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ABSTRACT: To solve the problem of poor stability and low
enhanced oil recovery efficiency of conventional foam, nano-
particle-surfactant-stabilized nitrogen foam was prepared, and the
influence of temperature, salinity, oil content, and pressure on
foam performance was systematically investigated. Then, the flow
behavior of conventional foam and nanoparticle-surfactant-
stabilized foam in porous media was studied. Parallel sand pack
flooding and visualization microflooding experiments were
performed to investigate the enhanced oil recovery ability of
nanoparticle-surfactant-stabilized foam from core-scale to pore-
scale. Results showed that the nanoparticles can improve foam
performance. When the temperature increases from 60 to 100 °C, the foam volume and foam half-life of nanoparticle-surfactant-
stabilized foam decrease by 20 and 36%, respectively. The nanoparticle-surfactant-stabilized foam has a good salt resistance. The oil
content limit value of the foam performance is 15%. With the increase of pressure, the foaming performance and foam stability are
enhanced obviously. Compared with conventional surfactant-stabilized foam, the nanoparticle-surfactant-stabilized foam can have
better plugging and expansion of the swept volume capacity. The micromodel flooding results are consistent with the parallel sand
pack flooding results. Compared with conventional surfactant stabilized foam, nanoparticle-surfactant-stabilized foam has better
enhanced oil recovery ability than conventional surfactant-stabilized foam due to its higher foaming ability, foam stability, and sweep
efficiency improvement ability.

1. INTRODUCTION
Water flooding is considered an important secondary recovery
method because it is economically advantageous for oil reservoir
development. However, due to the heterogeneity of the reservoir
and the adverse mobility ratio between water and oil, the early
breakthrough of injected water occurs, and the ultimate oil
recovery is about 20−30% of the original oil in place.1−5 Hence,
it is of vital importance to develop more effective techniques to
enhance oil recovery inmature water flooding reservoirs. Shengli
oilfield has abundant reserves in water flooding development
reservoirs. Due to strong reservoir heterogeneity and large
differences in water−oil viscosity ratios, the imbalance and
contradiction of water flooding are prominent. It faces the
problem of a high production fluid volume and high a water−oil
ratio, and further technical methods for controlling water and
stabilizing oil are urgently needed.
To control water production and increase oil recovery, water

shutoff and conformance control technology have been
successfully applied in mature waterflooding reservoirs. Differ-
ent chemical agents, including preformed particle gel, polymer
gel, microsphere, and foam, were applied in mature water
flooding reservoirs.6−10 Foam has the advantages of high

apparent viscosity and selective water plugging, which have
been widely applied in mature water flooding reservoirs.
However, for high-temperature and high-salinity reservoirs,
the foaming ability and foam stability were not satisfied as
expected, which can affect the ability of sweep efficiency to
expand and oil recovery ability. Thus, it is of great significance to
improve the foam stability to extend the application scope of the
foam. In recent years, different foam stabilizers, including
polymers, gels, and nanoparticles, have been used. Polymer and
gel can enhance the strength of the gas−liquid interface film of
the foam and improve its stability. The nanoparticle-stabilized
foam has been attracting more and more attention in recent
years.11−31 For surfactant-stabilized foam, the surfactant will
dynamically adsorb and desorb at the interface. However, the
nanoparticles can adsorb on the gas−liquid interface, and the
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irreversible adsorption of nanoparticles can increase the surface
elasticity of foam andmore effectively stabilize foam. In addition,
the nanoparticles adsorbed on the interface can block the flow of
the liquid phase in the liquid film, delay the thinning of the liquid
film, and thus prevent the coarsening and coalescence of the
foam. Different nanoparticles, including SiO2 nanoparticles,
TiO2 nanoparticles, Al2O3 nanoparticles, and so on, were used to
improve foam stability.32,33 Besides, the MoS2 nanosheet and
nanoclay were used to stabilize foam.34,35 It was found that the
MoS2 nanosheet can adsorb on the surface of the foam and
extend foam half-life. Although the modified MoS2 nanosheet
can stabilize foam, due to their high cost of its modification, it is
not conducive to engineering applications. Thus, among these
nanoparticles, due to the cost and foaming stability, the SiO2
nanoparticle was commonly used as a foam stabilizer to improve
foam stability. However, the foaming stability of nanoparticles is
lower than that of surfactants; thus, the combination of
surfactant and nanoparticles was used to improve the foam
performance by utilizing the synergistic effect of surfactant and
nanoparticle.36

Besides, the commonly used methods for foaming agent
evaluation include the Waring Blender method, the airflow
method, the Ross−Miles method, etc., but these methods are
only used to evaluate the performance of foam under ambient
temperature and pressure. However, for the reservoir conditions
of high pressure and high temperature, the performance
evaluation methods are restricted, which cannot simulate the
reservoir pressure and temperature. Thus, it is very crucial to
design a high-temperature and high-pressure foam evaluation
device to evaluate the foaming ability and foam stability of
foaming agents and can better reflect the foam performance
under actual reservoir conditions and provide the basis for field
application.
Thus, in this study, to solve the problem of poor stability and

low enhanced oil recovery efficiency of conventional foam,
nanoparticle-surfactant-stabilized novel nitrogen foam was
prepared, and the foaming ability and foam stability perform-
ance of novel foam were evaluated by using a high-temperature
and high-pressure foam evaluation device. The influence of
temperature, salinity, oil content, and pressure on foam
performance was systematically investigated to clarify the
reservoir suitability of foam. Then, the flow behavior of the
conventional foam and novel foam in porous media was studied
to compare its plugging ability. The enhanced oil recovery ability
of conventional foam and novel foam was investigated from
core-scale to pore-scale, which can provide mechanism insights
into the nanoparticle-surfactant-stabilized nitrogen foam for
enhanced oil recovery in a mature water flooding reservoir.

2. MATERIALS AND METHODS
2.1. Materials. The experimental oil was prepared by

blending actual crude oil and kerosene from Shengli Oilfield
with a viscosity of 35.7 mPa·s at a temperature of 80 °C. The
salinity of the simulated formation brine is 20 000−100 000 mg·
L−1. The nitrogen (N2) with a purity of 99.9% was purchased
from the Anqiu Heng’an Gas Plant. Different foaming
surfactants, including anionic surfactant MES and anionic
surfactant AOS, were purchased from Shandong Yousuo
Chemical Technology Co., Ltd. The chemical structure
formulas of AOS and MES are as follows: AOS: RCH =
CH(CH2)n−SO3Na, R = C14 ∼ C16. MES: RCH(SO3Na)-
COOCH3, R = C14 ∼ C16. The nanoparticle foam stabilizer was
colloid silica provided by Shengli Oilfield. The colloid silica has a

negative charge and hydrophilicity. The median particle size of
colloid silica is 15 nm. The visualization glass-etched micro-
model was designed and prepared by laser etching according to
the pore network model picture from the actual core. The size of
the glass-etched micromodel was 4 cm × 4 cm, and the pore size
ranged from 50 to 300 μm.

2.2. Methods. 2.2.1. Performance Evaluation of Nano-
particle-Surfactant-Stabilized Nitrogen Foam. The foaming
ability and foam stability performance of foamwere evaluated by
using the high-temperature and high-pressure foam evaluation
device depicted in Figure 1. The blender evaluation foaming

method was adopted to obtain the foam volume, half-life of
foam, and foam composite index parameters. The specific
experimental procedures are as follows: ① The 100 mL foaming
agent prepared with the simulated formation brine was first
poured into the foam evaluation device. ② Then the nitrogen
was injected into the device, and the required pressure was set to
simulate the reservoir pressure. ③ Then, the rotating speed was
set at 1000r·min−1. The foam volume and half-life of the foam
were recorded to obtain the foam composite index parameter.
The foam volume Vmax is defined as the maximum volume of
generated foam. The half-life of the foam is defined as the time
required for the foam volume to decrease to half of its original
volume. Then, the foam composite index parameter was
calculated according to the following equation as follows

=F V t
3
4q max 1/2 (1)

2.2.2. Flow Behavior Evaluation of Foam in Porous Media.
The flow behavior of foam was evaluated by conducting
sandpack flooding experiments. The experimental procedures
were as follows: (1) The sandpack (φ2.5 cm × 50 cm) was
prepared by using different mesh quartz sand. Then, water
flooding was conducted at an injection rate of 1.0 mL·min−1

until the injection pressure was stable, and the permeability of
the water phase was calculated. (2) Then, the foam slug was
injected into the sandpack at an injection rate of 1.0 mL·min−1

until the injection pressure was stable again. The gas/liquid ratio
of foaming agent and nitrogen is 1:1. (3) Then, the subsequent
water flooding was conducted at an injection rate of 1.0 mL·

Figure 1. Performance evaluation process of a high-temperature and
high-pressure foam device.
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min−1 until the injection pressure was stable. (4) The resistance
factor (Fr) and residual resistance factor (Frr) were calculated
according to the following equation under different conditions.

=F
P
Pr
foam

wb (2)

=F
P
Prr

wa

wb (3)

where ΔPfoam is the stable pressure during the foam injection
period, MPa, ΔPwa, and ΔPwb are the stable pressure after foam
injection during subsequent water flooding and the stable
pressure before foam injection during initial water flooding,
respectively, MPa.
2.2.3. Parallel Sand Pack Flooding Experiment.The parallel

sand pack flooding experiments were conducted to simulate the
reservoir heterogeneity and investigate the enhanced oil
recovery ability of conventional foam and nanoparticle-
surfactant-stabilized nitrogen foam in a heterogeneous reservoir.
The experimental procedures were as follows: (1) the high- and
low-permeability sand pack was prepared, and the permeability
of the water phase was measured. (2) Then, the simulated crude
oil was injected into the sandpack until there was no water
production. Then, the sandpack was aged for 48 h at 80 °C, and
the oil saturation could be calculated. (3)Water flooding period:
Then, water flooding was conducted until the water cut reached
98%. (4) Then, the 0.5 PV (pore volume) foam slug was injected
into the sandpack, and then the subsequent water flooding was
conducted. (5) The water production, oil production, and liquid
production were recorded as a function of the injected pore
volume. Then, the oil recovery at different periods was
calculated to clarify the profile control ability and enhanced oil
recovery ability.
2.2.4. Glass-Etching Micromodel Flooding Experiment. In

order to better reflect the microscopic seepage and oil
displacement characteristics of different types of nitrogen
foam at the pore-scale level, the microscopic etching model of
complex pore network structure with tortuosity was designed
based on scanning to extract the characteristic structure of the
rock pore throat. The specific experimental steps are as follows:
① the model was vacuumed and saturated with formation brine
and then saturated with simulated oil at 80 °C and aged for 24 h;
② the water flooding process was conducted, and then 2.0 pore
volume (PV) foam was injected into the micromodel until no oil
was produced. The injection rate was fixed at 0.01 mL·min−1. ③
The dynamic flooding process during water flooding and foam
flooding was monitored, and the incremental oil recovery was
calculated by using image processing software ImageJ to analyze
the remaining oil recovery ability.

3. RESULTS AND DISCUSSION
3.1. Subsection. In this study, the foaming ability and foam

stability performance of foam were evaluated by using a high-
temperature and high-pressure foam evaluation device. First,
three different types of foaming agents, including Type I (AOS
surfactant), Type II (MES surfactant), and Type III (the
combination of MES and colloid silica nanoparticles), were used
in this study. Then, the factors influencing the nanoparticle-
surfactant-stabilized nitrogen foam were systematically inves-
tigated.
3.1.1. Comparison of Foam Performance between

Conventional Foam and Nanoparticle-Surfactant-Stabilized
Nitrogen Foam.Three different types of foaming agents, Type I
(AOS surfactant), Type II (MES surfactant), and Type III (the
combination of MES and colloid silica nanoparticle), were used
in this study. The concentrations of AOS surfactant and MES
surfactant are 0.3%. The formulation and concentration of the
Type III foaming agent are a combination of 0.3% MES and
0.1% colloid silica nanoparticles. The foaming performance and
foam stability experiments were evaluated under the conditions
of a simulated reservoir temperature of 80 °C, pressure of 5MPa,
and salinity of 2 × 104 mg·L−1. Then the differences of foaming
and foam stability of different types of foaming agents are
compared and analyzed. The experimental results are as
depicted in Figure 2.
Under the experimental conditions of a simulated reservoir

temperature of 80 °C, pressure of 5 MPa, and salinity of 2 × 104
mg·L−1, the foam volume and half-life of different types of
foaming agents are significantly different. The highly stable foam
formed by the combination of nanoparticles and surfactant has
the best foaming ability and the largest foam volume of 410 mL.
The foam volume of type II conventional foam (MES
surfactant) is 305 mL higher than that of type I conventional
foam (AOS surfactant). The half-life of foam is used to evaluate
the stability of foam. The longer the half-life, the better the
stability of foam. The half-life of nanoparticle- surfactant
stabilized foam is the longest, reaching 427 min. Therefore,
based on the maximum foam volume and half-life of the foam,
the foam composite index of Type III foam (nanoparticle-
surfactant-stabilized foam) is nearly 3 times that of type I
conventional foam and nearly 2 times that of type II
conventional foam. Therefore, based on the foam volume,
foam half-life, and foam composite index, nanoparticle-
surfactant-stabilized nitrogen foam has the best comprehensive
performance, including foaming ability and foam stability.
3.1.2. Influence of Temperature on Foam Performance of

Nanoparticle-Surfactant-Stabilized Nitrogen Foam. Type III
(the combination of 0.3% MES and 0.1% colloid silica
nanoparticles) was used in this part. The foaming performance

Figure 2. Foam volume, foam half-life, and foam composite index of different type foaming agents: (a) foam volume and foam half-life and (b) foam
composite index.
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and foam stability experiments were evaluated under different
simulated reservoir temperatures ranging from 60 to 100 °C, a
pressure of 5MPa, and a salinity of 2× 104 mg·L−1. The effect of
temperature on the foaming and foam stability of nanoparticle-
surfactant-stabilized nitrogen foam is depicted in Figure 3.

With the increase of temperature, the foam volume and foam
half-life of the Type III foam (nanoparticle-surfactant-stabilized
nitrogen foam) show a downward trend. When the temperature
increases from 60 to 100 °C, the foam volume decreases from
470 to 375 mL, and the half-life of the foam decreases from 498
to 317 min. The foam volume and foam half-life decrease by 20

Figure 3. Foam volume, foam half-life, and foam composite index of nanoparticle-surfactant-stabilized nitrogen foam under different temperatures: (a)
foam volume and foam half-life and (b) foam composite index.

Figure 4. Foam volume, foam half-life, and foam composite index of nanoparticle-surfactant-stabilized nitrogen foam under different salinity: (a) foam
volume and foam half-life and (b) foam composite index.

Figure 5. Foam volume, foam half-life, and foam composite index of nanoparticle-surfactant-stabilized nitrogen foam under different oil content: (a)
foam volume and foam half-life and (b) foam composite index.
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and 36% respectively. Therefore, the effect of the temperature
on the foam stability is more obvious. As the temperature rises,
the intermolecular force under high temperature conditions is
strengthened, resulting in the expansion of foam, the volume
becoming larger, and the foam diameter increasing significantly,
which intensifies the liquid discharge rate, thus causing the liquid
film of foam to become thinner and easier to break and the
stability of foam to become worse.
3.1.3. Influence of Salinity on Foam Performance of

Nanoparticle-Surfactant-Stabilized Nitrogen Foam. Type III
(the combination of 0.3% MES and 0.1% colloid silica
nanoparticles) was used in this part. The foaming performance
and foam stability experiments were evaluated under the
conditions of different simulated salinities ranging from 2 ×
104 to 10× 104mg·L−1, a temperature of 80 °C, and a pressure of
5MPa. The effect of salinity on the foaming and foam stability of
nanoparticle-surfactant-stabilized nitrogen foam is depicted in
Figure 4.
With the increase of salinity from 2 × 104 to 10 × 104 mg·L−1,

the foam volume decreases from 410 to 370 mL, and the foam
half-life decreases from 427 to 367 min. With the increase of
salinity, the foam volume and the foam half-life decrease by 9.8
and 14.1%, respectively. With the increase of salinity, the
diffusion double electric layer of the liquid film is compressed,
resulting in a reduction in double layer repulsion and a decrease
of foam performance, including foaming volume and foam half-
life. However, in general, the nanoparticle-surfactant-stabilized
nitrogen foam has a good salt resistance.
3.1.4. Influence of Oil Content on Foam Performance of

Nanoparticle-Surfactant-Stabilized Nitrogen Foam. Type III
(the combination of 0.3% MES and 0.1% colloid silica
nanoparticles) was used in this part. The foaming performance
and foam stability experiments were evaluated under the
conditions of a simulated reservoir temperature of 80 °C, a
pressure of 5MPa, and a salinity of 2× 104 mg·L−1. The effect of
oil content on the foaming and foam stability of nanoparticle-
surfactant-stabilized nitrogen foam is depicted in Figure 5.
With the increase of oil content, the foam volume and half-life

of the nanoparticle-surfactant-stabilized foam system show a
downward trend, but the change trend of the foam volume and
half-life of foam can be divided into two stages: slow decline and
sharp decline. When the oil content is less than 15%, with the
increase of oil content, the foam volume and half-life of foam
show a “slow decline” trend with the increase of oil content.

When the oil content is less than 10%, the foam volume and half-
life are basically unchanged. When the oil content is higher than
15%, the foam volume and the half-life of foam show a “sharp
decline” trend. When the oil content increases from 15 to 30%,
the foam volume decreases from 370 to 290 mL, and the half-life
of the foam decreases from 279 to 69 min. Due to the
emulsification of crude oil and foam, small oil droplets enter the
foam system, resulting in foam rupture and poor stability.
Therefore, for the nanoparticle-surfactant-stabilized nitrogen
foam, the oil content limit value of the foaming and foam
stability performance is 15%.
3.1.5. Influence of Pressure on Foam Performance of

Nanoparticle-Surfactant-Stabilized Nitrogen Foam. Type III
(the combination of 0.3% MES and 0.1% colloid silica
nanoparticles) was used in this part. The foaming performance
and foam stability experiments were evaluated under the
conditions of a simulated reservoir temperature of 80 °C, a
salinity of 2 × 104 mg·L−1, and a pressure range of 5 to 20 MPa.
The effect of pressure on the foaming and foam stability of
nanoparticle-surfactant-stabilized nitrogen foam is depicted in
Figure 6.
Compared with the ambient pressure of 0.1 MPa and the

temperature of 80 °C, the foam volume and half-life of foam are
230 mL and 210 min, respectively, and the foam volume and
half-life of foam under high pressure are significantly increased.
Under the conditions of high pressure (5−20 MPa) and a
temperature of 80 °C, the foam volume and half-life of
nanoparticle-surfactant-stabilized foam show an upward trend
with the increase of pressure. As the pressure increases from 5 to
20 MPa, the foam volume increases from 410 to 456 mL. Under
high pressure, the half-life of foam increases from 427 to 599
min, with the pressure rising from 5 to 20 MPa. The foam
composite index of foam increases with an increase of pressure.
When the pressure rises, the liquid film and the gas wrapped in it
will be compressed, which will reduce the liquid discharge rate
and gas diffusion speed of the liquid film. In addition, the foam
produced under high pressure is smaller and more uniform, and
the foam is more stable. Higher pressure is more conducive to
improving the performance of the foam. Therefore, with the
increase of pressure, the foaming performance and stability of
the foam are obviously enhanced obviously.

3.2. Flow Behavior Evaluation of Foam in Porous
Media. The core permeability of the sand pack core is about
3000 mD, the experimental temperature is 80 °C, the gas-liquid

Figure 6. Foam volume, foam half-life, and foam composite index of nanoparticle-surfactant-stabilized nitrogen foam under different pressures: (a)
foam volume and foam half-life and (b) foam composite index.
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ratio of the foaming agent and nitrogen is 1:1, and the back
pressure at the outlet of the core is set to 5 MPa. According to
the flow behavior evaluation experimental method for foam in
porous media, the flow behavior of different types of nitrogen
foam in the same permeability core was studied.
The porosity, permeability of the core, and flooding

parameters for specific experiments are shown in Table 1. The
stable pressure during water flooding, nitrogen foam flooding,
and subsequent water flooding were recorded under the same
permeability condition, as shown in Table 2. Then the resistance
factor and residual resistance factor of different types of nitrogen
foam can be calculated, as depicted in Figure 7.

Compared with type I and type II conventional foams, the
nanoparticle-surfactant-stabilized foam is higher than type I and
type II conventional foam during foam injection and subsequent
water flooding. The resistance factor and residual resistance
factor of foam are both improved, indicating that the
nanoparticle-surfactant-stabilized foam has a higher apparent
viscosity and stronger plugging performance. Therefore, the
nanoparticle-surfactant-stabilized foam formed by surfactant
and nanoparticles has better liquid film strength and apparent
viscosity and can have better plugging and expand the swept
volume capacity.
3.3. Enhanced Oil Recovery Evaluation of Foam by

Parallel Sandpack Flooding Experiments. The parallel
sand pack flooding experiments were conducted to simulate the
reservoir heterogeneity and investigate the enhanced oil
recovery ability of conventional foam and nanoparticle-
surfactant-stabilized nitrogen foam in heterogeneous reservoir.

The permeability of high and low sandpack cores is 2000 and
500 × 10−3 μm2, and the permeability difference is 4. The
experimental temperature is 80 °C, the gas−liquid ratio of
foaming agent and nitrogen is 1:1, and the back pressure at the
core outlet is set to 5 MPa.
3.3.1. Fraction Flow Analysis of Conventional Foam and

Nanoparticle-Surfactant-Stabilized Foam. Figure 8 shows the
fractional flow curves of different types of nitrogen. During the
initial water flooding stage, the injected water mainly flows
through the preferential high-permeability channels, and the
percentage of liquid produced by the high-permeability sand
pack is significantly higher than that of the low-permeability
sand pack. During the foam flooding period, the injected foam
will preferentially enter the high-permeability sandpack, and its
seepage resistance gradually increases; the percentage of the
produced liquid in the high-permeability sand pack decreases
and the percentage of the produced liquid of low-permeability
sand pack increases, which indicates that the foam can have the
profile control ability. During subsequent water flooding, as the
injection volume increases, the percentage of produced liquid of
the high-permeability sand pack begins to increase at a certain
stage, while the percentage of produced liquid of the low-
permeability sand pack begins to decrease. It can be inferred
that, compared with conventional foam, the nanoparticle-
surfactant-stabilized foam has a better sweep efficiency improve-
ment ability than that of conventional surfactant-stabilized foam.
3.3.2. Incremental Oil Recovery Analysis of Conventional

Foam and Nanoparticle-Surfactant-Stabilized Foam. Figure
9 depicts the enhanced oil recovery efficiency of conventional
foam and nanoparticle-surfactant-stabilized foam. The water
flooding oil recovery of different types of foam is in the range of
35.8 to 37.8%. The ultimate oil recovery ranges from 49.75 to
56.7%. The incremental oil recovery ranges from 11.95 to 20.9%.
Compared with conventional foam, the nanoparticle-surfactant-
stabilized foam has better enhanced oil recovery ability than
conventional surfactant-stabilized foam due to higher foaming
ability, foam stability, and sweep efficiency improvement ability.

3.4. Micromodel Flooding Efficiency. In order to better
reflect the microscopic seepage and oil displacement character-
istics of different types of nitrogen foam at the pore-scale level,
microscopic visualization flooding experiments were carried out.
In this part, two different types of foaming agents, Type I (AOS
surfactant) and Type III (a combination of MES and colloid
silica nanoparticle), were used in this study. Figure 10 depicts
the oil distribution at different periods of Type I conventional
foam and Type III nanoparticle-surfactant-stabilized foam.
Results show that due to the pore size difference of the model,
the injected water mainly flows along the high pore throat flow
channel during the water flooding process, resulting in the

Table 1. Porosity and Permeability of Sand Pack and Experimental Flooding Parameters

test no foam type permeability/10−3 μm2 porosity /% gas−liquid ratio injection rate/mL·min−1

1 type I conventional foam 3110 37.8 1:1 1.0
2 type II conventional foam 3129 37.2 1:1 1.0
3 type III nanoparticle-surfactant-stabilized foam 3024 38.7 1:1 1.0

Table 2. Stable Pressure During Initial Water Flooding, Foam Injection, and Subsequent Water Flooding Period

test no foam type ΔPwb/MPa ΔPfoam/MPa ΔPwa/MPa Fr Frr
1 type I conventional foam 0.0197 0.629 0.246 31.93 12.5
2 type II conventional foam 0.0195 0.769 0.298 39.44 15.28
3 type III nanoparticle-surfactant-stabilized foam 0.0204 1.304 0.756 63.92 37.06

Figure 7. Resistance factor and residual resistance factor of different
types of nitrogen foam.
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remaining oil being unrecovered in the low-permeability area. At
the end of water flooding, the water flooding recovery rate is low,
and the remaining oil saturation is high.
After injecting type I foam and Type III foam, it can be clearly

seen that the foam can change the fluid flow direction and
expand the swept volume, which can effectively recover the
remaining oil in low-permeability areas of the micromodel.
Compared with the Type I foam, the Type III nanoparticle-
surfactant-stabilized foam can have a higher expansion of the
swept volume. After subsequent water flooding, the remaining
oil can be further recovered.
To quantify the oil recovery at different periods and the

incremental oil recovery of Type I conventional foam and Type
III nanoparticle-surfactant-stabilized foam, the incremental oil
recovery was calculated by using the image processing software
ImageJ to analyze the remaining oil recovery ability. Figure 11
depicts the incremental oil recovery of Type I conventional foam

and Type III nanoparticle-surfactant-stabilized foam. The
micromodel flooding results are consistent with the parallel
sand pack flooding results. Compared with conventional foam,
the nanoparticle-surfactant-stabilized foam has enhance oil
recovery ability than conventional surfactant-stabilized foam
due to its higher foaming ability, foam stability, and sweep
efficiency improvement ability.

4. CONCLUSIONS
In this study, the foaming ability and foam stability performance
of different types of foaming agents were evaluated by using a
high-temperature and high-pressure foam evaluation device.
The influence of temperature, salinity, oil content, and pressure
on nanoparticle-surfactant-stabilized nitrogen foam perform-
ance was systematically investigated. Then, the flow behavior
and enhanced oil recovery ability of different types of foam in

Figure 8. Fractional flow curves of different types of nitrogen foam: (a) type I conventional foam, (b) type II conventional foam, and (c) type III
nanoparticle-surfactant-stabilized foam.
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porous media were investigated from core-scale to pore-scale.
The main conclusions could be summarized as follows:
(1) Based on the foam volume, foam half-life, and foam

composite index, compared with the conventional foam,
nanoparticle-surfactant-stabilized nitrogen foam has the
highest foaming ability and the longest foam stability,
which can indicate the nanoparticle can improve foam
performance in high temperature and saline reservoirs.

(2) When the temperature increases from 60 to 100 °C, the
foam volume and foam half-life of nanoparticle-
surfactant-stabilized foam decrease by 20 and 36%,
respectively. With the increase of salinity from 2 × 104
to 10 × 104 mg·L−1, the foam volume and foam half-life
decrease by 9.8 and 14.1%, respectively. The nano-
particle-surfactant-stabilized nitrogen foam has good salt
resistance.

(3) When the oil content is less than 15%, with the increase of
oil content, the foam volume and foam half-life show a
“slow decline” trend, while when the oil content is higher
than 15%, the foam volume and foam half-life show a
“sharp decline” trend. For the nanoparticle-surfactant-
stabilized nitrogen foam, the oil content limit value of the

foaming and foam stability performance is 15%. With the
increase of pressure, the foaming performance and foam
stability are enhanced obviously. Higher pressure is more
conducive to improving the foam performance.

(4) Compared with type I and type II conventional foam, the
nanoparticle-surfactant-stabilized foam formed by surfac-
tant and nanoparticles has better liquid film strength and
apparent viscosity and can have better plugging and
expand the swept volume capacity.

(5) The micromodel flooding results are consistent with the
parallel sand pack flooding results. Compared with
conventional foam, the nanoparticle-surfactant-stabilized
foam has better oil recovery ability than conventional
surfactant-stabilized foam due to its higher foaming
ability, foam stability, and sweep efficiency improvement
ability.
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