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Abstract

The preformed particle gel (PPG) oil flooding system has several problems: (1) in the process of injection, particles
easily settled and block the end face, which the process results in high pressure, and (2) the matching relationship between PPG particle size and formation pore throat has not been quantified sophisticatedly. To have a better description
of the matching relationship between the median particle size of the dispersed phase and the pore throat diameter of
the formation, its relationship has been quantified by us through the combination of core physical simulation and thintube experiments. Moreover, a calculation method of equivalent pore throat diameter has been proposed based on the
principle of compact packing, which is more suitable for a sand-filled pipe model. To improve the performance of the
system, the polymer and surfactant have been added into the PPG solution. The result indicates that when the pore
throat diameter is between 1 to 5 times more than the median particle size of the dispersed phase, the dispersed phase
can enter the pore throat smoothly, and the plugging rate is over 50%, which it means that the plugging is effective.
When the pore throat diameter is more than 12 times of the median particle size of the dispersed phase, the plugging
rate is less than 30%, and the effective residual resistance coefficient cannot be established. In order to improve the
suspension performance of PPG particles, the polymer was added to the solution. In the presence of polymers, the
suspension performance of PPG particles was greatly enhanced. Under the same injection volume, the PPG + polymer + surfactant system has the best oil displacement performance.
Keywords: Preformed particle gel (PPG), Thin-tube experiments, Matching relation, Suspension performance.
Introduction
With the continuous exploitation of oil resources, highquality reserves continue to decrease [1], which it means
that the proportion of heavy oil in the proven offshore oil,
and gas resources is increasing. BH oilfield is an offshore
oilfield, and its conventional heavy oil reserves account
for about 70% of the total offshore reserves [2]. Due to the
high viscosity of crude oil and the strong heterogeneity
of formation, the recovery rate of this oilfield is not
high. At present, according to the development plan, the
recovery rate of water flooding in the heavy oil field is
around 18-22% while the actual average recovery rate
is only 20.2%, which is way less than that of the land
oilfield. To effectively exploit oil resources and develop
the offshore heavy oil fields, it is necessary that more
effective chemical flooding technology be applied to
improve the recovery of an offshore oil field in the period
of validity of the platform. To control water cut and
improve oil recovery of oilfields, many technologies,

such as polymer flooding, surfactant flooding, foam
flooding and so on, have been utilized in the oilfield. One
of the most popular methods is to inject gel to reduce the
flow capacity of channels or fractures and divert flowing
fluid (normally, water) to unswept oil zones.
Recently, several authors have recommended using
Preformed Particle Gel (PPG) to control conformance
in mature oilfields [3-10] because it can overcome
some significant drawbacks inherent in in-situ gelation
systems, such as lack of gelation time, potential damage
on low permeability zones, and uncertainness of gelling
due to shear from surface facilities and porous media.
Some properties of preformed bulk gel through fractures
have been studied by Seright et al, and it was proved that
preformed gel had better placement than in-situ gel, and
also, the gel could effectively reduce gel damage on low
permeability unswept oil zones [3,4].
Furthermore, preformed microgels which were
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crosslinked under shear were synthesized by Chauveteau
et al [5, 6]. It was proved by Feng et al that the microgels
could be easily injected into porous media without any sign
of plugging and demonstrated that these microgels should
be good candidates for water shutoff and profile control
operations [9].
The BH offshore heavy oil field is about to enter the high
water cut stage with low recovery. To develop this oilfield
efficiently, this paper tries to examine the technology of
micro-heterogeneous flooding. The process to get the xerogel
is as follows [11]: (1) Prepare water solution of acrylamide,
crosslinker, initiator and some other additives according
to predetermined ratio; afterwards, (2) Make the solution
crosslink to form a bulk gel under a specific temperature, and
finally, (3) Crush the bulk gel into particles and dry them at
a high temperature.
In recent years, the PPG particle system has been widely
used in deep profile control and flooding [12, 13], and
it is characterized by a simple process, low price, shear
resistance, and environmental friendliness [14-17]. The
effect of network parameters of PPG on structural strength
for water Management was studied by Baghban Salehi [18].
In 2015, the transport characteristics of PPG particles at a
micro-scale with the help of a visual model to further clarify
the mechanism of particle displacement of remaining oil
were studied by Zhang Bin [19] and other scholars. In the
micro model, the migration mode of particles is various;
most of them could deform (be cut off), blocked or even
cause plugging, and a few of them could adhere or directly
pass. After polymer flooding, the remaining oil forms in
various shapes, such as film, column, cluster, and blind
end. Furthermore, PPG can effectively reduce all kinds
of remaining oil except for the blind end. The synthesis,
characterization and performance evaluation of R-PPGs for
water shutoff jobs in a heterogeneous reservoir were studied
by Kumar Abhinav [20]. The results show that it may be a
promising agent for water shutoff jobs in the heterogeneous
reservoir. It has been maintained by Imran Akbar [21] that
the use of PPGs is one of the exclusive commercial gel
inventions, which not only improves oil production but also
lowers the water cut during oil production.
With the continuous research on PPG performance, based on
the results of sufficient theoretical research and field tests,
people have been deepening on their understanding of the
mechanism, its profile control and flooding, the effect of
reducing water cut and increasing oil production by using
this technology. However, the following problems still exist:
(1) the system performance needs to be improved (In the
process of injection, particles are easy to settle and block
the end face, resulting in high pressure. The suspension and
injection performances of the system [22-24] are not good,
so it is necessary to develop or screen the PPG system that
can enter deep formation by the composite way.); (2) The
study of the matching relationship between PPG particle size
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and pore throat of formation is not quantitative enough. In
this paper, the matching relationship between the median
particle size of the dispersed phase; in addition, the pore
throat diameter of formation is quantified through the
combination of core physical simulation experiments and
thin-tube experiments. Some scholars suggest that adding
PPG particles in the polymer flooding improves the viscosity
of polymer with PPG, further expands the swept volume,
and the polymer can effectively suspend PPG particles.
The combination of the two (i.e. core physical simulation
experiments and thin-tube experiments) is also a promising
system. Nowadays, more researchers are paying attention to
PPG heterogeneous flooding system and continue to carry
out relevant research from system research and development,
mechanism, flooding effect etc. Furthermore, nanosilica
gel at different weight percentages was added by Farzad
Aqcheli [25] to improve the PPG’s mechanical and thermal
stability properties at the harsh condition: high pressure,
temperature, and strain. Moreover, the results confirmed
that the tailored formulation had great potential for field
applications to enhance oil recovery. It provides an idea for
our research through additives to improve the performance
of PPG. Therefore, in order to improve the performance of
the system, the polymer and surfactant into the PPG solution
were added by us. Finally, in this paper, the suspension
performance and oil displacement performance of the hybrid
system were studied.
Materials and methods
Experimental Materials

The experiments were carried out at a temperature of 65 °C
using the following materials:
Experimental water: the simulated water is prepared based
on the ion composition of the mixed water of the oilfield.
The salinity value is 9374.13 mg/l, and the ion composition
is shown in Table 1.
Experimental oil: Kerosene and dehydrated crude oil of
production well A7 are prepared with simulated oil with a
mass ratio of 1:12.5. The viscosity is 73 mPa.s at 65 °C ,
and the density difference between simulated water and
simulated oil is 0.1 kg/L.
Polymer: HPAM, industrial product, molecular weight
1200´104g/mol, hydrolysis degree 21.2%.
Surfactant: sodium dodecylbenzene sulfonate, analytical pure.
Artificial core for experiment: sand filling pipe (specification:
cross-section 4.9 cm2, length: 30-100 cm). In the target
reservoir, the connectivity of the reservoir is good; in other
words, (the connectivity coefficient of oil and water wells
can reach 30.6% - 87.0%), but the heterogeneity is serious
since the permeability ranges from 100 to 10000 × 10-3 μm2.
which it belongs to unconsolidated sandstone. The porosity is
between 28-35%, with an average of 31%. The permeability
is between 100-10000 × 10-3 μm2, with an average of 2000 ×
10-3 μm2.

Table 1 ion composition of simulated water in the oil field.
Ion composition

+

K++Na

Mg2+

Ca2+

-

Cl

SO42-

HCO3-

CO32-

Total Salinity

content /mg/L

3091.96

158.68

276.17

5436.34

85.29

311.48

14.21

9374.13
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Other experimental instruments: BS423S one-thousandth
balance, JJ-1 electric mixer, Brookfield DV-II rotary
viscometer, pressure sensor, precision pressure gauge,
measuring cylinder, Marvin laser particle sizer 3000 (ranging
from 0.01 to ~3500 μm), advection pump etc.
Experimental Methods
Injectivity Experiment
The injectivity of PPG particles is one of the most
important properties affecting its application. While
normally core is used in the experiments, a sand pack has
been used since the particle size of the profile control
agent in this study has been large. The flow chart of the
experiment is shown in Figure 1 and the flow rate was 1
mL/min. It has to be mentioned that with the use of the
sand pack, the ring pressure and vacuum pumping link
are not needed.

Fig. 1 Schematic diagram of the experimental injection device of
profile control agent.

The steps are as below:
a. All devices were connected according to Figure 1;
b. The one-dimensional core was placed in the core holder;
c. Simulated water and PPG solution were put into
intermediate containers (containers in the middle)
respectively;
d. Ring pressure was added, and the incubator was preheated
to the experimental temperature of 65 °C;
e. The core was evacuated, and the water in the saturated
formation was simulated. It is necessary to maintain the
pressure to about -0.09 MPa. The evacuation time was
greater than 2 hours. Since the sand pack was used, no
vacuum was needed. The sand pack simulated water in
saturated formations, and a constant flow rate was used to
stabilize the pressure during water injection. Finally, the
water phase permeability was calculated;
f. A set volume of PPG solution was injected with the same
flow rate as water injection;
g. Waterflooding was performed until reaching the target
water cut, and injection pressures were recorded during the
whole experiment.
Resistance Coefficient and Residual Resistance Coefficient
The resistance coefficient and the residual resistance
coefficient are the technical indicators of the ability of the
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PPG system to improve mobility ratio and reduce reservoir
permeability. The experimental device is shown in Figure
1, and the flow rate was 1 mL/ min. Experimental steps
are as follows:
a. All devices were connected according to Figure 1;
b. The simulated water and PPG solution were put into the
middle containers respectively;
c. The incubator was preheated to the experimental
temperature of 65 °C;
d. Water was injected into the sand pack at a constant flow
rate until the pressure was stable, at which the pressure
difference was ∆Pwi;
e. PPG solution was injected with the same flow rate as the
water injection until the pressure was stable, at which the
pressure difference was ∆Pwh;
f. The simulated water was injected with the same flow
rate as the water injection until the pressure was stable, at
which the pressure difference was ∆Pwa.
The resistance coefficient is shown in Formula 1, and the
residual resistance coefficient is shown in Formula 2:

FR =

∆Pwh
∆Pwi

(1)

FRR =

∆Pwh
∆Pwi

(2)

where,
FR —The Resistance Coefficient; FRR—The Residual
Resistance Coefficient;
∆Pwh—Pressure difference when the pressure of PPG solution
is stable, MPa;
∆Pwi—Pressure difference when the pressure of initial
waterflooding is stable, MPa,
∆Pwa—The pressure difference when the PPG solution is
injected, and the pressure of subsequent waterflooding is
stable, MPa.
Transport Properties in Porous Media
The porous pressure measuring device was used to study
the migration characteristics of the PPG system in porous
media.
The schematic diagram of the device is shown in Figure 2.
The sand pack in the device has a diameter of 2.5 cm and a
length of 100 cm. There are 3 pressure monitoring spots in
the oven: (1) at the beginning of the injection side (or at the
beginning of sand-filled pipe), (2) pressure measurement
at point 1 and (3) pressure measurement at point 2. The
distances between the pressure measuring point 1, point 2
and the injection point are 30 cm and 70 cm respectively.
The experimental steps are as follows:
a. A certain number of quartz sands were used to fill the
sand-filled pipe, and then the permeability of the sand pack
was measured;
b. A set volume of PPG solution was injected at a flow rate
of 1.0 mL/min;
c. The pressure changes at three pressure measurement
points with different injection volume were recorded, and
the migration characteristics of PPG particles was analyzed
in porous media.
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Fig. 2 Schematic diagram of porous pressure measuring device.
Oil Displacement Experiment with Parallel Sand Packs
The parallel sand pack experiment reflects the heterogeneity
of the formation and the profile adjustment of PPG system
better. The experimental process was as follows:
a. All devices were connected according to Figure 3;
b. The simulated water, simulated oil and PPG solution were
put into the container in the middle respectively;
g. The incubator was preheated to the experimental
temperature of 65 °C;
c. The permeability of the water phase in the sand pack was
calculated when the pressure was stable after injecting water
in a constant flow rate while the flow rate was 1mL/ min;
d. The simulated oil was saturated at high temperatures
to prevent core damage or sand migration caused by high
simulated oil viscosity. The saturation temperature should
be 10 °C higher than the experimental temperature. The
volume of displaced water was recorded, and that value
equals the saturated oil volume (Recording must be finished
at experimental temperature, and the device must be sealed
well to prevent loss caused by volatilization);
e. The sand pack was aged for 72 hours at the experimental
temperature;
f. PPG solution was injected at a flow rate of 2 mL/min of
water injection until the pressure is stable;
g. The simulated water was injected at a flow rate of 2 mL/
min of water injection to the target water cut.

throat is the key factor affecting the reservoir permeability,
the thin-tube model is mainly used to simulate the pore throat
in the formation. Moreover, thin tubes with different pipe
diameters (shown in Figure 4) in parallel connection (shown
in Figure 5) or in series connection (shown in Figure 6) were
used to simulate various formation conditions. The vertical
heterogeneity of the formation can be represented by using
the parallel connection of thin pipes with different diameters.
It can be used to study the selective plugging performance of
microscopic heterogeneous systems. On the other hand, the
in-plane heterogeneity can be reflected by connecting thin
tubes with different diameters in the series. It could be of help
to study the migration performance of dispersed phases when
pore throats flow in the plane encounters changing diameters.
It can also be utilized to study the injection performance and
migration performance of the system through the experiments
of connecting thin tubes in the same diameter in series.

Fig. 4 Physical drawing of different thin pipe models.

Fig. 3 Schematic diagram of parallel sand-filling tube oil
displacement
device.

Thin-Tube Experiments
Research on the performance or mechanism of disperse
phase propagation lacks in the field of high-permeability
formations, fractures, and large throat systems. Since the pore

Fig. 5 Schematic diagram of thin tube parallel device.
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Fig .7 Particle size distribution curve of PPG.

Fig. 6 schematic diagram of thin pipe in series.

Suspension properties of the dispersed phase.
The suspension property [26] of the dispersed phase was
characterized by water separating proportion.
Test steps are as Follows:
a. A certain concentration of PPG solution was prepared then,
b. A powerful electric stirrer was used to stir the solution for
10 min at the speed of 400r/ min; afterwards,
c. 50ml of the solution was taken and poured into a 50ml plug
measuring cylinder after agitation. Then, the volume of the
supernatant in the upper part of the tube (Abbreviated as Vs)
was listed after stilling. Afterwards, the change in the volume
of the supernatant with time was recorded, and ultimately,
d. The water separation rate was calculated using the
following formula (Formula 3).
water separation rate /% = (Vs/ 50) × 100% (3)

Fig. 8 PPG injection pressure curve.

It can be seen from Figure 8 that the injection pressure of PPG
system in the sand pack with a permeability of 2000×103 μm2
keeps rising; whereas in the sand pack with a permeability
of 6000 ×10-3 μm2, the pressure first rises and then falls after
switching to waterflooding. The Kozeny-Carman equation
simplifies the rock sample into a combination of capillary
tubes with identical diameter. The fluid flow in the horizontal
capillary tubes is stable flow. Since the sand pack is filled
with quartz sand, there is no cement. The quartz sand is relatively regular, and the particle size distribution is relatively
uniform, which is in line with the principle of close accumulation of spheres. According to the principle of close packing,
a calculation method of equivalent pore throat diameter was
proposed by Jing Wang [27]. Figuratively, porous media is
composed of equal spheres, which is relatively ideal, as seen
in Figure 9 for the schematic diagram.

Experimental Results
The pore diameter of sand control screen used in the offshore
reservoir was 100 microns. According to the comparison
formula of mesh and pore diameter: mesh × pore diameter
= 15000, where the unit of pore diameter is micron, and the
calculated pore diameter of the sand control screen was 150
microns. To reduce the construction risk and to make sure
that the screened system can enter the reservoir smoothly
through the screen, an industrial PPG is used and 800 mg/L
PPG solution is prepared with simulated water. The particle
size distribution curve is shown in Figure 7. The initial
median particle size is 65 μm.
Particle Injection and Migration
Due to the large particle size of PPG, conventional artificial
core models are no longer applicable due to limitations in
the manufacturing process. Therefore, a sand-filled tube
model was carried out for the injection experiment. The
concentration of the PPG system was 800 mg /L. The target
reservoir permeability is between 100 and ~10000 × 10-3 Fig. 9 Pore throat diameter diagram of Jing W.
μm2, and the heterogeneity is high. In order to ensure that
PPG can be injected into the formation, the permeability of The diameter of the pore throat can be approximated from
the designed sand pack is made large. The injection pressure the diameter of the quartz sand. The expression is shown in
curve of the PPG solution in 2000×10-3 μm2 and 6000 × 10-3 Formula 4:
2
μm2 sand-filled tube models (cross-sectional area: 4.9 cm=
, d d p ( 1=
− 1) 0.155d p
(4)
cos 30
length: 30 cm) are shown in Figure 8.
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where,
d—estimation of pore throat diameter, μm; dp—quartz sand
diameter, μm.
The quartz sand size corresponding to the two sand packs is
calculated according to Formula 4, and the results are shown
in Table 2.
It can be seen from Table 2 that the pore throat diameter of
2000 ×10-3 μm2 sand pack is about half of the median PPG
particle size. PPG particles are difficult to enter the deep
parts of the sand pack and cannot migrate well, resulting
in the continuous increase in injection pressure. The pore
throat diameter corresponding to 6000 ×10-3 μm2 sand pack is
equivalent to the median PPG particle size, which it indicates
that PPG can be injected into the formation and migrate
well in the formation. After the subsequent waterflooding
breakthrough, the pressure drops. However, it is still higher
than the waterflooding stage pressure, which it indicates that
PPG has established effective plugging in the formation, and
it has not blocked the pore channel.
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In order to further study the PPG migration rule in the
channel, parallel tube experiments are designed in this
section according to the reservoir conditions to carry out
research, as shown in Figure 5. The inner diameters of the
tubes were 0.1 mm, 0.3 mm and 0.8 mm, with a length of
100 cm, which were connected to the pressure sensor. Then
the pressure conduction and shunt rate of the three pipelines
were studied in parallel.
The experimental flow rate was 0.5 mL/min, three tubes
were fully opened, and 800 mg/L PPG solution was injected
for half an hour; close 0.8 mm pipeline, continue to inject
800 mg/L PPG solution for half an hour, then close 0.3 mm
pipeline, continue to inject 800 mg/L PPG solution for half
an hour, then carry out subsequent waterflooding, record the
injection pressure of each tube in the whole process, and
record the shunt rate of each tube in the PPG injection stage,
as shown in Figures 10 and 11.
Also, the experimental data have been summarized in Table 3.

Table 2 Basic data of sand filling pipe and estimated pore throat diameter.
sample

permeability/×10-3 μm2

quartz sand mesh average grain size of quartz sand /μm

estimated pore throat diameter /μm

1

6000

30-40

425

65.9

2

2000

70-80

196

30.4

Fig. 10 Pressure curve of each fine tube in different injection stages.

Fig. 11 Flow rate curve of each fine tube in PPG injection stage.

Table 3 Summary of tube test results.
process

injection pressure/MPa

%/ flow rate

0.1mm tube

0.3mm tube

0.8mm tube

0.1mm tube

0.3mm tube

0.8mm tube

Close to 0

Close to 0

Close to 0

Close to 0

low

high

Open 0.1mm and 0.3 mm thin pipes high

low

0

low

high

0

Open 0.1 mm thin pipe

0

0

100

0

0

Open three tubes

very high

It can be seen from the Table 3:
(1) When the three tubes are fully opened, PPG mainly
enters the 0.8 mm thin pipe, and the injection pressure has no
obvious change, indicating that PPG particles do not establish
the residual resistance coefficient in the 0.8 mm thin pipe;
(2) When the 0.8 mm thin tube is closed, and PPG is injected
continuously, the injection pressure increases obviously, and

PPG mainly enters the 0.3 mm thin tube while its start is
happening at the 0.1 mm thin tube;
(3) When only the 0.1 mm pipeline is open, the pressure
fluctuates and rises very high, indicating that PPG has a high
additional pressure drop in the 0.1 mm thin pipe, and there is
still obvious residual resistance in the subsequent water drive
stage, indicating that PPG can establish effective plugging in
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the thin pipe.
In short, PPG particles can enter into the pore diameter which
is equivalent to its particle size when the pressure reaches
a certain value, and it can effectively seal the formation
whose pore diameter is 1-5 times of its particle size. For
the formation whose pore diameter was too large, such as
the formation whose pore diameter reached 12 times of
its particle size, there was almost no sealing effect, and no
effective residual resistance coefficient can be established
consequently.
Properties of the composite system
Suspension performance
800 mg/L PPG solution, 300 mg/L polymer+800 mg/L PPG
composite system, 800 mg/L polymer + 800 mg/L PPG
composite system and 1500 mg/L polymer + 800 mg/L PPG
composite system with simulated water are prepared. The
water separation rate can be seen from Table 3 that, with
the addition of polymer, the suspension property of PPG is
greatly improved. The higher the polymer concentration is,
the better the suspension property is. The reason is that the
higher the polymer concentration is, the higher the viscosity
is, according to the Stokes settlement Formula 5:

υt =

2( ρ − ρ ′) gr 2
9µ

(5)

where,
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vt-Settling velocity m/s, ρ-Density of spheres kg/m3
ρ ′ -Density of solution kg/m3, g—Acceleration of gravity m/s2
r—Radius of the ball μm μ—Solution viscosity Pa▪s
According to Formula 5, the higher the viscosity of polymer
is, the slower the settling speed of PPG is.
Resistance Coefficient and Residual Resistance Coefficient
To improve the suspension ability of PPG particles, PPG and
polymer solutions were used together. The concentration of
polymer was 1500 mg/L, viscosity was 21 mPa.s, and PPG
concentration was 800 mg/L. Resistance coefficient and
residual resistance coefficient experiments in a sand-filled
pipe with a permeability of 6000 ×10-3 μm2 were carried
out by us. See Table 4 for the experimental parameters and
Figure 12 for the results.
It can be seen from Figure 12 that the pressure of the polymer
solution rose steadily and remained stable at a certain stage,
with a resistance coefficient of 13 and a residual resistance
coefficient of 3. However, while the injection pressure at the
end of PPG flooding was 0.6 MPa and at the end of single
polymer flooding is 0.04 MPa, the pressure increased 15 times
as much as that of pure polymer solution after the injection of
the composite system, and the residual resistance coefficient
was 80 after the injection of 10 PV. Therefore, PPG system
had a stronger ability to reduce water-oil mobility ratio and
permeability of porous media than a single polymer system.

Table 4 Water separation rate of PPG with time under different polymer concentrations
Time/min

water separation rate /%
800 mg/L PPG 300 mg/L polymer +800 mg/L PPG 800 mg/Lpolymer+800 mg/L PPG 1500 mg/L polymer+800 mg/L PPG

2

45

28

12

8

5

85

45

20

15

10

100

62

35

30

15

---

78

42

34

20

---

87

52

38

25

---

90

60

45

30

---

95

78

50

40

---

95

87

65

50

---

95

90

67

60

---

95

90

70

Fig. 12 Pressure curve of single polymer PPG composite system.

Oil displacement performance of the composite system
The single polymer (concentration was 1500 mg/L, viscosity
was 21 mPas) and PPG + polymer composite system in
the parallel sand filling pipe model for oil displacement

experiment are compared with each other. In order to
further improve the oil washing efficiency of the system, the
surfactant was added to the composite system (short for PPG
+ polymer + surfactant system). Moreover, the single polymer
system, PPG concentration, was 800 mg/L, and the surfactant
concentration was 1200 mg/L. With the above conditions,
parallel sand-filled tube flooding experiment was carried
out. The permeability of the sand filling pipe is (6000×10-3
μm2: 2000×10-3 μm2). In Table 5, the amounts of experimental
concentration and injection volume for polymer+solution
and composite system (PPG+polymer) are seen. Moreover,
in Table 6, the amounts of experimental design of PPG and
composite system based on oil displacement for polymer,
PPG+polymer, PPG+plymer+surfactant are determined.
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Table 5 Experimental design of PPG and the composite system.
system

concentration /
mg▪L-1

Injection volume/PV

Polymer solution

1500

10

Composite system 800 PPG+1500
(PPG +Polymer)
Polymer

10

Table 6 Experimental design of PPG and composite system oil
displacement.
system

concentration /
mg▪L-1

Injection
volume /PV

polymer

1500

0.5

PPG+polymer

800+1500

0.5

PPG+polymer+ surfactant

800+1500+1200

0.5

(1) Single Polymer Flooding
when the water cut of the water drive reaches 98%, 0.5 PV
of polymer was injected. The results are shown in Figure
13. The recovery rate of water flooding is 43.50%, polymer
flooding is 50.60%, and polymer flooding enhanced oil
recovery is 7.1%. The recovery degree is 53.55% after the
subsequent water flooding, and the total recovery degree is
10.05% higher than that of water flooding. In the process of
polymer flooding, the pressure increases, and the pressure
drops in the subsequent water flooding. The pressure of
subsequent water flooding is higher than that in the water
flooding stage, which it shows that the polymer establishes
an effective residual resistance coefficient in the core.
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The recovery degree of water drive was 40.98%, and that of
composite system (PPG + polymer) was 53.73%. After the
subsequent water flooding, the recovery degree was 58.14%,
and the total recovery degree increased by 17.16% on the
basis of water flooding. It can be seen from the pressure
change curve that the pressure increased after the injection of
the composite system but decreased and stabilized in a certain
range during the subsequent water flooding. This pressure
was higher than the subsequent water flooding pressure
of single polymer injection, indicating that the composite
system could establish a better residual resistance coefficient
in the formation than that of single polymer flooding.
(3)PPG + Polymer + Surfactant
when the water cut of water drive reaches 98%, then 0.5
PV of the composite system (PPG+polymer+surfactant)
is injected. The result is shown in Figure 15. The recovery
degree of water drive is 42.43%, and that of composite
system (PPG+polymer+surfactant) is 59.05%. After the
subsequent water flooding, the recovery degree was 63.24%,
and the total recovery degree is increased by 20.81% on the
basis of water flooding.

Fig. 15 recovery degree and injection pressure curve of PPG
+polymer+surfactant
flooding.

Fig. 13 Recovery degree and injection pressure curve of single
polymer flooding

(2)PPG + Polymer
when the water cut of the water drive reaches 98%, then a 0.5
PV composite system (PPG+polymer) is injected, the result
is shown in Figure 14.

Fig. 14 Recovery degree and injection pressure curve of PPG +
polymer flooding.

Summarize the three groups of experimental data to Table 7.
In Table 7, it is shown that the oil recovery of the composite
system is higher than that of pure polymer flooding system,
and the injection pressure is much higher than that of
polymer flooding due to the existence of PPG particles. With
the increase in injection pressure, more crude oil is started,
and the recovery degree is higher. The oil recovery of PPG
+ polymer+ surfactant system is higher than that of PPG +
polymer, but the injection pressure is not as high as that of
PPG + polymer system because the addition of surfactant
greatly improves the oil washing efficiency. The reason for
the slight decrease of injection pressure is that the viscosity
of polymer solution reduced by the addition of surfactant,
and the viscosity of PPG + polymer+ surfactant system as
a continuous phase was lower than that of the polymer as
the continuous phase, so the injection pressure was slightly
reduced.
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Table 7 Effect summary of three groups of oil displacement system.
System

Injection pressure

Water flooding recovery Recovery increment in
/%
chemical flooding stage /%

Increase in recovery rate
Total recovery
compared with water
/%
flooding /%

polymer

low

43.50

7.17

53.55

10.05

PPG+polymer

high

40.98

12.84

58.14

17.16

42.43

16.62

63.24

20.81

PPG+polymer+
middle
surfactant

Conclusions
According to the study which has been carried out, the
following results have been carried out which are as follows:
1. Based on the principle of compact packing, a calculation
method of equivalent pore throat diameter was proposed,
which is more suitable than the Kozeny-Carman equation for
the sand-filled pipe model.
2. The fine tube experiment and core physical simulation
experiment were used to quantify the matching relationship
between the median particle size of PPG and the pore throat
diameter of the formation. When the pressure reached a
particular value, PPG particles could enter the pore whose
diameter was equivalent to particle size. It could effectively
seal the formation whose pore diameter was 1-5 times of
particle size. As for the formation whose pore diameter was
too large, for example, the formation whose pore diameter
reached 12 times of particle size, there was almost no
sealing effect, and effective residual resistance could not be
established.
3. The polymer could greatly improve the suspension
performance of PPG particles. Under the same injection
volume, in comaprison with the polymer, PPG + polymer
and PPG +polymer+ surfactant system, the composite system
had a higher resistance coefficient and residual resistance
coefficient, and PPG + polymer + surfactant system had the
best oil displacement performance, and PPG + polymer +
surfactant system entirely played the synergistic effect of the
three. Therefore, the composite system showed application
prospects.
Future Work
This study introduced the current achievements, which need
to be further studied. Future work mainly includes:
1. Studying and investigation of the adsorption of PPGs on
the surface of the reservoir rock.
2. Expanding the scope of research and examining the effect
of temperature on the PPG performance. Add more chemical
and physical properties of the PPG to be in terms of long
term thermal stability at different temperatures in varied
brine conditions.
3. Adding the micro model experiment to study the migration
of PPG on a micro scale.
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