCwÞ, then the oil saturation reduction
without elasticity in grid ði; jÞ can be calculated as follows (Wang,
2013):
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DSi;jo ¼ Si;joi � Si;jo � CtS
i;j
oi

�
Pi;jinit � Pi;j

�
(3)

Since the displacement efficiency, ED, represents the degree to
which the injected fluid displaces the crude oil in the pores, the
calculation equation can be expressed as:

ED¼DSi;jo
Si;joi

(4)

Fig. 4 shows the frequency distribution and cumulative fre-
quency distribution of displacement efficiency before and after
infilling polymer-surfactant-PPG flooding. It can be seen from the
figure that most of the displacement efficiency before infilling
polymer-surfactant-PPG flooding is in the range of 0.3e0.7, which is
generally low. After that, the displacement efficiency is concen-
trated in the range of 0.5e0.8, showing a significant improvement.

According to Fig. 4, it can be seen that the cumulative frequency



Fig. 3. The reservoir numerical simulation model.

Table 3
The slug settings during the development process.

Time Slug

2009.02e2010.10 Water
2010.11e2011.07 1500 mg/L polymer þ 1500 mg/L PPG
2011.08e2011.10 2000 mg/L polymer þ 2000 mg/L PPG
2011.11e2011.12 900 mg/L polymer þ 900 mg/L PPG þ 0.4% surfactant
2012.01e2015.12 1200 mg/L polymer þ 1200 mg/L PPG þ 0.4% surfactant
2016.01e2020.06 Water

Fig. 4. Frequency distribution and cumulative frequency distribution of displacement
efficiency.
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distribution curve before and after infilling polymer-surfactant-
PPG flooding almost keeps unchanged when the displacement ef-
ficiency is greater than 0.25. Therefore, the grid is considered to be
effectively swept if its displacement efficiency is greater than 0.25
in the calculation of sweep efficiency. Since the physical properties
and production performance of different well groups in the model
are quite different, the model is divided into ten areas with each
productionwell at the center. In the calculation of sweep efficiency,
the pore volume of each grid in each area is counted, and the ratio
of the sum of that with displacement efficiency greater than 0.25 to
the sum of that of all grids in the area is calculated. The calculation
equation is shown as follows:
2358
EV ¼
P

PORVðED>0:25ÞP
PORV

(5)

where EV is sweep efficiency; PORV is the pore volume of each grid;
ED is displacement efficiency.

It is worth noting that the oil saturation in some grids may
become larger due to the migration of the remaining oil, which
causes the wrong decrease of grid displacement efficiency directly
calculated using Eq. (5) and brings errors to the statistical analysis.
In order to solve this problem, the swept condition of the grid
before infilling polymer-surfactant-PPG flooding is used as the
benchmark in the calculation process. That is to say, it can be
considered that the grid has been swept if the displacement effi-
ciency is greater than 0.25 in February 2009, even if it decreases in
the subsequent development resulting from the migration of the
remaining oil.

3.1. W-type response

3.1.1. Gradual-rising W-type response
There are two reasons for gradual-rising W-type response ac-

cording to the remaining oil distribution at different times in the
numerical simulation. Firstly, the remaining oil saturation around
the production well is low after polymer flooding, and it takes a
long time to displace the remaining oil from other areas to the
productionwell. Secondly, the amount and the reaching time of the
remaining oil migrating from different areas to the production well
are different. Taking producer 11XN411 as an example, Figs. 5e7
show the water cut curve, the vertical distribution of remaining
oil at 4 time points, and the sweep efficiency of perforating layers at
3 time points, respectively. It can be seen from Fig. 5 that the water
cut is relatively high in the early stage, and it decreases to 72.3%
after infilling polymer-surfactant-PPG flooding. Then it rises to
87.6% in November 2012 and remains relatively flat until it rises
again in July 2015. From Fig. 6(a), it can be seen that the remaining
oil saturation around producer 11XN411 is low after long-term
water flooding and polymer flooding since it is an original pro-
duction well, while the area far from the well is high. Then, the
remaining oil far from producer is displaced to the well under the
synergistic effect of profile control by polymer-surfactant-PPG
system and streamline adjustment by well pattern infilling. But
the oil amount displaced from each layer is different. As can be seen
from Fig. 6(b‒d) and Fig. 7, the remaining oil in the lower and upper
layers is almost simultaneously displaced to the producer, as a
result the water cut decreases rapidly to the lowest level. When the
remaining oil displaced from the lower layers has been fully
Fig. 5. Water cut curve of producer 11XN411.



Fig. 6. Vertical distribution of remaining oil around producer 11XN411.
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produced, the water cut increases by one step and remains rela-
tively flat for several years. At this time, the sweep efficiency of the
lower layers is obviously larger than that of the upper layers. Then,
after the remaining oil displaced from the upper layers is
completely produced, the water cut increases by another step, and
the sweep efficiency of the upper layers reaches the similar level as
that of the lower layers by the end of production. According to the
sweep efficiency and pore volume in different layers in Fig. 7, the
overall sweep efficiency can be calculated by pore volume
weighted. The overall sweep efficiencies of layers 1e14, 35e41, and
the whole perforating layers in Feburary 2009 are 0.84, 0.79, and
0.81. After infilling polymer-surfactant-PPG flooding, the overall
sweep efficiencies increase to 0.90, 0.95, and 0.93 in June 2020,
achieving effective sweep and production of the remaining oil after
polymer flooding.

3.1.2. Gradual-decreasing W-type response
There are two reasons for gradual-decreasing W-type response

according to the remaining oil distribution at different times in the
numerical simulation. Firstly, the productionwell is located in areas
with high remaining oil saturation after polymer flooding. Sec-
ondly, the remaining oil in other areas is displaced to the produc-
tion well after infilling polymer-surfactant-PPG flooding, which
achieves the second decrease of water cut. Taking producer
2359
10X3010 as an example, Figs. 8e10 show the water cut curve, the
vertical distribution of remaining oil at 4 time points, and the
sweep efficiency of perforating layers at 3 time points, respectively.
From Figs. 8e10, it can be seen that producer 10X3010 is put into
production in June 2010, and the water cut is relatively low since
the high remaining oil saturation around producer. Then, the
remaining oil saturation around producer decreases and the sweep
efficiency increases with the development, and thus the first
decrease of water cut from 88.8% to 66.5% occurs in September
2011. After infilling polymer-surfactant-PPG flooding, there is a
high oil saturation area on the right side of the producer, which
greatly supplements the oil saturation around it. The sweep effi-
ciency of each perforating layer is greatly increased, and the water
cut further decreases to 33.6% in September 2012. After that, the
water cut gradually rises with the production of the displaced
remaining oil. By the end of July 2014, the displaced remaining oil
has been largely produced as shown in Fig. 9(c and d). At this time,
the water cut increases close to 100%, and the sweep efficiency of
each perforating layer is nearly 30% higher than that before infilling
polymer-surfactant-PPG flooding. It can be seen from Fig. 10 that
the sweep efficiency after polymer flooding is generally low, and
the overall sweep coefficient in perforating layers is only 0.55. After
infilling polymer-surfactant-PPG flooding, it firstly increases to
0.69, and then to 0.89 in July 2014.



Fig. 7. Sweep efficiency of perforating layers around producer 11XN411.

Fig. 8. Water cut curve of producer 10X3010.
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3.2. U-type response

There are two reasons for U-type response according to the
remaining oil distribution at different times in the numerical
simulation. Firstly, narrow belts with high oil saturation are formed
and displaced to the production well after infilling polymer-
surfactant-PPG flooding. Secondly, high saturation oil belts in
different directions synchronously are reached and produced
within a short time, forming a deep and narrow water funnel.
Taking producer 12X3012 as an example, Fig. 11 shows the water
cut curve, and Fig. 12 shows the horizontal distribution of
remaining oil at 4 time points in the 37th layer of the model. From
2360
Figs. 11 and 12, it can be seen that the original remaining oil satu-
ration around it is relatively high after polymer flooding, and the
water cut firstly decreases and then increases after it is opened in
July 2010. After well pattern infilling, the infilled injectors 12X3312
and 13X3312 are located in the high remaining oil saturation area,
and narrow belts with high oil saturation are formed and displaced
to the producer 12X3012 together with polymer-surfactant-PPG
flooding. In October 2011, the oil belts are synchronously dis-
placed to the production well, and the water cut decreases rapidly
to 31.7% and remains flat. Then, the water cut rises rapidly due to
insufficient replenishment of remaining oil after developing in a
lowwater cut stage for about 1 year. Fig. 13 shows the changes in oil
saturation and seepage resistance along the connection line be-
tween injector 12X3312 and producer 12X3012 in the 37th layer.
The abscissa represents the number of grids from injector 12X3312.
Specifically, 0 represents injector 12X3312 and 14 represents pro-
ducer 12X3012. Moreover, the curve and column in the figure
represent the seepage resistance and oil saturation, respectively. It
can be seen from the figure that the maximum seepage resistance
increases by nearly 8 times after polymer-surfactant-PPG flooding,
which is mainly caused by two reasons. On the one hand, the vis-
cosity of the water phase increases due to the injection of polymer.
On the other hand, the injection of PPG can plug water channeling
regions, resulting in a decrease in the absolute permeability of
water channeling regions and promoting the transfer of the injec-
ted fluid to the oil enriched area. Furthermore, the concentration of
polymer and PPG in displacing fluid after oil belts is relatively high,
so the seepage resistance is the largest in front of the displacing
fluid. In addition, the remaining oil gathers before the front of the
displacing fluid and forms higher saturation oil belts, so the
seepage resistance of oil belts in front of the seepage resistance
peak of the displacing fluid is higher than that of the unswept area
by polymer-surfactant-PPG flooding. Furthermore, the peak value
of seepage resistance is similar, which is 0.0374, 0.0358, 0.0319, and
0.0325, in August 2010, November 2010, November 2011, and
September 2012, respectively. And the sum of seepage resistance
along the connection line gradually increases with time, which are
0.0994, 0.1407, 0.2030, and 0.2425, respectively. With the devel-
opment of polymer-surfactant-PPG flooding, narrow belts with
high oil saturation are enriched continuously and gradually dis-
placed to producer 12X3012.

3.3. V-type response

3.3.1. Early V-type response
According to the remaining oil distribution at different times in

the numerical simulation, the main reason for early V-type
response is that the infilled production well is located in the area
with high remaining oil saturation after polymer flooding, and the
remaining oil is quickly produced after the production well is
opened. Additionally, the amount of remaining oil of early V-type
response is not much enough to maintain a longer stage of low
water cut, which is different from U-type response. Taking pro-
ducer 12X3013 as an example, Figs. 14e16 show the water cut
curve, the vertical distribution of remaining oil at 4 time points, and
the sweep efficiency of perforating layers at 3 time points,
respectively. As can be seen from these figures, infilled producer
12X3013 is put into production in July 2010, and the water cut
decreases to 86.3% rapidly due to the high remaining oil saturation.
However, since the amount of remaining oil is small, the water cut
rises rapidly and cannot form a longer production stage with low
water cut similar to U-type response. Besides, the remaining oil in
other areas is gradually displaced to the production well after the
injection of polymer-surfactant-PPG system, so thewater cut shows
a second decline. After that, the water cut quickly increases to



Fig. 9. Vertical distribution of remaining oil around producer 10X3010.

Fig. 10. Sweep efficiency of perforating layers around producer 10X3010. Fig. 11. Water cut curve of producer 12X3012.

Z.-B. An, K. Zhou, D.-J. Wu et al. Petroleum Science 20 (2023) 2354e2371
nearly 100% and then the well is shut-in in October 2014. Notice-
ably, the characteristics of this type different from delayed V-type
response is the first decrease of response. Moreover, the difference
between this type and gradual-decreasing W-type response is that
the remaining oil around the infilled producer has been completely
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produced before the remaining oil is displaced from other areas
reaching the well. It can be seen from Fig. 16 that the sweep effi-
ciency is generally high before infilling polymer-surfactant-PPG
flooding, and only layers 39e43 are low. The overall sweep effi-
ciencies of layers 1e12 and 35e43 are 0.95 and 0.92, and 0.94 in the



Fig. 12. Horizontal distribution of remaining oil in the 37th layer of the model.

Fig. 13. Oil saturation and seepage resistance along the connection line between
injector 12X3312 and producer 12X3012.

Fig. 14. Water cut curve of producer 12X3013.
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whole perforating layers. From Fig.15(a), it can also be seen that the
remaining oil saturation in these layers is generally high. After
infilling polymer-surfactant-PPG flooding in July 2014, the overall
swept efficiency is nearly 1, and each layer is almost completely
swept when the well is shut-in.

3.3.2. Delayed V-type response
According to the remaining oil distribution at different times in

the numerical simulation, the main reason for delayed V-type
2362
response is that the original production well is located in the area
with low remaining oil saturation after polymer flooding, resulting
in no significant decrease in water cut for a long time after the
production well is opened. Additionally, it takes a long time to
displace the remaining oil from other areas to the production well



Fig. 15. Vertical distribution of remaining oil around producer 12X3013.
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after polymer-surfactant-PPG flooding. Taking producer 11J11 as an
example, Fig. 17 shows the water cut curve, and Fig. 18 shows the
horizontal distribution of remaining oil at 4 time points in the 30th
layer of the model. From Figs. 17 and 18, it can be seen that the
water cut maintains a high level because producer 11J11 is an
original producer and the remaining oil saturation around it after
polymer flooding is low. After infilling polymer-surfactant-PPG
flooding, the remaining oil in different directions is gradually dis-
placed to it and the water cut decreases rapidly to 64.8% in April
2012. Subsequently, the water cut gradually increases with the
production of the displaced remaining oil, and the well is shut-in
when the water cut reaches 100% in November 2014. Fig. 19
shows the changes in oil saturation and seepage resistance along
the connection line between injector 11X3311 and producer 11J11
in the 30th layer. The abscissa represents the number of grids from
injector 11X3311. Specifically, 0 represents the injector 11X3311 and
10 represents the producer 11J11. The curve and column in the
figure represent the seepage resistance and oil saturation, respec-
tively. Similar to Fig. 13, the seepage resistance of injector 11X3311
increases significantly after polymer-surfactant-PPG flooding.
Meanwhile, a high oil saturation area is formed in front of the
seepage resistance peak and gradually displaced to producer 11J11.
The difference is that the seepage resistance along the connection
line between injector 11X3311 and producer 11J11 is relatively
2363
smaller as a whole compared with U-type response, and the peak
value of seepage resistance is 0.0271, 0.0295, and 0.0243. Moreover,
the sum of seepage resistance along the connection line is 0.0677,
0.1486, and 0.1654, respectively.

3.4. No response

There are two reasons for no response according to the
remaining oil distribution at different times in the numerical
simulation. Firstly, the remaining oil saturation after polymer
flooding around the production well is low. Secondly, the remain-
ing oil displaced from other areas can not be effectively produced
before the production well is shut-in after infilling polymer-
surfactant-PPG flooding. Taking producer 11X3010 as an example,
Fig. 20 shows the water cut curve, and Fig. 21 shows the horizontal
distribution of remaining oil at 4 time points in the 1st layer of the
model. As can be seen from these figures, producer 11X3010 is
opened in July 2010. And there is no significant decrease in water
cut due to the low remaining oil saturation around it. At the same
time, it is shut-in in March 2013 before the remaining oil is dis-
placed to it because of its high water cut of over 99% for a long time.
Therefore, there is no significant decrease in water cut during the
development process of infilling polymer-surfactant-PPG flooding,
which is a no response type.



Fig. 16. Sweep efficiency of perforating layers around producer 12X3013.

Fig. 17. Water cut curve of producer 11J11.
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4. Remaining oil distribution and displacement mechanisms

4.1. Remaining oil distribution after polymer flooding

Based on reservoir numerical simulations, the research on the
remaining oil distribution after polymer flooding is carried out in
combination with field production data and test data. Generally,
there is still a large amount of remaining oil after polymer flooding,
which is characterized by widespread distribution and local
enrichment in the non-mainstream line area (Du et al., 2019; Wu
et al., 2020). According to previous studies, the distribution char-
acteristics of remaining oil after polymer flooding are similar in
2364
each layer separated by interlayers under the influence of in-
terlayers (Hou et al., 2011). Moreover, the remaining oil is enriched
at the top of the positive rhythm layer, and the closer it is to the
productionwell, the more abundant the remaining oil is (Hou et al.,
2010). Based on the above studies and geological characteristics in
the pilot test, the remaining oil after polymer flooding can be
divided into four types of distribution as shown in Fig. 22, including
disconnected remaining oil, streamline unswept remaining oil,
rhythm remaining oil, and interlayer-controlled remaining oil. It
can be seen from the figure that the disconnected remaining oil is
characterized by the local enrichment of remaining oil due to the
incomplete geological structure and injection-production rela-
tionship, such as the lower right area of producer 11J11. The
injection-production relationship of streamline unswept remaining
oil is relatively complete. However, the injected fluid flows in the
direction of low seepage resistance due to the existence of water
channeling regions formed during water flooding and polymer
flooding, resulting in the local enrichment of remaining oil, such as
the area around producer 11XN411. The characteristics of rhythm
remaining oil include interlayer heterogeneity and intralayer
rhythm. The interlayer heterogeneity shows the high remaining oil
saturation in the upper part of the reservoir while low in the lower
part, reflecting the channeling phenomenon of displacement fluid
along the lower part. The intralayer rhythm is characterized by the
enrichment of remaining oil at the top of each layer, reflecting the
flow of displacement fluid along the bottom of the layer. This
phenomenon is especially evident in layers with high remaining oil
saturation. The characteristic of interlayer-controlled remaining oil
is that there is a lot of remaining oil in the low permeability area in
each layer. As shown around producer 12X3013, the remaining oil is
enriched in each layer that the well passes through.

4.2. Displacement mechanisms of infilling polymer-surfactant-PPG
flooding

The addition of PPG to the polymer-surfactant system can show
a stronger ability to increase flow resistance and profile control. It
tends to flow along the water channeling regions during the in-
jection process. When it flows to the pore throat, the flow resis-
tance at the flow front increases because of particle retention and
compressional deformation, which is reflected as an increase in
displacement pressure difference It can deform and pass through
the pore throat under the action of displacement pressure differ-
ence when it is greater than the extrusion pressure. However, when
the displacement pressure difference is not large enough to allow it
to deform and pass through the pore throat, it stays to plug the
water channeling regions and divert the subsequent displacement
fluid, which realizes the profile control (Zhou et al., 2018, 2019).

Since it is difficult to count the displacement pressure difference
of each grid in the numerical simulation model, the dimensionless
seepage resistance is used to characterize the displacement pres-
sure difference according to Darcy's law. The remaining oil satu-
ration field and dimensionless seepage resistance field are used to
analyze the displacement mechanisms of disconnected remaining
oil and streamline unswept remaining oil. The profile control is
characterized by the water absorption profile before and after
infilling polymer-surfactant-PPG flooding, and it is used to analyze
rhythmic remaining oil and interlayer-controlled remaining oil in
combination with remaining oil distribution.

(1) Dimensionless seepage resistance.

Since the polymer-surfactant-PPG system can not only increase
the viscosity of water phase, but also reduce the permeability of
water channeling regions by plugging pore throat, there is a large



Fig. 18. Horizontal distribution of remaining oil in the 30th layer of the model.

Fig. 19. Oil saturation and seepage resistance along the connection line between
injector 11X3311 and producer 11J11.

Fig. 20. Water cut curve of producer 11X3010.
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order of magnitude difference in seepage resistance before and
after infilling polymer-surfactant-PPG flooding. Therefore, the
seepage resistance of each grid obtained by Eq. (1) is converted into
dimensionless seepage resistance, which is convenient to charac-
terize the relative change of seepage resistance. The calculation
equation is shown in Eq. (6). The maximum and minimum seepage
resistance are counted in the selected layer in the dimensionless
process since the seepage resistance is only analyzed on the plane.
2365
Ri;jt ¼ Ri;j � Rmin
Rmax � Rmin

(6)

where Ri;jt is the dimensionless seepage resistance of the grid ði; jÞ;
Rmax and Rmin are the maximum and minimum seepage resistance
in the selected layer, respectively.



Fig. 21. Horizontal distribution of remaining oil in the 1st layer of the model.
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(2) Water absorption profile.

As shown in Eq. (7), the proportion of the water absorption of
each layer to the sum of all layers at two time points is firstly
counted, and the difference of the proportion between two time
points is calculated layer by layer. Then, the difference of the pro-
portion is divided by the proportion at time point before infilling
polymer-surfactant-PPG flooding in order to obtain the change of
water absorption profile. Considering the early shut-in time of
some production wells, time points selected in this paper are
February 2009 and January 2016, which are the start time of
simulation and the start time of subsequent water flooding,
respectively. It is worth noting that different colors are used to
represent layers separated by interlayers. In this paper, layers 1e17,
19e25, 27e33, 35e43, and 45e52 are shown in blue, red, black,
green, and yellow, respectively.

Wk ¼

�
Ikts

�Pn
Ikts

�
�
�
Ikte

�Pn
Ikte

�
�
Ikte

�Pn
Ikte

� (7)

where Wk is the change of water absorption profile of layer k; Ikts
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and Ikte are the proportion of water absorption of layer k of the in-
jection well at time point ts and te; n is the number of perforating
layers.

4.2.1. Disconnected remaining oil
Figs. 23 and 24 show the dimensionless seepage resistance field

and the remaining oil saturation field in the disconnected
remaining oil area. It can be seen that the remaining oil is enriched
in the lower right area of producer 11J11 due to incomplete
geological structure and injection-production relationship before
infilling polymer-surfactant-PPG flooding. The infilled injector
11X3310 and producer 9X3009 are drilled in the disconnected
remaining oil enrichment area before polymer-surfactant-PPG
flooding. The well pattern infilling changes the original injection-
production relationship, which can guide polymer-surfactant-PPG
system to the remaining oil enrichment area and give full play to
its role (Du et al., 2019; Wu et al., 2020). At the same time, the
dimensionless seepage resistance near the injector increases
significantly with the injection of polymer-surfactant-PPG system
because of the viscosity increasing effect of polymer and plugging
effect of PPG. On the one hand, the injected fluid pushes the
remaining oil toward the producer. On the other hand, the injected
fluid tends to flow along the unswept area with high remaining oil
saturation between two injectors, since the seepage resistance in



Fig. 22. Four types of remaining oil distribution.

Fig. 23. Dimensionless seepage resistance and streamline in the disconnected remaining oil area.
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unswept area is relatively small. As shown in Figs. 23(b) and 24(b),
the remaining oil is displaced to producers 9X3009 and 11J11, and
effectively produced. Combined with the previous study of pro-
duction characteristics, producers 9X3009 and 11J11 respectively
show early V-type and delayed V-type response, which is probably
the response of this type of remaining oil distribution. The
2367
difference results from the amount of remaining oil around pro-
ducer after polymer flooding.

4.2.2. Streamline unswept remaining oil
Figs. 25 and 26 show the dimensionless seepage resistance field

and the remaining oil saturation field in the streamline unswept



Fig. 24. Remaining oil saturation and streamline in the disconnected remaining oil area.

Z.-B. An, K. Zhou, D.-J. Wu et al. Petroleum Science 20 (2023) 2354e2371
remaining oil area. As can be seen from these figures, the injected
fluid of injector 13X312 flows along the area of low seepage resis-
tance before infilling polymer-surfactant-PPG flooding, resulting in
the low sweep efficiency and a large amount of remaining oil in the
unswept area. After that, infilled injectors 12X3312, 13X3312, and
producer 12X3012 are drilled in the unswept area, which changes
the original direction of the main streamline between injection and
production wells and expands the swept area of injected fluid (Du
et al., 2019; Wu et al., 2020). Meanwhile, the injection of polymer-
surfactant-PPG system adjusts the distribution of the seepage
resistance field because of the viscosity increasing effect of polymer
and plugging effect of PPG, and the injected fluid is diverted to the
remaining oil enrichment area with low seepage resistance.
Therefore, the streamline unswept remaining oil realizes effectively
produced. Combined with the previous study of production char-
acteristics, producers 11XN411 and 12X3012 respectively show U-
type and gradual-rising W-type response, which is resulting from
the amount of this type of remaining oil around producer and the
reaching time of remaining oil displaced from other areas.
4.2.3. Rhythm remaining oil
Fig. 27 shows the changes in the remaining oil distribution and

water absorption profile in the rhythmic remaining oil area.
Noticeably, the separated layer water injection has been conducted
Fig. 25. Dimensionless seepage resistance and strea
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before infilling polymer-surfactant-PPG flooding. It is separated
into layers 1e28 and 35e43 for injector 10X3310, and layers 3e33
and 39e52 for injector 11X3310. From Fig. 27(a and b), it can be
seen that the remaining oil is enriched in the upper part of the
reservoir and the top of each layer due to interlayer heterogeneity
and intralayer rhythm, while it is effectively produced after infilling
polymer-surfactant-PPG flooding. After the injection of polymer-
surfactant-PPG system, it firstly tends to flow along the water
channeling regions with low remaining oil saturation. When large
amounts of PPGs are injected to the water channeling regions, their
plugging effects are superimposed, forcing the subsequent injec-
tion fluid to divert to the low permeable regions with high
remaining oil saturation. Therefore, it can achieve profile control
effect (Zhou et al., 2019). As can be seen from Fig. 27(c and d), the
water absorption of layers 1e28 of injector 10X3310 increases as a
whole after infilling polymer-surfactant-PPG flooding, especially
the proportion of water absorption of layers 11e17 enriched with
remaining oil is increased by 889.59%. For injector 11X3310, the
injection of polymer-surfactant-PPG system plugs water chan-
neling regions, which is reflected as a decrease in water absorption
in the layer with low oil saturation while an increase in the layer
with high oil saturation. As shown in Fig. 27(d), the proportion of
water absorption of layers 4e10 and 27e33 increases by 1667.02%
and 1501.60%, respectively. Therefore, the remaining oil in the
mline in the disconnected remaining oil area.



Fig. 26. Remaining oil saturation and streamline in the disconnected remaining oil area.

Fig. 27. Remaining oil distribution and water absorption profile change in the rhythmic remaining oil area.
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unswept area or low-swept area can be effectively displaced and
produced. Combined with the previous study of production char-
acteristics, producer 10X3010 shows gradual-decreasing W-type
response, which is probably the response of this type of remaining
oil distribution.
4.2.4. Interlayer-controlled remaining oil
Fig. 28 shows the changes in the remaining oil distribution and

water absorption profile in the interlayer-controlled remaining oil
area. Noticeably, the separated layer water injection has been
conducted before infilling polymer-surfactant-PPG flooding. It is
separated into layers 1e30 and 39e43 for injector 12N313, and
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layers 1e33 and 36e52 for injector 13X312. From Fig. 28(a and b), it
can be seen that there is a lot of remaining oil in each layer since the
producer is located in the non-mainstream line area and controlled
by the interlayer, which is effectively displaced by infilling polymer-
surfactant-PPG flooding. For injector 12N313, the water absorption
of layers 1e11 and 19e25 with remaining oil enrichment on both
sides increases significantly because of the profile control of
polymer-surfactant-PPG system, and basically shows a decreasing
trend from top to bottom (Zhou et al., 2019). Based on Fig. 28(c), the
proportion of water absorption layers of 1e8 and 19e25 increases
by 560.47% and 193.64%. However, layers 39e43 controlled by
geological structure are only enriched with remaining oil on one



Fig. 28. Remaining oil distribution and water absorption profile change in the interlayer-controlled remaining oil area.
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side, and the water absorption is generally reduced. Besides, the
water absorption of layers 1e18 and 35e43 of injector 13X312 in-
creases as a whole and also decreases from top to bottom because
producer 12X3013 with perforating layers 1e18 and 35e43 is the
only directly effective well. And the proportion of water absorption
of layers 1e17 and 35e43 increases by 560.47% and 193.64%.
Combined with the previous study of production characteristics,
producer 12X3013 show early V-type response, which is probably
the response of this type of remaining oil distribution.

5. Conclusions

Based on the production and test data of the pilot test in Ng3
block of Gudao Oilfield, this paper analyzes the production char-
acteristics and displacement mechanisms of infilling polymer-
surfactant-PPG flooding for post-polymer flooding reservoir. The
underlying reasons of production characteristics are analyzed by
seepage resistance and sweep efficiency, and displacement mech-
anisms are clarified by dimensionless seepage resistance and water
absorption profile. Finally, the production characteristics of
different types of remaining oil distribution after infilling polymer-
surfactant-PPG flooding are summarized. The following conclu-
sions can be drawn in detail.

(1) Production characteristics after infilling polymer-surfactant-
PPG flooding include W-type, U-type, V-type response, and
no response. Specifically, the W-type response is further
subdivided into gradual-rising W-type and gradual-
decreasing W-type. The V-type response is further sub-
divided into early V-type and delayed V-type. When the
production well is located in the area enriched with
remaining oil after polymer flooding and there is also
2370
remaining oil displaced from other areas by polymer-
surfactant-PPG flooding, the producer will show early V-
type response or gradual-decreasing W-type response
depending on the reaching time of remaining oil in different
areas are the same or not. When the production well is
located in the area with low remaining oil saturation after
polymer flooding and the saturation of oil belts formed by
polymer-surfactant-PPG flooding is low, the production well
will show delayed V-type response. Otherwise for high
saturation oil belts, the production well will show U-type
response or gradual-rising W-type response according to the
production end time of oil belts in different directions are the
same or not. In particular, it will show no response if the
production well is shut-in before the reach of displaced
remaining oil.

(2) Remaining oil distributions after polymer flooding include
disconnected remaining oil, streamline unswept remaining
oil, rhythm remaining oil, and interlayer-controlled remain-
ing oil. Taking the development of the pilot test as an
example, the production of disconnected remaining oil needs
the improvement of injection-production connectivity by
well pattern infilling, and usually shows V-type response.
The recovery of streamline unswept remaining oil enhances
due to the increase of dimensionless seepage resistance by
the synergistic effect of well pattern infilling and polymer-
surfactant-PPG flooding, and usually shows U-type and
gradual-rising W-type response. The rhythm remaining oil
and interlayer-controlled remaining oil can be produced by
the improvement of water absorption profile and separated
layer water injection during polymer-surfactant-PPG flood-
ing, and usually shows gradual-decreasing W-type and early
V-type response, respectively.
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