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ABSTRACT: Chemical flooding technology has been widely applied in medium- and high-
permeability reservoirs. However, it is rarely applied in low-permeability reservoirs, which is
mainly limited by reservoir physical properties, chemical agents, injection capacity, and so
forth. In this paper, a novel chemical formula used in low-permeability reservoirs was
developed. In response to the low-permeability reservoir geological characteristics, fluid
properties, and water flooding development of the target block, some experimental studies and
field project studies of polymer—surfactant flooding were carried out. The surfactant structure
and polymer molecular weight were determined from laboratory experiments. The polymer—
surfactant binary system was synthesized. It had good injectivity in low-permeability
reservoirs, and its oil recovery efficiency increased over 10% in the laboratory experiment. The
result was higher than that of single chemical flooding. After field implementation, initial
results have been achieved with an increase in injection pressure. The chemical formula can O T e
effectively alleviate intra-layer and inter-layer contradictions in the reservoir. The project has "

increased oil output by 77,700 t and the recovery factor by 3.5%. The experience and lessons were of great significance for the
development of chemical flooding in high-temperature, high-salinity, and low-permeability reservoirs.

1. INTRODUCTION The main problems of the former are the high injection pressure
and the viscosity loss of polymer solution in the formation. The
polymer mobility is decreased with an increase in the polymer
concentration. More pressure is needed to inject the high-

Chemical flooding is a mature technology, which has been
popularized and applied in medium- and high-permeability
reservoirs.”” Field trials began in the United States in the early

1960s,” followed by the United Kingdom, France, Norway, and concentration polymer into the reservoir. During the polymer
Indonesia. Most of oilfields in China are continental flooding process, some of the polymer is lost due to absorption,
sedimentary basins with strong reservoir heterogeneity. Oil mechanical capture, and hydrodynamic retention, which causes
recovery efficiency of water flooding in most oilfields is low. the viscosity loss of the polymer solution. The problems for the
Aiming at the features of high-permeability reservoirs, chemical latter are the oil-water emulsification and the scaling in
flooding projects were developed rapidly in China. In the 1990s, reservoirs.” Feng et al. affirmed the ineffective application of the
field tests were carried out in Shengli, Liaohe, Xinjiang, Dagang, combined ASP flooding due to the severe problems of
Dagqing, and Changging oilfields in China. Also, the binary emulsification and precipitation.6 However, the latest field
composite flooding in Liaohe and Xinjiang oilfields was expected pilot tests show that the anti-scaling and anti-emulsifying
to increase the oil recovery factor by 18%. It is one of the main additives are added to the ASP system to reduce the scaling and
research directions of enhanced oil recovery in old oil fields with emulsification, and this work achieves good displacement
high water cut, especially in high-permeability oilfields. effects.

Laboratory studies and pilot tests have shown that high- A polymer—surfactant system has low interfacial tension and
concentration polymer flooding and polymer—surfactant—alkali avoids the scaling problems caused by the alkali. Compared with

(ASP) ternary combination flooding can achieve good displace-
ment effects. The displacement efficiency is the fraction of
movable oil that has been displaced from the swept zone. The
sweep efliciency is the fraction of the zone section that is
contacted with injected fluids.” High-concentration polymer
flooding adapts to the reservoirs with high permeability and
highly heterogeneous reservoirs. ASP flooding is suitable for
high-permeability and slightly heterogeneous reservoirs.’
However, the high-concentration polymer flooding is more
economical than ASP flooding with the same oil production.

the ASP system, the binary system can reach the same oil
displacement efficiency when the costs of the chemical agents in
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use are the same. This may be a new technology to replace the
ASP system.” In the work of Luo et al,, polymer—surfactant
flooding has been demonstrated to be an eﬁectlve displacement
mode for a heavy-oil reservoir in western Canada. When the
alkaline solution was added, it could cause severe scaling near
the wellbore region or in reservoirs. They deduced that it was
difficult to form the oil—water emulsion with the binary system,
owing to its high viscosity.” Here, it is a specific research study. It
has shown that the binary system can be used to improve the
recovery of low-permeability reservoirs, because the interfacial
tension and the injection pressure are lower than those in the
high-concentration polymer flooding. However, they found that
only the surfactant could not reach the ultralow interfacial
tension between oil and water.”’ Therefore, the most effective
combination of chemical flooding mainly depends on the
reservoir conditions, fluid properties, laboratory experiments,
numerical simulations, and relevant field practical experience.

Chemical flooding has been proven to be able to largely
enhance the oil recovery factor in most oilfields, especially in
high-permeability reservoirs, but it is seldom used in low-
permeability reservoirs (<50 mD). Low-permeability reservoirs
are widely distributed and abundant in China, accountmg for
nearly half of China’s total proven oil and gas reserves.” The
effective utilization of this part of oil and gas resources is very
important. Due to the characteristics of low permeability, poor
porosity, low abundance, serious heterogeneity, and so forth, it is
difficult to replenish formation energy. Thus, several issues arise,
such as low natural production capacity of oil wells, low recovery
of water flooding, and so forth. Therefore, it is urgent for us to
change the development mode and explore a new method to
improve oil recovery. Whether the chemical flooding system can
be suitable for the low-permeability reservoirs and the oil
displacement effects are good are the urgent problems to be
solved.

In this paper, polymer—surfactant binary system formulations
for this block, physical and chemical properties of the chemicals,
polymer injection capability, numerical simulation, field trials,
and so forth are studied in low-permeability reservoirs. This will
provide valuable experience and lessons for chemical flooding
applied in low-permeability reservoirs.

2. RESULTS AND DISCUSSION

2.1. Geological Characteristics of Low-Permeability
Reservoirs. The target block is located in east China. It was
discovered in 1959 and has a STOIIP of 2.22 X 10° t, with
recoverable reserves of 5.55 X 10° t and recovery factors of 25%.
It belongs to a high-temperature (83 °C), medium-salinity
(25000 mg/L), medium-pore (20%), and low-permeability (40
mD) reservoir with good fluid properties and a low oil—water
viscosity ratio (5.0). It has a weak aquifer drive. The formed
crude oils have medium API (52°), medium viscosity (2.14—
2.70 mPa-s), medium freezing point (28—36 °C), and high wax
content (17.99—35.14%); the block production started in 1994,
supported by a weak edge-aquifer drive. Water injection started
in 1996, which later had a comprehensive water cut of 80.6% and
a recovery factor of 16%. Under the influence of the original
geological conditions and the late hydraulic fracturing, the single
layer of injected water displayed a breakthrough phenomenon
resulting to increased water cut.

2.2. Screening of the Surfactant and Polymer.
2.2.1. Screening of the Surfactant. In the enhanced oil
recovery processes, the surfactants have two main functions: one
is to reduce the interfacial tension between crude oil and

reservoir brine so that crude oil becomes easy to be driven out,
and the other is to alter the wettability of the reservoir rocks.
This is also called the wetting reversal of the surfactant, which
will peel off the oil film attached to the rock surface. Considering
the negatively charged reservoir surface, we only studied the
anionic and non-ionic surfactants without cationic surfactants.
2.2.1.1. Surfactant Structure and Its Reduction of
Interfacial Tension between Oil and Water. From the samples
of the target block, we can see that the saturated hydrocarbon
content of crude oil is 60%, and the aromatic hydrocarbon
content is 15%. Therefore, we chose an aromatic hydrocarbon-
based surfactant with aliphatic hydrocarbons to reduce the
interfacial tension between oil and water (IFT). Six surfactants
with the same hydrophobic tails (Table 1) and different

Table 1. Minimum Oil—Water Interfacial Tension of
Different Surfactant Structures

Surfactant IFT
Molecular formula
code mN/m
9AS-3-0 0.23
C9H§®* O‘fCHTCH*Oﬂ»M 9AS-5-0 0.11
EH, o
9AS-7-0 0.064
M: anion group, n=3, 5, 7, 9

9AS-9-0 0.045
9AS-0-4 0.18

o O—ofoncor-otu
n 9AS-0-6 0.22

hydrophilic head groups and four surfactants with the same
hydrophilic head groups (Table 2) and different hydrophobic
tails were selected to measure the interfacial tension between
surfactants and crude oil. The IFT was measured using a rotating

Table 2. Minimum Qil—Water Interfacial Tension of
Different Surfactant Structures”

Surfactant IFT
Molecular formula
code mN/m
CoHgd — O‘fCHTiH_OT M 9as70 0.064
Hy, Jn
cHzof CH_CH_O 13A5-7-0 0.052
CeH3z O“CHz_iH_ M 16AS-7-0 0.015
I H, o
CigHs7 O"CHZ_EH_ M 18AS-7-0 0.0079
i H, j

“M: anion group and n = 7.
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Figure 1. Effect of the oxypropylene chain on the oil film shrinkage rate.
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Figure 2. Effect of the carbon number of alkyl chains on the oil film shrinkage rate.

droplet IFT tester. In the laboratory, we chose the equilibrium
IFT on the measured dynamic IFT curve to represent the IFT
between crude oil and water.

With the growth of the propylene chain, the hydrophilicity of
the surfactant gradually increases, the hydrophilic equilibrium
value increases, the oil—water interfacial tension decreases, and
the ability to move from the water phase to the oil—water
interface increases.

The interfacial activity of 9AS-0-4 and 9AS-0-6 is obviously
worse than that of the surfactant containing PO chains because
oxyethylene is hydrophilic. With the increase in the number of
ethylene oxide, the hydrophilicity of the surfactant increases.
Therefore, the oil—water interface tension with the surfactant
also increases.

With the increase in the carbon number in the alkyl chain, the
surface activity of the surfactant becomes higher and the
interfacial tension becomes lower.

2.2.1.2. Relationship between the Surfactant Structure and
Crude Oil Stripped. The effects of different surfactants, which
have the same length of carbon chains and oxyethylene chains
but different oxypropylene chain lengths, on the oil film
shrinkage rate are compared. In the oil film shrinkage
experiment, a small amount of crude oil is added to a cuvette.
After aging for a period of time until the oil film is spread, a small
amount of surfactant solution is added to observe the change in
the oil film area. The oil film shrinkage rate is

4597

. fo (1 — S(t))dt
t (1)

In the formula, V—the oil film area shrinkage rate, S(t)—the
change function of the oil film area with time, and t—time.

From Figure 1, we can see that with the same alkane carbon
number and oxyethylene chain number, the surfactant
containing oxypropylene chains can make the oil film
contraction rate faster, but the oxypropylene chain number
has less influence on the contraction rate. Through repeated
experiments, it was found that the effect of surfactants with
different numbers of oxypropylene chains is not different but
better than those without oxypropylene chains.

The effect of the alkyl carbon number in the surfactant on the
oil film shrinkage rate is compared. The shrinkage rate of oil film
in three different surfactant solutions (0.1% wt) at 30 °C is
studied.

It can be seen from Figure 2 that the surfactant with a high
alkyl carbon chain number is more conducive to the contraction
of oil films. According to the above analysis, we believe that the
surfactant which can significantly reduce the interfacial tension
between oil and water should have the following structure

cHaK ) )-CH,CH,0){ CH,CHO}-M 2
CH

3

2.2.2. Screening of the Polymer. In order to enhance oil
recovery, we should maximize the swept volume of surfactant

https://doi.org/10.1021/acsomega.1c06582
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solution after reducing the interfacial tension to the order of
107 mN/m with the surfactant. Polymer solution can reduce
the fluidity of aqueous solution by increasing the viscosity of the
aqueous phase and prevent aqueous solution from the viscous
fingering phenomenon. It can effectively decrease the reservoir
heterogeneity, expand the swept volume of subsequent water
flooding, and then improve the oil recovery factor of the whole
reservoir. At present, polymer flooding has been widely applied
in medium- and high-permeability reservoirs and has achieved
good results. Considering the characteristics of low-permeability
reservoirs with low porosity and low permeability, the molecular
weight and concentration of polymers must be reduced to adapt
to the reservoir type, so the selection of polymer is the key.

It is found in this paper that the ratio of core pore radius () to
the hydrodynamic radius (R) of polymer coils can be used as a
characteristic parameter and criterion to investigate the
compatibility of the polymer and core. From Figure 3 showing

® O
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© (d

Figure 3. Schematic diagram of plugging the pore throat of porous
media with polymer hydrated molecules: (a) /R <1, (b) 1 <r/R<2.2,
(c) r/R=22,and (d) r/R > 2.2.

the schematic diagram of polymer hydration molecules blocking
the pore throat of porous media, the polymer hydrated
molecular coil blocks the pore throat by “bridging” when the
radius ratio is less than 2.2. When the ratio of the two is greater
than 2.2, the polymer can also accumulate at the pore throat and
then block the pore throat. However, the blocking can be
removed under a certain flow impulse. A large number of
experimental studies have shown that the ratio greater than § is
reasonable.” Therefore, the paper studies the compatibility
between the hydrodynamic radius of the polymer and the core to
determine the appropriate molecular weight of the poly-
mer.' "7

Four cores are selected to measure their permeability and
parameters, and the results are shown in Table 3. Eight kinds of

Table 3. Core Pore Throat Data

pore throat

core equivalent pore  radius/rh
number permeability/K mD porosity/®  radius/req ym pm
8—10 52 0.206 1.496 0.962
8—12 48 0.185 1.474 0.863
7-3 36 0.195 1.290 0.785
8-3 19 0.184 1.180 0.617

polyacrylamide samples with different molecular weights are
selected and numbered as 1#-8#. The hydrodynamic radius of
the polymer in the corresponding aqueous solution is measured
using a dynamic light scattering instrument. The measured

temperature was 83 °C, the salinity of water was 15000 mg/L,
and the polymer concentration was 1200 mg/L. The results are
shown in Table 4. The higher the molecular weight, the larger
the molecular dynamics dimension of the polymer in solution.

The compatibility between the polymer hydrodynamic
dimensions and the core pore throat was analyzed, and the
results are shown in Table S. The polymer molecular

Table S. Compatibility of Polymer Hydrodynamic Size with
the Core Pore Throat

core number and pore-throat size/r,,

8—-10 8-12 7-3 8-3
r/R 0962 0863 0.785 0.617
hydrodynamic 1# 0.106 9.08 8.14 7.41 5.82

dimensions of polymer
molecules/. Rym

3# 0.126 7.63 6.85 6.23 4.90
4# 0.437 2.20 1.8 1.80 141
S# 0.209 4.60 4.13 3.75 2.95
6# 0.147 6.54 5.87 5.34 4.20
7# 0.225 4.28 3.84 3.49 2.74
8# 0.141 6.82 6.12 5.58 4.38

hydrodynamic sizes of 1#, 3#, 6#, and 8# polymer samples
had a good compatibility with the core pore throat. Therefore,
samples 1#, 3#, 6#, and 8# are selected for evaluation and
analysis of injection performance.

According to the conditions of high temperature, medium
salinity, and low permeability in the target block, five types of
common partially hydrolyzed polyacrylamides with molecular
weight less than 20 million are used (Table 6). The properties of
the polymer are measured, and the shear rate at which the
viscosity was measured is 7 s~'. The five polymers satisfy the
requirements of the oilfield upon testing their basic properties.

In the polymer injection experiment, the adopted oil is a
mixture of the dehydrated crude oil and kerosene. The viscosity
of this oil is 2.0 mPa-s. The salinity of the water is 15000 mg/L,
which is the same as the formation water, and the experimental
temperature is 83 °C. The core sample (diameter: 2.54 cm,
length: 10 cm, and permeability: 43 mD) is fully saturated with
the oil first. Then, water is injected at 0.2 mL/min until the
pressure is stabilized. After water injection, the polymer is
injected until the pressure is stable. The pressure differences for
these processes are recorded. The resistance coefficient (RF)
and residual resistance coefficient (RRF) are calculated as
follows:

1, K./
RFZ_Wz—'MW

A K/H, 3)

In the Formulas 3 and 4, 4,, is the mobility of water, 4, is the
mobility of polymer solution, K, is the relative permeability of
water, K, is the relative permeability of polymer solution, 4, is
the viscosity of water, and y, is the viscosity of polymer flooding.
According to Darcy’s law, Formula 3 can be changed as follows

Table 4. Hydrodynamic Radius of Polymer Molecules in Polymer Solutions

polymer sample 1# 3# 44

R pm 0.106 0.126 0.437

S# 6# 7# 8#
0.209 0.147 0.225 0.141

https://doi.org/10.1021/acsomega.1c06582
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Table 6. Polymer Performance Parameter Table

polymer molecular weight 10* solid content % degree of hydrolysis % dissolution rate min insoluble % filter factor viscositymPa-s
8# 1800 89.7 20.7 <120 0.076 1.07 11.59
6# 1400 89.5 22.5 <120 0.065 1.01 7.27
3# 900 88.7 23.0 <120 0.038 1.04 2.76
1# 600 89.1 22.4 <120 0.045 1.03 2.61
o# 400 89.5 23.1 <120 0.043 1.01 147
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Figure 4. Injection pressure curve (polymer molecular weight:14 million and core peambility:43.14 mD).
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Figure 5. Injection pressure curve (polymer molecular weight: 6 million and core peambility:46 mD).

AR,

RF = —
APwi

(4)

In the formula, AP, is the differential pressure of water
flooding and AP, is the differential pressure of polymer flooding.

j’wi APwa wa
RRF = —— = = —
/lwa APVVI I<wa (5)

In the formula, A, is the mobility before polymer flooding, 4,,,
is the mobility after polymer solution, AP, is the differential
pressure after polymer flooding, K, is the water relative
permeability before polymer flooding, and K,, is the water
relative permeability after polymer flooding.

The injection pressure of water flooding is about 0.025 MPa.
After the injection of 1000 mg/L polymer solution with a
molecular weight of 14 million, the injection pressure reaches
0.35 MPa. The calculated RF is 14. For subsequent water
flooding after the polymer flooding, the injection pressure
remains 0.35 MPa and the RRF is similar to the initial resistance
factor, indicating that the polymer solution forms a blockage in

4599

the core sample, as shown in Figure 4. On injection of 1000 mg/
L polymer solution with a molecular weight of 6 million and the
subsequent water flooding, the pressure decreases significantly
and is close to the pressure when the water is injected, as shown
in Figure 5. We believe that under such conditions, the polymer
molecular weight is not suitable for the core permeability and the
polymer molecular weight is too small to make contribution to
the seepage resistance. For a polymer with a molecular weight of
9 million (between molecular weight of 6 million and 14
million), the injection pressure curve is shown in Figure 6.
Considering the viscosity and injectivity capacity of the polymer,
a polymer molecular weight of 9 million is more suitable under
low-permeability conditions.

2.3. Displacement Mechanism of the Polymer—
Surfactant Flooding. 2.3.1. Experimental Introduction.
The micromodel experiment system includes four parts: a
microscopic observation system, a pressure system, an image
acquisition system, and a vacuum system.

The size of the sandstone model sample used in the
experiment is generally 2.8 X 2.5 cm?, the thickness is about

https://doi.org/10.1021/acsomega.1c06582
ACS Omega 2022, 7, 4595—-4605
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Figure 6. Injection pressure curve (polymer molecular weight: 9 million and core peambility:48.11 mD).

0.6 mm, the bearing capacity is 0.2—0.3 MPa, and the
temperature resistance is about 80 °C.

Based on the real-sandstone microscopic model, the system is
vacuumed first. Second, oil is saturated to the original oil state.
Then, the oil in the model is displaced with water or chemical
agents. The dynamic changes in water flooding or chemical
flooding are observed. Based on it, a group of injection
experiments is conducted on the microscopic models. Through
a microscope and an image acquisition system, the character-
istics of fluid in the pore space are directly observed. The
experiment is a stable pressurization process with a slow rate so
as to avoid the damage due to quick sensitive effects on the pore
structure. In order to facilitate observation during the experi-
ment, a small amount of oil-soluble red dye is added to the oil
and a small amount of methyl blue is added to the water.

2.3.2. Microdisplacement Mechanism of the Surfactant. 20
PV water is injected according to the above experimental
method, and about 40—50% of the remaining oil is kept in the
model. In the range of injected water sweep, the oil is mainly
bound in the pore network in the form of films, columns,
clusters, and islands and some of it is distributed at the blind end
or quasi-blind end. The displacement types include uniform
displacement, network displacement, and finger displacement,
as shown in the Figure 7.

Figure 7. Different displacement types: (a) initial oil distribution, (b)
uniform displacement, (c) finger displacement, and (d) network
displacement.

The oil is driven by injecting surfactant JW-1 solution at a
constant rate (1 mL/h) to observe the remaining oil distribution
state after surfactant drive. Also, full-field and local images are
canned and photographed for each model. Figures 8 and 9 show
the pictures of cores after water drive and surfactant drive. From
Figure 8, the water sweep gradually expands along the plane in
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Figure 8. Whole view of core water flooding and surfactant flooding:
(a) water flooding and (b) surfactant flooding.

Figure 9. Remaining oil distribution of water flooding and surfactant
flooding at the entrance: (a) water flooding and (b) surfactant flooding.

model water drive, which is uniform repulsion, while when
surfactant goes into the core, the displacement speed is faster
along some channels. An obvious fingering phenomenon occurs,
forming the mainstream area, and the oil displacement effect is
remarkable. Compared to the remaining-oil state before and
after surfactant flooding at the entrance in Figure 9, surfactant
starts driving a large amount of filmed residual oil and isolated
residual oil and some cluster residual oil. The cluster residual oil
needs larger start-up pressure, so there is more cluster residual
oil left.

2.3.2.1. Displacement of Oil Films by the Surfactant. As can
be seen in Figure 10, the crude oil attached to some large pore
walls is not easily driven away during water flooding, forming the
oil film.

The microscopic displacement process shows that the
adhesion force is the resistance that must be overcome to
repel the filmed and blind residual oil. After injecting the

Figure 10. Oil fim: (a) water flooding and (b) surfactant flooding.
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surfactant, the change in interfacial tension and the contact angle
is beneficial to the decrease in adhesion work and oil cohesion,
which is beneficial to the displacement of the filmed residual oil.
When the surfactant (JW-1) is injected, the equilibrium
conditions at the three-phase contact point are destroyed and
the oil film is softened, elongated, and broken into small oil
droplets which break away from the wall. The process continues
to repeat until the oil film is repelled clean. Due to the combined
effect of absorption of the surfactant and ultralow interfacial
tension, the wetting hysteresis occurs at the three-phase contact
point. The leading edge of the oil film is deformed, and the
cohesive force to prevent interfacial deformation is reduced. It
makes the oil at the leading edge of the oil film gradually gather
and deform, elongate, and finally break off into small oil droplets.
The remaining oil is recycled into oil films under the action of
cohesive force, and the leading edge of oil film continues to
deform, elongate, and break off, and the process is repeated until
the oil film is replaced.

2.3.2.2. Displacement of Cluster Remaining Oil by the
Surfactant. Microscopic model oil displacement experiments
show that cluster remaining oil occupies a considerable
proportion of the remaining oil after water flooding in low-
permeability cores. The cluster remaining oil is due to the
microscopic heterogeneity of the core. When water drives oil,
the injected water is preferred to enter the well-connected
macropores with small flow resistance. After water breaks
through, it becomes a continuous water phase and the remaining
oil is left in the small pores with large flow resistance. The
fundamental starting point of exploiting the cluster remaining oil
is to expand the microscopic sweep volume of the injected fluid.
The research results of this paper show that there are two ways:
One is to inject the polymer with the effect of microscopic
control and displacement to try to block the large pore channel
of water seepage, forcing the subsequent fluid to enter smaller
pores and displace the remaining oil. The other is the injection of
the surfactant, which changes the size and direction of capillary
pressure, selectively increases the seepage resistance of the
injected fluid in the large pores, and reduces the seepage
resistance in the small pores.

When injecting surfactant solution (JW-1), it can effectively
repel the cluster remaining oil. When injecting alkylbenzene
sulfonate and petroleum sulfonate alone, the cluster remaining
oil basically remains unchanged. Compared with alkylbenzene
sulfonate and petroleum sulfonate, surfactant solution (JW-1)
has ultralow oil—water interfacial tension and good emulsifying
performance, which is conducive to the migration of cluster
remaining oil. When alkylbenzene sulfonate is added to polymer
solution and then repelled, the polymer can block the large pore
channels of water seepage flow and force the subsequent fluids
into smaller pore spaces. This expands the sweep volume and
thus can repel to the cluster remaining oil as shown in the Figure
11.

2.4. Polymer—Surfactant Flooding Injection Perform-
ance. 2.4.1. Injection Performance Experiment. The in-
jectivity test is conducted in order to investigate the injection
performance of polymer—surfactant flooding in this type of low-
permeability reservoirs. The core sample (diameter: 2.54 cm,
length: 10 cm, and permeability: SO mD) is fully saturated with
the oil first. The experimental steps are shown in the above
polymer injection experimental process. The pressure differ-
ences for these processes are recorded. RF and RRF are
calculated with Formulas 4 and S.
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Figure 11. Cluster remaining oil: (a) water flooding, (b) surfactant
flooding, (c) water flooding, and (d) polymer and alkylbenzene
sulfonate being injected.

The pressure difference due to water flooding is 0.03 MPa.
The pressure difference refers to that between inlet and outlet in
water flooding. After the polymer—surfactant binary composite
system of 1000 mg/L polymer +3000 mg/L surfactant is
injected, the pressure difference gradually increases to a
maximum of 0.75 MPa. The injection pressure is about 25
times that of water flooding. After the subsequent water
injection, the pressure difference gradually decreases to a stable
level and the RRF is 16, indicating no blockage in the above
flooding system (Figure 12). Considering reservoir hetero-
geneity, this polymer (concentration and molecular weight)
injection capacity is feasible in low-permeability reservoir.

30
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Figure 12. RF and RRF curve.

2.4.2. Flow Diversion Performance of the Polymer. To
measure the split ratio of the parallel cores in the process of
water injection and polymer injection, the medium-permeability
core (gas permeability 160 mD) and the low-permeability core
(about 40 mD) are connected in parallel. This is used to
characterize the liquid flow diversion performance of the
polymer. The polymer solution with a molecular weight of 9
million and polymer concentrations of 1000 and 2500 mg/L is
selected separately, and the injection volume is 0.5 PV. The
experimental results are shown in Figures 13 and 14.

Figure 13 shows the liquid flow diversion performance when
the polymer concentration reaches 1000 mg/L. During water
flooding, all the injected liquid enters into the high-permeability
core, and the split ratio of the high-permeability core reaches
100% and that of the low-permeability core reaches 0. With the
increase in the injection amount of polymer solution, the
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Figure 13. Injection pressure and the flow rate of the polymer (HPAM concentration 1000 mg/L and core permeability 150 mD and 43 mD).

0- 040 T T T T T T T T T T T T T T T T T T T 110
p—0—0—0-0-0-00 —A— pressure - 100
0.035 I- A —&— low permeability 490
et /‘> —O— high permeability 1 %0
A T .
§ 0.030 |- /oo ° 70
o\ \ i -
ﬂé . Ao/ A o065 o ] 60 %
2 0.025 ga. eq50 T
1= 4 I~
& J o—0——o--0" ] 10 c
g A 149 &
kst - FEEES .\ Js0
.i 0. 020 ° \./0 \ 1 X
= b / AL - 20
/‘. k‘ 7
0.015 ke, /A/ ~a 10
~a_ )
D_o_o_$=0-0-0¢ 40
0' 010 L 1 L 1 L 1 PR L 1 L 1 L 1 PR PR L 1 L 1 L 1 L ] _10
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6

PV

Figure 14. Injection pressure and the flow rate of the polymer (HPAM concentration 2500 mg/L and core permeability 162 mD and S1 mD).

injection pressure gradually increases. The liquid enters into the
low-permeability core, and the amount of liquid entered into the
high-permeability core begins to decrease. The maximum split
ratio of the low-permeability core is close to 30%, which shows
that the polymer has a certain fluid flow diversion ability.
However, with the subsequent water injection, the split ratio of
the low-permeability core rapidly decreases to that of the water
injection, and all the injected water re-enters into the high-
permeability core. The flow diversion ability of the polymer
disappears. The experimental results show that the polymer
solution, with a molecular weight of 9 million and a
concentration of 1000 mg/L, has a certain ability to change
the flow direction under the core permeability variation selected
in the experiment, but the effective time is too short.

Figure 14 shows the liquid flow diversion performance when
the polymer concentration is 2500 mg/L. During water flooding,
all the injected liquid enters into the high-permeability core, and
the flow fraction of the high-permeability core reaches 100% and
that of the low-permeability core reaches 0. With the injection of
polymer solution, the injection pressure gradually increases and
liquid begins to enter into the low-permeability core, and the
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amount of liquid entering the high-permeability core begins to
decrease. Finally, the low-permeability core’s flow fraction
exceeds that of the high-permeability core, and the high flow
fraction of the low-permeability core remains for a long time
after subsequent water injection. The experimental results show
that the polymer solution, with a molecular weight of 9 million
and a concentration of 2500 mg/L, has a very good ability to
change the flow direction under the permeability variation
selected in the experiment. Therefore, on the premise of
ensuring a certain injection capacity, a higher polymer
concentration should be selected as far as possible in the
middle- and low-permeability reservoirs.

2.4.3. Oil Displacement Experiment. Laboratory core’s
length is 30 cm, with a diameter of 2.54 cm and its permeability
of about 50 mD. In order to evaluate the oil displacement
efficiency, the following method is used. The core sample is
saturated with water first and then saturated with oil. After the
core sample is saturated with oil, water is injected until the water
cut reaches to 98%. The oil recovery factor is calculated based on
the oil produced. After water injection, 0.3—0.4 pore volume of
the surfactant or polymer or the polymer—surfactant system is
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Table 7. Statistics of the Oil Displacement Effect of Different Oil Displacement Systems

case no. displacement mode injection system core permeability mD recovery % EOR %
1 surfactant flooding 0.4PV0.3% S SS S1.8 S4
2 polymer flooding 0.4 PV 0.3% P 46 56.9 9.7
3 surfactant—polymer flooding 04PV0.1% P +0.3% S 54 65.1 14.2
4 surfactant—polymer flooding 03PV 0.1% P +0.3% S Sl 60.4 11.3
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Figure 15. Core injection pressure curves of different displacement types.
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injected, and then, water is injected until the water cut reaches to
98%. The oil recovery factor is also estimated from the oil being
displaced.

Injection fluids flow through the models at a constant flow
rate of 0.2 mL/min. Polymer—surfactant flooding can greatly
increase oil recovery. Similar core experiments (Table 7) have
confirmed that residual oil can be displaced completely by the
use of polymer—surfactant flooding. Its oil recovery factor can be
increased by 11.3—14.2% more than polymer flooding or
surfactant flooding.

The permeability of the rock used in case 2 is 46 mD. The
pressure after water injection is 0.28 MPa. Then, the 0.4 PV
polymer is injected into the rock, and the pressure is increased to
1.27 MPa. After polymer injection, water is reinjected and the
pressure drop is 0.53 MPa. Based on Formulas 4 and S, the RF
and RRF are calculated to be 4.53 and 1.89, respectively (Figures
15, 16).

In case 3, the rock permeability is 54 mD. The pressure after
water injection is 0.16 MPa. The pressure is increased to 1.07
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MPa with the 0.4 PV binary system with the polymer and
surfactant being injected. Then, water is reinjected, and the
pressure drop is 0.4 MPa. The RF and RRF are calculated to be
6.7 and 2.5, respectively, according to Formulas 4 and 5. Because
the rock permeability in case 2 is lower than that in case 3, the
pressure in case 2 is higher than that in case 3. The polymer—
surfactant flooding has a better effect in improving the water—oil
mobility ratio.

2.5. Results. The formula of efficient binary flooding is 0.3%
surfactant +0.1% polymer. The designed injection rate is 0.1 PV
per year and the injection volume is 0.45 PV. The technique has
been applied in the target block, which has been shown to be
effective. The injection pressure at the surface level can be from
18.8 to 22.6 MPa. Polymer—surfactant flooding could effectively
alleviate intra-and inter-layer contradictions in the reservoir. The
water injection and fluid production profiles have been changed
before and after polymer—surfactant flooding. After polymer—
surfactant flooding, the ratio of the high profile is decreased and
the ratio of the low profile is increased. The polymer—surfactant

https://doi.org/10.1021/acsomega.1c06582
ACS Omega 2022, 7, 4595—-4605


https://pubs.acs.org/doi/10.1021/acsomega.1c06582?fig=fig15&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c06582?fig=fig15&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c06582?fig=fig15&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c06582?fig=fig15&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c06582?fig=fig16&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c06582?fig=fig16&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c06582?fig=fig16&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c06582?fig=fig16&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c06582?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

flooding has a good effect on increasing oil production and
decreasing water production. The maximum oil production is
increased from 12.5 to 30 t/d. The oil production is around 14.5
t/d right now. The water cut is decreased from 82.9 to 69.3%.
Now, the water cut is around 80%. The effective oil production
well ratio is 84.6%. The project has increased oil output by
77700 t and recovery factor by 3.5%.

3. CONCLUSIONS

In this work, the following conclusions of surfactant—polymer
flooding can be drawn:

(1) Through repeated experiments, surfactants with different
numbers of oxypropylene chains have the same effect
toward the reservoir, while the surfactant with high alkyl
carbon chain numbers is more conducive to the
contraction of oil films.

(2) The molecular weight of polymer flooding suitable for
low-permeability reservoirs ranges from 6 to 9 million.

(3) The polymer—surfactant flooding system has good
injectivity, and the oil recovery increases 10% in
laboratory core tests.

(4) After the implementation of binary flooding in the target
block, water cut drops and the total oil output increases.

Polymer—surfactant flooding is an effective method to further
enhance oil recovery in low-permeability reservoirs.
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