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Introduction

Dynamic simulation study on gas flooding
mechanism based on level set method at the
micro—nano scale

Yi Yu,? Fei Wang,
and Hailong Chen®

*@ Xiaorong Guo,® Chaofan Chen,? Yugian Wang?

Gas flooding plays a crucial role in enhanced oil recovery; however, the underlying microscopic
mechanisms, especially those related to interfacial changes, remain unclear. Based on a realistic
geometric model of porous media, this study employs the level-set method to simulate the oil
displacement processes of N, flooding, CO, immiscible flooding, CO, miscible flooding, and foam
flooding at the microscale. The oil—gas interface is tracked throughout the simulations to compare and
analyze the displacement behaviors of different gases. First, a dynamic simulation of the gas flooding
process is conducted, analyzing the variations in pressure, velocity, and remaining oil volume fraction
over time. Second, the effects of factors such as injection rate, foam gas-liquid ratio, and surface
tension on oil displacement efficiency are investigated. Finally, the displacement performance of N,
flooding, CO, flooding, and foam flooding is compared under specific conditions to examine the oil
recovery mechanisms associated with different gases. The results indicate that the remaining oil volume
fractions after N, flooding and CO, immiscible flooding are approximately 30%. Increasing the injection
rate of N, and CO, can improve early-stage displacement performance and slightly enhance oil
recovery. In contrast, the remaining oil volume fractions after CO, miscible flooding and foam flooding
are about 10%. The optimal foam flooding effect is achieved at a gas-liquid ratio of 3:1 and a surface
tension of 0.02, which corresponds to the lowest remaining oil volume fraction. Furthermore, the inlet
pressure declines rapidly during N, and CO, immiscible flooding, resulting in a relatively low final
pressure. In comparison, the inlet pressure decreases more gradually during CO, miscible flooding and
foam flooding, maintaining a certain pressure level by the end of the process.

recovery factor can be increased by 10-20% or even higher.”
Therefore, the development of tertiary recovery technology is

Oil is an important industrial energy source,'* occupying an
absolute dominant position in the fossil energy structure.*®
However, the distribution and development of the world's oil is
highly unbalanced. There are many unconventional reservoirs
such as low permeability, tight and heavy oil reservoirs that are
difficult to exploit.® the reserves per unit area are small, and the
quality of oil and gas resources is poor.” Their exploration and
development are difficult.® At the same time, the primary and
secondary exploitation of oilfields usually can only recover 30%
to 40% of the geological reserves of oilfields,”*® and more than
60% of the crude oil remains underground™ in the form of
adsorption, residue, etc. Through gas flooding, chemical agent
or thermal technology,'>** the tertiary recovery can change the
crude oil viscosity, interfacial tension or rock wettability.** The
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the key to improve oil recovery.’® Among them, the gas flooding
technology is widely used because it is easier to establish an
effective flooding pressure system, improve the flooding
conditions efficiently, have strong adaptability, wide applica-
tion range, low cost and environmental protection
properties.”'®

The gas injected into the oil layer diffuses and dissolves in
the crude oil, and the interaction between gas, crude oil, rock
and water can reduce the crude oil viscosity,**** improve the
crude oil recovery rate, maximize the development of under-
ground remaining oil resources, extend the economic life of
the oilfield, effectively reduce the production energy
consumption of the oilfield,>® and realize the emission
reduction and permanent storage of greenhouse gases.>® The
gas injection and oil flooding technology has a variety of gas
sources and flexible injection methods.** It is found that the
types of gases that can be used for crude oil flooding include
CO,, N, flue gas, hydrocarbon gas, air and other mediums;***°
injection methods include vertical/horizontal well huff and
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puff, CO, miscible/immiscible flooding, water gas alternate
flooding, foam flooding, etc.>’>° The combination of different
gas and injection methods makes the gas flooding operation
flexible and diverse, and can adapt to the development of
different geological structures and heavy oil reservoirs.***' The
research shows that in the process of gas injection and oil
flooding, the gas diffuses into the crude oil under the effect of
pressure and concentration gradient, dissolves in the crude
oil, decomposes the heavier components in the crude oil into
lighter components,** reduces the concentration and content
of the heavier components, reduces the viscosity of the crude
oil, improves the mobility of the oil, and improves the oil
recovery.®® Nowadays, gas flooding technology has been
applied in many oilfields around the world on a large scale,
greatly improving the oil recovery rate.

Gas flooding has good adaptability to many types of reser-
voirs, which is suitable for both medium and high permeability
old oilfields and ultra-low permeability oilfields.** However, the
technology of enhancing oil recovery through gas flooding still
faces many problems.* The types and scale of reservoir gas
injection tests are relatively small. At the nanoscale, the rules of
oil and gas adsorption and flow are still unknown, and there are
obvious differences from the macro scale.***” For example, the
permeability is very low, and the flow does not obey Darcy's
law.*® In the process of gas flooding, the changes of phase
transition, interface dynamic evolution and remaining oil
morphology with time are not clear,* especially considering the
porous media flow process of oil-gas interface change,* which
leads to the deviation of oil flooding mechanism cognition and
restricts the large-scale application of gas flooding technology
in industry.** Therefore, the study of the flow state of crude oil
and the interaction mechanism between gas and crude oil in
the micro nano channel is the theoretical basis for the devel-
opment of CO, and other gases to improve oil and gas recovery
technology.*

Therefore, based on the real geometric structure model of
porous media, this study establishes a porous media gas
flooding model, uses the level set method to simulate the oil
flooding process of N, flooding, CO, immiscible flooding, CO,
miscible flooding and foam flooding at the micro scale, tracks
the oil-gas interface, explores the influence of injection rate,
gas-liquid ratio of foam, surface tension and other factors on oil
flooding effect, and compares and analyzes the flooding effect
and oil flooding law of different gases under the same condi-
tions. The results of this paper can enrich the theory of gas
flooding and provide guidance for the application of gas
flooding.

Simulation and analysis methods
Establishment of porous media model and mesh generation

Fig. 1(a) shows the geometric model of porous media used in
the simulation, which is designed according to the image of real
core slice scanning,**** and the model size is 640 um x 320 um.
As shown in Fig. 1(b), free triangle mesh is used for mesh
generation by using the finite element method.
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Fig. 1 Establishment of porous media model.

Establishment of mathematical model based on level set
method

The fluid interface is represented by the contour of the level set
function ¢ = 0.5. In gas, ¢ = 0, in 0il, ¢ = 1. Therefore, the level
set function can be regarded as the volume fraction of oil. The
migration of the fluid interface separating the two phases is as
follows:

d¢ Vo

Deuwvs v (Wo-gi-oZt)

The ¢ parameter determines the thickness of the interface.
When using the numerical stability method for the level set
equation, it is usually possible to specify the interface thickness
as ¢ = hc/2, where hc is the size of the characteristic grid in the
region transferred through the interface (based on our model,
hc = 5 pm). The y parameter determines the number of reini-
tialization. An appropriate v value is the maximum speed in the
model (in our simulation, y = 0.1). The multi physical field
coupling characteristics define the density and viscosity
according to the following formula:

P = Pgas + (poil - pgas)¢ (2)
M = Mgas + (:uoil - :ugas)¢ (3)

Among them, gas represents N,, CO,, CO, miscible and
foam.

According to the above formula definition, the density and
viscosity coefficient change smoothly at the fluid interface. The
¢ function can be approximated as:

6 = 6|p(1 — @)[[Ve) (4)
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The interface normal can be calculated according to the
following equation:

V¢

" vl

(5)

This model is based on the Navier Stokes equation of
incompressible fluid to simulate the mass and momentum
transfer of fluid. The Navier Stokes equation with surface
tension is:

p 2t p(u- V) = V- [ —pl + u(Vu+ (V)")] + Fu+ pg

ot (6)

Vu=20

where, u is equal to the dynamic viscosity (N s m~?), p is the
density (kg m™>), u is the viscosity (m s™*), p is the pressure (Pa),
Fy is the surface tension acting on the gas/oil interface, and g is
the gravity vector (m s ?). The surface tension calculation
equation is:

Fy = agdkn (7)
where, ¢ is the surface tension (N m™"), n is the interface
normal, k = —V-n is the curvature, and ¢ is a Dirac function,
which is non-zero only at the fluid interface.

Establishment and parameter setting of different gas flooding
models

The inlet and outlet are selected as shown in Fig. 2 below. The
boundary condition is velocity, normal inflow velocity Uy; the
static pressure at the outlet P, = 0 Pa. The two fluids are oil and
gas respectively. Surface tension ¢ = 0.02 N m™~". The dynamic
viscosity is 0.1 Pa s. In the subsequent analysis, a point at the
inlet is selected as the base point of pressure analysis to analyze
the pressure change during fluid injection.

At the beginning, the porous medium is filled with oil, the
density of the oil is 800 kg m 2, the dynamic viscosity is 0.1 Pa s,
and the gas is injected at the entrance of the porous medium.
The gas injection rate is set at 0.001 m s~ ", and the foam gas-
liquid ratio is 4 : 1. The oil flooding process of different kinds of
gas is simulated respectively, and the fluid velocity diagram,
pressure diagram and residual oil volume fraction diagram at
different times are obtained. Based on the results, the laws and
characteristics of different gas flooding are analyzed.

In the process of N, and CO, flooding, the gas injection rate
has a great impact on gas flooding. Therefore, this study will

Fig. 2 Setting of baseline initial boundary value conditions.
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add two groups of gas flooding simulation, keep other initial
conditions unchanged, only change the gas injection rate, set
the gas injection rate as 0.003 m s ' and 0.005 m s ', and
explore the influence of gas injection rate on gas flooding.

In the process of foam flooding, the gas-liquid ratio and
surface tension of foam have a great impact on foam flood-
ing. Therefore, in the foam flooding simulation, this study
will use the control variable method to change the gas-liquid
ratio and surface tension of foam, and explore the influence
of the gas-liquid ratio and surface tension of foam on foam
flooding. With other initial conditions unchanged, two sets
of simulations with gas-liquid ratio of 3:1 and 1:1 were
added to explore the effect of gas-liquid ratio of foam on
foam flooding; with other initial conditions unchanged, two
groups of studies with surface tension of 0.01 N m™~" and
0.03 N m ' were added to explore the effect of surface tension
on foam flooding.

At the same time, the effects of different gas flooding are also
different, so this study will compare different gas flooding
under the same conditions, set the gas injection rate to be
0.001 m s~ %, the surface tension to be 0.02 N m™*, and the foam
gas-liquid ratio to be 4:1, get the pressure, velocity and
remaining oil volume fraction change curves of different gas
flooding, and compare the oil flooding effects of different gas
flooding.

The basic physical parameters of the fluid used in this
simulation are as follows (Table 1).%5*

Based on the above settings, we use COMSOL software to
carry out relevant simulation research.

Table 1 Physical parameters of fluids®

Density Viscosity Interfacial
Fluids (kg m™?) (Pas) tension (N m™")
N, 20 0.02 0.02
CO, immiscible 400 0.03 0.02
CO, miscible 700 0.05 0.00003 (almost 0)
Foam 200 0.04 0.01
0il 800 0.1 0.02

“The parameters of different fluids are taken according to the
displacement environment under different temperature and pressure.
For example, the temperature and pressure conditions corresponding
to CO, miscible and immiscible must be different. This simulation is
not specific to specific reservoir conditions, but only compares the
different displacement effects due to different fluid properties.
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Results and discussion
Analysis of N, flooding results

The nitrogen injection rate at the inlet of porous medium is
0.001 m s~ ', the density of oil is 800 kg m~?, the dynamic
viscosity is 0.1 Pa s, and the surface tension is 0.02 N m~". The
dynamic simulation is carried out according to the geometric
model and initial settings above, and the pressure diagram and
fluid velocity diagram at ¢ = 1, 2, 3 and 4 s are obtained as
follows (Fig. 3):

The simulation results show that the average pressure is the
maximum when the gas is just injected into the porous
medium, and the average pressure gradually decreases as the
gas gradually enters the porous medium. At different times, the
pressure is the maximum near the inlet and the minimum near
the outlet. The fluid velocity distribution is relatively uniform at
different times, and the fluid flow velocity is large in the middle

(a) Pressure distribution at different times
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narrow channel. The volume fraction of remaining oil can
reflect the efficiency of gas flooding. The distribution of
remaining oil at different times during nitrogen flooding is
shown in Fig. 4.

It can be seen from the distribution of remaining oil in Fig. 4
that as the oil flooding process proceeds, the oil is continuously
displaced out of the porous media, and finally there is a part of
residual oil in the model, which is concentrated in the upper
right and lower right of the model. There is almost no residual
oil in the first third of the model, and the oil in the channel with
the fastest fluid flow rate is completely displaced.

Under the condition of keeping other initial conditions
unchanged, change the nitrogen injection rate, and add two
groups of simulations with nitrogen injection rates of
0.003 m s " and 0.005 m s~ to explore the impact of nitrogen
injection rate on nitrogen flooding. The simulation results at
the same time are shown in Fig. 5. It can be seen from the

(b) Velocity distribution at different times

Fig. 3 Pressure and velocity distribution of nitrogen flooding at different times.

3s

Fig. 4 Volume fraction of remaining oil.
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Fig. 5 Pressure, velocity and remaining oil changes at the same time at different injection rates.

simulation results that at different nitrogen injection rates, the
pressure of the model is the largest at the gas inlet. As nitrogen
enters the model, it becomes smaller and smaller. The distri-
bution of fluid velocity in the model is relatively uniform, and
the flow rate is large in the middle narrow channel. At the end of
the oil flooding process, the remaining oil is concentrated in the
upper right and lower right of the model. With the increase of
nitrogen injection rate, the overall pressure and fluid flow
velocity increased at the same time, and it can be found that
increasing the nitrogen injection rate can slightly increase the
oil recovery.

It can be seen from Fig. 6 that with the increase of nitrogen
injection rate, the inlet pressure increases significantly, but it
will eventually approach 0 kPa. When the nitrogen injection rate
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Fig. 6 Pressure change at different injection rates.
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is 0.001 m s, the pressure drop rate is the slowest with the oil
flooding process. When the nitrogen injection rate is
0.005 m s~ ', the pressure drop rate is the fastest with the oil
flooding process. It can be seen that within a certain range, with
the continuous increase of nitrogen injection rate, the inlet
pressure drop rate will continue to increase.

As can be seen from Fig. 7, when the nitrogen injection rate
is 0.001 m s ', the volume fraction of remaining oil is the
largest, the flooding effect is the worst, and the volume fraction
of remaining oil is close to 0.27. When the nitrogen injection
rate is 0.005 m s, the volume fraction of remaining oil is close
to 0.15. It can be seen that within a certain range, the oil
flooding effect will gradually increase with the increase of
nitrogen injection rate. At the same time, it can be seen that

1.0 T T T
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Fig. 7 Variation of residual oil volume fraction at different injection
rates.
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(a) Pressure distribution at different times
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(b) velocity distribution at different times

Fig. 8 Pressure and velocity distribution of CO, immiscible flooding at different times.

when the nitrogen injection rate is 0.005 m s, the volume

fraction of remaining oil decreases the fastest and the oil
flooding speed is the fastest. When the nitrogen injection rate is
0.001 m s, the remaining oil volume fraction decreases the
slowest and the oil flooding speed is the slowest. Therefore,
increasing the nitrogen injection rate can obtain better early oil
flooding effect and greater recovery.

Analysis of CO, flooding results

(1) CO, immiscible flooding result analysis. The CO, injec-
tion rate at the entrance of porous medium is 0.001 m s, the
density of oil is 800 kg m™3, the dynamic viscosity is 0.1 Pa s,
and the surface tension is 0.02 N m~". The dynamic simulation
is carried out according to the geometric model and initial
settings above, and the pressure diagram and fluid velocity
diagram at ¢t = 1, 2, 3 and 4 s are obtained as shown in Fig. 8.

According to the simulation results, the pressure presents
a state of high pressure near the inlet and outlet and low

m
s

3s 4s

Fig. 9 Volume fraction of remaining oil.
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pressure near the outlet. At the beginning, the overall pressure
is the maximum. With the injection of carbon dioxide, the
overall pressure continues to decline. The fluid flow velocity
distribution is relatively uniform, and the flow velocity is larger
in the narrow channel in the middle of the porous media model.
The remaining oil distribution of CO, immiscible flooding at
different times is shown in Fig. 9.

It can be seen from Fig. 9 that as the oil flooding process
proceeds, carbon dioxide gas continuously enters the pores of
porous media, and oil is continuously displaced. Finally, the
volume fraction of remaining oil in the first third of the model
area is basically zero, and the remaining oil is concentrated in
the upper and lower middle right areas of the model.

Keep other initial conditions unchanged, only change the
CO, injection rate, and add two sets of simulations with CO,
injection rates of 0.003 m s~' and 0.005 m s~ ' to explore the
impact of CO, immiscible injection rate on CO, gas flooding.
The simulation results at the same time are shown in Fig. 10
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Fig. 10 Effect of velocity on CO, immiscible flooding.
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Fig. 11 Pressure change at different injection rates.

below. The influence of gas injection rate on CO, immiscible
flooding was explored by changing the injection rate of CO,.
According to the simulation results, the pressure gradually
decreases from the maximum at the inlet at different CO,
injection rates, and the fluid flow velocity is evenly distributed
in the channel, and the velocity is larger in some narrow
channels. At the end of the oil flooding process, the volume
fraction of remaining oil is similar. The remaining oil is
distributed in the upper and lower parts of the middle right of
the model, and the first third of the oil in the model is basi-
cally displaced out of the pore. With the increase of CO,
injection rate, the average pressure increases, the fluid

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 Variation of residual oil volume fraction at different injection
rates.

velocity in the model increases, the final remaining oil body
integral decreases slightly, and the recovery factor increases
slightly.

It can be seen from Fig. 11 that at different CO, injection
rates, the pressure at this point at the inlet generally tends to
decrease with the oil flooding process, and finally approaches
a certain value without significant change. When the CO,
injection rate is 0.001 m s~ ', the inlet pressure at this point is
the minimum at the beginning. When the CO, injection rate is
0.005 m s, the inlet pressure is the maximum at 0 s. It can be
seen that within a certain range, with the continuous increase of

RSC Adv, 2026, 16, 8499-8516 | 8505
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(a) Pressure distribution at different times
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(b) velocity distribution at different times

Fig. 13 Pressure and velocity distribution of CO, miscible flooding at different times.

CO, injection rate, the inlet pressure will continue to rise. When
the CO, injection rate is 0.001 m s, the pressure drop rate is
the slowest with the oil flooding process. When the CO, injec-
tion rate is 0.005 m s~ ', the pressure drop rate is the fastest with
the oil flooding process. It can be seen that within a certain
range, with the continuous increase of CO, injection rate, the
inlet pressure drop rate will continue to increase.

It can be seen from Fig. 12 that when the CO, injection rate is
0.001 m s, the volume fraction of remaining oil is the largest
and the flooding effect is the worst, with the volume fraction of
remaining oil about 0.23. When the CO, injection rate is
0.005 m s~ *, the residual oil volume fraction is the smallest, and
the flooding effect is the best, and the residual oil volume
fraction is about 0.16. At the same time, it can be seen that when
the CO, injection rate is 0.005 m s, the volume fraction of
remaining oil decreases the fastest and the oil flooding speed is
the fastest. When the CO, injection rate is 0.001 m s, the

3s

Fig. 14 Volume fraction of remaining oil.

8506 | RSC Adv, 2026, 16, 8499-8516

m
2s - = il L
W‘
N L
]

4s

remaining oil volume fraction decreases the slowest and the oil
flooding speed is the slowest. It can be seen that in a certain
range, increasing the injection rate of CO, can effectively
improve the oil recovery and oil flooding rate.

(2) CO, miscible flooding result analysis. The CO, miscible
injection rate at the entrance of porous medium is 0.001 ms™ ",
the density of oil is 800 kg m ™, the dynamic viscosity is 0.1
Pa s, and the surface tension is 0.02 N m™'. The dynamic
simulation is carried out according to the geometric model
and initial settings above, and the pressure diagram and fluid
velocity diagram at ¢t = 1, 2, 3 and 4 s are obtained as shown in
Fig. 13.

From the simulation results, it can be seen that the pressure
in a small part of the area at the lower left corner of the model is
the largest, and the pressure gradually decreases from the
maximum at the inlet at different times, and the average pres-
sure of the model becomes smaller and smaller as the oil
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Fig. 16 Pressure change at different injection rates.

flooding process proceeds. The fluid flow velocity in the narrow
channel of the porous media model is higher than that in other
regions.

Fig. 14 shows the change of residual oil volume fraction
during CO, miscible flooding.

According to the simulation results, with the oil flooding
process, the oil in the lower part of the model and near the inlet
part is first displaced out of the porous media model. After the
oil flooding process is completed, the oil in the upper right part
of the model is still left in the channel and has not been
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Fig. 17 Variation of residual oil volume fraction at different injection
rates.

displaced, and the volume fraction of the remaining oil in other
parts is close to zero.

Keep other initial conditions unchanged, only change the
injection rate of miscible CO,, and add two groups of simula-
tions with miscible CO, injection rate of 0.003 m s ' and
0.005 m s~ to explore the impact of CO, miscible injection rate
on gas flooding, and the simulation results at the same time are
shown in Fig. 15.

According to the calculation results, it can be seen that the
overall pressure distribution and pressure are basically the
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Fig. 18 Pressure and velocity distribution of foam flooding at different times.

same at the same time when the gas injection speed is
increased, and the pressure is the largest in a small part of the
area at the lower left corner of the model. The fluid flow velocity
distribution is basically the same, and the velocity in the narrow
channel is larger than that in other regions, but with the
increase of gas injection velocity, the fluid flow velocity in the
model also increases. The remaining oil in the model is
distributed in the upper right area. When the gas injection rate
increases, the oil recovery can be slightly increased.

It can be seen from Fig. 16 that at different miscible CO,
injection rates, the pressure at this point at the inlet generally
decreases with the oil flooding process, and finally approaches
a certain value without significant change. When the injection
rate of mixed phase is 0.001 m s, the pressure at this point at
the inlet is the minimum at the beginning. When the injection
rate of miscible CO, is 0.005 m s, the inlet pressure is the
maximum at the beginning. It can be seen that within a certain

3s

Fig. 19 Volume fraction of remaining oil.

8508 | RSC Adv, 2026, 16, 8499-8516

range, the inlet pressure will continue to rise with the
increasing injection rate. When the injection rate is 0.001 m s,
the pressure drop rate is the slowest with the oil flooding
process. When the injection rate is 0.005m s~ ', the pressure
drop rate is the fastest with the oil flooding process. It can be
seen that within a certain range, with the continuous increase of
miscible CO, injection rate, the inlet pressure drop rate will
continue to increase in the process of oil flooding.

It can be seen from Fig. 17 that when the injection rate of
miscible CO, is 0.001 m s, the volume fraction of remaining
oil is the largest and the flooding effect is the worst, with the
volume fraction of remaining oil about 0.1. When the injection
rate is 0.005 m s~ *, the residual oil volume fraction is the
smallest, and the flooding effect is the best, and the residual
oil volume fraction is about 0.013. At the same time, it can be
seen that when the injection rate is 0.005 m s~ ', the volume
fraction of remaining oil decreases the fastest and the oil

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 21 Pressure change at different gas—liquid ratios.

flooding speed is the fastest. When the injection rate is
0.001 m s~ ', the remaining oil volume fraction decreases the
slowest and the oil flooding speed is the slowest. It can be seen
that in a certain range, increasing the injection rate of
miscible CO, can effectively improve oil recovery and oil
flooding rate.

Analysis of foam flooding results

The foam injection rate at the entrance of porous media is
0.001 m s~ '. The density of the oil is 800 kg m™> and the
dynamic viscosity is 0.1 Pa s. The density of foam is 200 kg m >
(gas-liquid ratio is 4 : 1), and the dynamic viscosity is 0.04 Pa s.
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Fig. 22 Variation of residual oil volume fraction at different gas—liquid
ratios.

The surface tension is 0.01 N m ™. Carry out dynamic simula-
tion according to the above geometric model and initial
settings. The pressure diagram and fluid velocity diagram at ¢ =
1, 2, 3 and 4 s are obtained as shown in Fig. 18 below.

According to the pressure distribution diagram at different
times, the pressure near the inlet is large, and the pressure near
the outlet is small. With the oil flooding process, the overall
pressure of the model gradually decreases. The velocity distri-
bution of fluid flow is relatively uniform and larger in some
narrow channels.
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Fig. 24 Pressure change under different surface tension.

Fig. 19 shows the distribution change of remaining oil
during oil flooding. As foam is injected from the inlet, the oil
near and below the inlet of the model is first displaced out of the
pores. As the oil flooding process proceeds, the oil is continu-
ously displaced out of the porous media, and finally there is
a part of residual oil in the model, which is concentrated in the
upper right corner and upper middle part of the model, and the
residual oil in other parts of the model is almost zero.

Under the condition that other initial conditions remain
unchanged, the gas-liquid ratio is changed for comparative
simulation analysis. Under the initial conditions, add two
groups of models to change the foam gas-liquid ratio, that is,

8510 | RSC Adv, 2026, 16, 8499-8516
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Fig. 25 Variation of residual oil volume fraction under different

surface tension.

change the density of the material foam to 250 kg m > (gas-

liquid ratio 3:1) and 500 kg m > (gas-liquid ratio 1:1). Oil
flooding simulation was conducted for the three models to
explore the influence of gas-liquid ratio of foam on foam oil
flooding. The calculation results are shown in Fig. 20 below.
The simulation results show that the overall pressure and
fluid flow velocity distribution and size are basically the same
when foam flooding is carried out with different gas-liquid
ratios. The pressure decreases gradually from the maximum
near the inlet. The fluid flow velocity distribution is uniform,
and the flow velocity is large in some narrow channels. From the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 26 Pressure distribution with different gas flooding.
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Fig. 27 Comparison of pressure changes with different gas flooding.

volume fraction diagram of remaining oil after oil flooding, it
can be seen that the distribution of remaining oil is basically the
same at different gas-liquid ratios, and most of the remaining
oil is concentrated in the upper right part of the model. When
the gas-liquid ratio is 4 : 1, a small part of crude oil in the lower
part of the model is still not displaced out of the porous media.
When the gas-liquid ratio is 3:1 and 1:1, the residual oil is
only distributed in the upper right area of the model, and when
the gas-liquid ratio is 3:1, the residual oil volume fraction is
smaller. Therefore, we can get the best gas-liquid ratio of foam

© 2026 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

Foam flooding

flooding is 3:1, and the oil recovery is the highest. It can be
seen from Fig. 21 that the pressure change trend at the same
point of the inlet with foam gas-liquid ratioof4:1,3:1and 1:
1 is basically the same, which gradually decreases to a certain
value. The pressure at the beginning and end of the oil flooding
process is basically the same. It can be seen that within a certain
range, different foam gas-liquid ratio has little effect on the
pressure at the inlet of the model.

It can be seen from Fig. 22 that the change trend of residual
oil volume fraction with different foam gas-liquid ratio is
roughly the same. From 0 s to 2 s, the decline rate of residual oil
volume fraction is fast, and the oil flooding speed is fast during
this period. From 2 s to 4 s, the decline rate of residual oil
volume fraction is slow, and the oil flooding speed is slow. And
at 4 s, when the foam gas-liquid ratio is 3 : 1, the remaining oil
volume fraction is the smallest, and the remaining oil volume
fraction is about 0.15. At this time, the oil flooding effect is the
best. It can be seen that different foam gas-liquid ratio will have
a certain impact on the oil flooding effect.

Under the condition that other initial conditions remain
unchanged, the surface tension is changed for comparative
simulation analysis. Under the initial conditions, two groups of
models were added to change the surface tension to 0.02 N m ™"
and 0.03 N m ', respectively. The oil flooding simulation is
carried out for the three models, and the calculation results are
shown in Fig. 23 below.

According to the calculation results, it can be seen that
changing the surface tension has little effect on the overall
pressure and fluid flow velocity. The pressure decreases

RSC Adv, 2026, 16, 8499-8516 | 8511
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Fig. 28 Fluid flow velocity distribution with different gas flooding.
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Fig. 29 Volume fraction distribution of remaining oil with different gas flooding.

gradually from the maximum near the inlet, and the fluid flow
velocity is larger in some narrow channels. At the end of the oil
flooding process, most of the remaining oil is concentrated in
the upper right area of the model. When the surface tension is
0.01 N m~ ', compared with the other two groups of simulation
results, there are still more crude oil residues in the lower
middle area of the model. When the surface tension is 0.02 N
m ™, the volume fraction of remaining oil is smaller. Therefore,

8512 | RSC Adv, 2026, 16, 8499-8516

it can be concluded that the surface tension has a certain
impact on foam flooding, and the oil recovery is higher when
the surface tension is 0.02 N m™".

It can be seen from Fig. 24 that the pressure variation trend
at the same point of the inlet with foam flooding surface tension
of 0.01 Nm™, 0.02 Nm " and 0.03 N m ' is basically the same,
which gradually decreases to a certain value. The pressure at the
beginning and end of the oil flooding process is basically the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 30 Comparison of variation trend of residual oil volume fraction
with different gas flooding.

same. At the 4th s, when the foam surface tension is 0.02 Nm™,

the pressure at this point at the inlet is the smallest. It can be
seen that within a certain range, different foam surface tension
has little effect on the pressure at the inlet of the model.

Fig. 25 shows that the change trend of residual oil volume
fraction with different foam surface tension is roughly the
same. From 0 s to 2 s, the decline rate of residual oil volume
fraction is fast, and the flooding rate is fast. From 2 s to 4 s, the
remaining oil volume fraction decreases slowly and the oil
flooding speed is slow. When the foam surface tension is 0.02 N
m ™', the remaining oil volume fraction is the smallest, about
0.14, and the oil flooding effect is the best at this time. It can be
seen that different surface tension of foam will have a certain
impact on oil flooding effect.

Comparative analysis of different gas flooding

The initial conditions of the four kinds of gas flooding are set
the same, and the injection rate is 0.001 m s~ '. Through
comparative analysis, the pressure distribution at the same
time is shown in Fig. 26 below.

It can be seen from Fig. 26 and 27 that although the types of
gas flooding are different, the overall pressure decreases from
left to right. The pressure near the inlet of the model is high,
and the pressure near the outlet is small and close to 0 kPa. The
difference is that at the beginning of oil flooding, the pressure
of different types of gas flooding is nitrogen flooding, CO,
miscible flooding, foam flooding and CO, immiscible flooding
in descending order. At the end of oil flooding, the pressure is
CO, miscible flooding, foam flooding, nitrogen flooding and
CO, immiscible flooding in descending order.

As can be seen from Fig. 28, fluid flows in from the model
inlet, flows from left to right, and flows out at the outlet. The
distribution of N, flooding and CO, immiscible flooding in
porous media is similar, and they are both distributed in the
central channel of the model; The distribution of CO, miscible
flooding and foam flooding in the model is close, and they are

© 2026 The Author(s). Published by the Royal Society of Chemistry
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distributed in all parts of the model. The maximum flow rates of
nitrogen flooding, CO, immiscible flooding, CO, miscible
flooding and foam flooding are 0.025 m s, 0.02 m s !,
0.008 ms~'and 0.007 m s, respectively. It can be seen that the
flow velocity of fluid under different gas flooding is nitrogen
flooding, CO, immiscible flooding, CO, miscible flooding and
foam flooding in descending order.

According to the above initial conditions, continue to
simulate and compare, and get the volume fraction distribution
of the remaining oil on the surface at the same time, as shown
in Fig. 29. It can be seen that the location distribution of the
remaining oil in different gas flooding is different. The residual
oil positions of nitrogen flooding and CO, immiscible flooding
are similar, and they are concentrated in the upper part of the
middle right and the lower part of the middle right, and both
have more residual oil. The residual oil of CO, miscible flooding
and foam flooding remains at the outlet and upper middle part
of the model, but there is basically no residual oil in other areas
of the model, and there is still a small amount of residual oil in
the middle and lower part of the model after the end of foam
flooding. The residual oil of these two oil flooding methods is
less. The following Fig. 30 shows the variation trend of residual
oil volume fraction for different gas flooding.

Fig. 30 shows that the curves of N, flooding and CO,
immiscible flooding are relatively close, and the volume fraction
of remaining oil is relatively large. It can be seen that under the
same initial conditions, the crude oil recovery of these two oil
flooding methods is poor, and the recovery effect of N, flooding
is the worst, with the volume fraction of remaining oil of about
0.27, and the flooding efficiency is only 73%. The curves of CO,
miscible flooding and foam flooding are relatively close, and the
volume fraction of remaining oil is small. It can be seen that
under the same initial conditions, the crude oil recovery of
these two flooding methods is better, and the CO, miscible
flooding has the best recovery effect, with the volume fraction of
remaining oil about 0.1 and the flooding efficiency about 90%.
In addition, in the early stage of the oil flooding process, N, and
CO, immiscible oil flooding have faster oil flooding speed than
the other two oil flooding methods, higher oil flooding effi-
ciency and better early oil flooding effect, but as the oil flooding
process enters the middle and late stage, the oil flooding speed
becomes slow and gradually tends to be stable. CO, miscible
flooding and foam flooding always maintain high oil flooding
efficiency in the early and middle stages of oil flooding, and the
oil flooding speed slows down and tends to be flat in the late
stage of oil flooding process.

Conclusions

Based on the level set method, the mathematical model of gas
flooding in porous media is established, and the reasonable
initial conditions and fluid data are selected as simulation
examples to simulate the oil flooding effects of N, flooding, CO,
flooding, CO, miscible flooding and foam flooding on the micro
scale. The previous work is large-scale research, and the
geometric model based on it is usually some simplified models
and conceptual models,**** while the geometric model in this
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paper is smaller, and it is based on the real core slice, which is
closer to the reality. In addition, there have been many previous
studies on single gas. This paper makes a comprehensive
comparative analysis of several gases commonly used in oilfield
development, which is more instructive. The main conclusions
are as follows:

(1) The remaining oil volume fraction after nitrogen flooding
is approximately 27%, i.e., the oil displacement efficiency is
around 73%. After CO, immiscible flooding, the remaining oil
volume fraction is about 23%, corresponding to a displacement
efficiency of roughly 77%. CO, miscible flooding results in
aremaining oil volume fraction of approximately 10%, equating
to a displacement efficiency of about 90%. Following foam
flooding, the remaining oil volume fraction is around 14%,
indicating a displacement efficiency of approximately 86%.

(2) Pressure variation curves during different gas displace-
ment processes show that nitrogen flooding exhibits the highest
inlet pressure and the fastest pressure drop rate. In contrast,
CO, immiscible flooding has the lowest inlet pressure and the
slowest pressure decline rate. The final inlet pressures for both
nitrogen flooding and CO, immiscible flooding approach 0 kPa.
The inlet pressures and their variation trends for CO, miscible
flooding and foam flooding are similar, with their final pres-
sures approaching 2.5 kPa.

(3) Velocity profiles for different gas displacement methods
indicate that nitrogen flooding and CO, immiscible flooding
have relatively lower flow velocities, with fewer regions of high
flow rates. In comparison, CO, miscible flooding and foam
flooding exhibit higher velocities and more extensive areas of
high flow rates. The displacement effectiveness of nitrogen
flooding and CO, immiscible flooding is relatively weaker, at
about 70%, while CO, miscible flooding and foam flooding
demonstrate better performance, achieving around 90%
displacement efficiency.

(4) Increasing the injection rates of nitrogen, CO,, and the
CO,-miscible phase can lead to improved early-stage displace-
ment effects and a slight increase in recovery. Since this study
treats foam as a single-phase fluid, simplifying its structural
characteristics, the effects of surface tension and gas-liquid
ratio on recovery were found to be insignificant.
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The data in this paper is mainly the simulation of software. The
software used is COMSOL Multiphysics version 6.2. The
geometric model (pore_scale_flow.mphbin) and simulation
script (pore_scale_flow.mph) based on the simulation can be
found at the following website: https://www.comsol.com/
model/pore-scale-flow-488. The basic gas settings used in the
simulation are given in Table 1, and other initial and
boundary value conditions are also given in the paper. All
simulation results are embedded in the content of the article
in the form of pictures and charts.
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