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Abstract CO2 foam can solve the problems of serious water invasion in the later stage of water

injection development of conventional reservoirs, fracture channeling in unconventional reservoirs

and low production rate of medium and low permeability reservoirs caused by reservoir heterogene-

ity, and the Jamin effect is the key to its role. In order to investigate the influence of injection rate,

liquid phase viscosity, surface tension, pore structure on the resistance of CO2 foam through the

pore throat and the influence of CO2 foam Jamin effect on enhancing oil recovery, the micro-

scale pore throat models were established, and the interface changes were traced by using the level

set and phase field methods. The results show that the greater the injection rate or liquid phase vis-

cosity, the greater the pressure and the foam film strength, the greater the Jamin effect resistance;

Jamin effect resistance is positively related to surface tension, the greater the surface tension, the

greater the driving force required for difficult deformation; Jamin effect resistance is negatively

related to radius of pore throat, the greater the radius of pore throat (the smaller the pore-throat

ratio), the smaller the Jamin effect resistance; CO2 foam plays an important role in the oil displace-

ment, and it can displace the oil trapped on the wall, and the oil recovery of CO2 foam flooding is

9% higher than that of water flooding. The smaller the oil–water interfacial tension is, the more

CO2 foam displacement is. These research results have certain theoretical significance for the effec-

tive use of CO2 foam in oilfield development.
� 2023 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The most important issue in the development of oil and gas fields is to

enhance oil recovery. In recent years, the technology of gas injection to

enhance oil recovery has developed rapidly, especially the technology

of CO2 injection to enhance oil recovery (Li et al., 2021; Ma et al.,

2015; Zeng et al., 2020; Yu et al., 2015; Janna and Le-Hussain,

2020). CO2 flooding can not only protect the environment and reduce

greenhouse gases (Janna and Le-Hussain, 2020), but also has very

good oil displacement effect. It has unique technical advantages in

improving oil recovery and controlling water and oil production,

which has both economic and environmental benefits. However, due

to the low gas viscosity and heterogeneity of oil layers, especially some

unconventional reservoirs, natural fractures are developed and most of

them are put into production by fracturing in the process of CO2 injec-

tion development, it is prone to viscous fingering and channeling,

which seriously affects the recovery factor of CO2 flooding. Prevention

and control of channeling (Shen et al., 2021; Zhang et al., 2019) has

always been an important research direction to improve the effect of

CO2 recovery. Because of its unique advantages, foam fluid can

improve the apparent viscosity of gas, expand the swept volume, and

effectively reduce the relative permeability of gas (Lang et al., 2020;

Clark et al., 2018), so as to control the mobility of gas during CO2

injection (Sumaiti et al., 2017), solve the problem of fingering and

channeling, and enhance the effect of CO2 production increase. CO2

foam produces Jamin effect during the migration of porous media,

and increases the pore flow resistance (Sumaiti et al., 2017), which is

the key factor to control the gas mobility. Because foam transport in

porous media, especially oil displacement process, involves multiphase

interface changes and many topological structure changes, foam flow

in porous media is very complex.

At present, most of the research is based on physical experiments,

and some results with practical value have also been obtained. Physical

experiments mainly include core displacement experiments (Li et al.,

2021) (including sand-packs, artificial and natural cores) and micro-

scopic mechanism analysis by using visual equipment (Lv et al.,

2018), and mainly discuss three aspects: first, the unique physical prop-

erties of foam, including the high viscosity of foam, the selectivity of

foam to oil and water layers and permeability; Second, the mechanism

of foam enhanced oil recovery, including increasing swept volume and

oil washing efficiency; The third is the analysis of the influencing fac-

tors of foam displacement process, including permeability, oil satura-

tion and entrance effects. Most of the core experiments are

conducted by adding some solid particles, polymers, etc. to improve

the stability of CO2 foam (Wei et al., 2019; Bai et al., 2018; Wang

et al., 2020; Wei et al., 2020; Yao et al., 2020; Ibrahim and Nasr-El-

Din, 2019; Sakthivel et al., 2019; Lv et al., 2020). The increase in sta-

bility has indeed improved the oil displacement effect of CO2 foam. In

recent years, the application of CT (Shah et al., 2020) and NMR (Shi

et al., 2021) technology has also enriched the results of physical exper-

iments. Du Dongxing et al. (Dongxing et al., 2019)used CT technology

to visualize the transient CO2 foam displacement process, and con-

ducted dual energy CT measurement. Through obtaining dynamic

three-phase saturation distribution, they found that foam can promote

most of the liquid phase to the second half of the porous medium,

while the first half is less displaced, showing an obvious entrance effect

in the foam displacement process. Li Songyan et al. (Li et al., 2020)

used NMR to conduct an experimental study on the oil displacement

and oil control effect of CO2 oil-based foam in fractured low-

permeability cores, indicating that CO2 oil-based foam reduces the

mobility of CO2, making the oil displacement of the whole core rela-

tively increase. The visualization equipment used in the microscopic

mechanism analysis experiment includes: glass etching (or photolithog-

raphy) micromodel (Mingming Lv et al., 2018), microfluidic chip (Li

and Prigiobbe, 2020), 3D printing medium (Shojaei et al., 2018),

high-precision microscope, etc. It mainly analyzes and evaluates the

flow characteristics of CO2 foam in the micro model.
Because the formation environment is complex and changeable,

physical experiments often differ greatly from the actual situation of

the formation, we still need to carry out reasonable numerical simula-

tion to grasp more rules and qualitatively describe the process of CO2

foam flooding. At present, there are also sufficient models (Jian et al.,

2019; Kahrobaei and Farajzadeh, 2019; Almajid et al., 2019;

Mingming Lv et al., 2018) and simulation results on CO2 and foam dis-

placement, such as the population balance model for simulating foam,

but these models lack intuitive understanding of the CO2 foam dis-

placement process, and the action mechanism of the fine parts of the

pore throat is usually fuzzy, which can become a key part of the

description of foam displacement.

In this work, the micro-scale pore throat models were established,

and the interface changes were traced by using the level set and phase

field methods. The influence of injection rate, liquid phase viscosity,

surface tension, pore structure on the resistance of CO2 foam through

the pore throat and the influence of CO2 foam Jamin effect on enhanc-

ing oil recovery were investigated. These research results have certain

theoretical significance for the effective use of CO2 foam in oilfield

development.

2. Establishment of models

2.1. Mathematic model

The mathematical model is mainly based on the level set model
to track the changes of the interface, implicitly express the
interface as the zero-level set of the high one-dimensional level

set function, and reflect any signals about the structure topol-
ogy and the structure boundary into the zero-level set to meet
the needs of optimization conditions and drive the movement

of the zero-level set. Then the level set equation can be
obtained by topology optimization of the structure. The evolu-
tion process of the level set (Wang et al., 2019) is described as

follows:
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The Navier-Stokes equation with surface tension is:
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Where, the quantity / is the level set function; t is the time;

u! interface movement speed;l reinitialize parameters for the

interface;e is the interface thickness control parameter; n! is

the interface normal vector;q is the fluid density;g is the power
viscosity; where the subscripts l and g denote the liquid and gas
phases, respectively, for the gas phase,/ > 0.5, and the liquid

phase/ < 0.5; r u
* ¼ 0 is the continuity equation；Fsv


!
xð Þ is

the volumetric surface tension formed by equating the surface

tension to a finite thickness fluid range at the gas–liquid inter-
face;r is the surface tension coefficient; d is the Dirac func-
tion；I is unit matrix, p is pressure field.

Besides, In the comparison of water flooding and CO2 foam
flooding, the model builds comprehensive level set and phase
field method.
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2.2. Geometric model

In this paper, two geometric models are established. One is
used to study the Jamin effect and influencing factors of CO2

foam; The other is to analyze the displacement effect of CO2

foam;
As shown in Fig. 1, the diameter of the pore throat at the

left end is 200 lm, the diameter of the narrow pore throat at
the right end is 50 lm, and the bubble diameter is 160 lm.

In exploring the influencing factors of the Jamin effect, this
paper mainly selects a base point (yellow) of the model for
the study, obtains the pressure value at this point, and contin-

uously changes the magnitude of the flow rate, liquid phase
viscosity, surface tension and pore throat ratio to study the
relationship between the pressure and factors at this base

point. Fig. 2 shows two models, a and b. A is used to simulate
CO2 foam flooding, and b is used to simulate water flooding.
Both models are three-dimensional models generated by rotat-

ing in a two-dimensional plane. It can be seen from the figure
that the two models are almost the same, except that a CO2

foam with a radius of 9 mm is added in b.

2.3. Simulation process

2.3.1. Flow pattern selection

The simulation of Jamin effect is based on gas–liquid two-
phase laminar flow [24], and the N-S equation with surface ten-
sion term is used to further modify the gas–liquid surface ten-

sion, so as to achieve the effect of simulating foam.
In the analysis of CO2 flooding process, the three-phase

flow mode is selected, and the coupling calculation is carried
out by using the phase field method and the separated multi-

phase flow model.

2.3.2. Conditions setting

For model 1 (Fig. 1), the initial pressure velocity is 0 Pa, the
wall boundary condition is no slip, the gas is CO2, and the liq-
uid is water. The preset conditions: the surface tension is
0.005 N/m, the inlet is filled with water, the velocity is

0.001 m/s, the outlet pressure is 0 Pa, and the wall contact
angle is p/6. In the analysis of influencing factors, change
one of the parameters, and refer to this preset parameter for

other parameters. The total simulation time is 0.2 s.
For model 2 (Fig. 2), the initial pressure velocity is 0 Pa, the

wall boundary condition is no slip, the gas is CO2, the oil is

kerosene and the liquid is water. The preset conditions: the
interfacial tension between oil and water is 0.02 N/m, the inter-
facial tension between oil and gas is 0.03 N/m, and the interfa-

cial tension between gas and water is 0.018 N/m, the inlet is
filled with water, the velocity is 0.1 m/s, the outlet pressure is
0 Pa, the oil–water contact angle, oil–gas contact angle, and
200μm 160μm CO2 Water 

Fig. 1 Geometric mo
water–gas contact angle are all p/2. In the analysis of influenc-
ing factors, change one of the parameters, and refer to this pre-
set parameter for other parameters. The total simulation time

is 0.2 s.
The re-initialization parameter of the level set model is set

to 0.1 m/s.

2.3.3. Simulation content

Firstly, model 1 is used to carry out dynamic simulation of
Jamin effect of CO2 foam, and analyze changes in morphology

and pressure. Secondly, the effects of injection rate, surface
tension, liquid phase viscosity, surface tension and pore throat
structure on Jamin effect were analyzed by changing the

parameters. The simulation results were quantitatively charac-
terized, and the flow process was summarized and analyzed.

The model 2 is used to analyze the mechanism of CO2 foam

flooding. Under the same conditions, the change of residual oil
volume in the process of water flooding and CO2 foam flood-
ing is compared and analyzed. The calculation formula of
residual oil volume is as follows:

XN
i¼1

SoðiÞ=N ð4Þ

where, N represents the number of grid nodes, So represents
the volume fraction of oil phase, i represents one of the nodes.

In addition, the surface tension, the key parameter for foam

to play a role, is emphatically analyzed. Under different sur-
face tensions, the change of remaining oil is analyzed to obtain
the influence of foam with different properties on CO2 foam

flooding.

3. Simulation results and discussion

3.1. Dynamic simulation of CO2 Jamin effect

Fig. 3 shows that the diameter of CO2 foam is larger than the
diameter of the rear half pore throat, and the foam starts to
deform and stretch gradually when it touches the narrow pore
throat driven by the driving fluid, at this time the bubble is

smaller than the radius of curvature of the back-end foam
because the radius of curvature of the front end of the
deformed foam, so the resistance is generated through the pore

throat because of the Jamin effect based on Laplace’s equa-
tion, and the foam needs to overcome additional resistance
under the action of the pressure difference between the two

ends when passing through the pore throat. When the pressure
of the driving fluid is greater than the resistance, the foam
moves forward, and the resistance is related to the curvature

radius of the foam before and after deformation. In other
words, the greater the pressure of the driving fluid, the greater
the deformation and stretching of the foam. In fact, in both
 

50μm 

del of Jamin effect.



Fig. 2 Geometric model of oil displacement effect.

Fig. 3 Simulation process of Jamin effect.
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uniform and inhomogeneous media, countless tiny foams also

produce superimposed Jamin effect, which prevent the foam to
pass through (Li et al., 2015; Nguyen et al., 2014). When
enough foam enters in the high permeability layer, the Jamin

effect has a blocking effect, forcing the foam to move to the
low permeability layer, driving the crude oil in the low perme-
ability layer, making the inlet profile more uniform in both
high and low permeability layers, especially in fractured reser-

voirs with CO2 injection (Singh and Mohanty, 2017; Seddiqi
et al., 2023; Songyan, et al., 2008; Xu et al., 2020; Sun et al.,
2015), it can control the gas channeling of CO2. It has an

important role in increasing the recovery of medium and low
permeability reservoirs.

It can be seen in Fig. 4 that the pressure of CO2 foam rises

rapidly to the highest point when it first enters the narrow pore
throat, and the pressure gradually tends to a stable state at the
highest point during the process of CO2 foam completely
Fig. 4 Pressure variation in Jamin effect process with time.
entering the small pore throat from the large pore, and the

pressure drops rapidly when the foam completely passes
through the narrow pore throat, even down to a negative pres-
sure of 120 pa. This also microscopically illustrates the mech-

anism by which the foam can achieve negative pressure
operation. Besides, the corresponding moments (yellow dots)
are consistent with those in Fig. 3, which are 0.02 s, 0.05 s,
0.08 s, 0.10 s, 0.13 s and 0.16 s respectively.

3.2. Influence of injection rate on CO2 Jamin effect

The geometric model is as Fig. 1, the gas is CO2, the liquid is

water, set the surface tension 0.005 N/m, the wetting angle is
p/6, change the injection rate to 0.001 m/s,0.005 m/s,
0.010 m/s, 0.020 m/s, and analyze the effect of injection rate

on the CO2 Jamin effect is analyzed, and the simulation results
are as follows.

According to the comprehensive analysis in Figs. 5 and 6,

with the increase of injection rate and injection pressure, the
time of deformation of the CO2 foam and the time of passing
through the narrow pore throat are shortened. At the same
time, the greater the injection rate, the greater the deformation

of the CO2 foam. Therefore, when the CO2 foam passes
through the narrow pore throat, the greater the capillary resis-
tance that needs to overcome the Jamin effect, and the greater

the starting pressure (black dotted line arrow). When the injec-
tion rate is low, the pressure will rise slowly, but with the
increase of the injection rate, the pressure rise trend will

decrease, or even directly rise to the maximum value
(0.02 m/s). The CO2 foam passes through the narrow channel
in a very short time, and when it completely enters the channel,

the pressure begins to decline, and the greater the injection
rate, the shorter the time it takes to decline to the minimum
value. When the CO2 foam passes through the channel, it
deforms and needs to overcome the shear stress, so it will gen-

erate pressure, and the pressure will gradually rise. When the
foam completely passes through the narrow channel, the pres-
sure will no longer rise, and it will reach a plateau value and

tend to be stable, but the stable value of the pressure is always



Fig. 5 Simulation diagram at different flow rates (T = 0.01 s).
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Fig. 7 Pressure variation with time at different injection rate.
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smaller than the maximum value, which is also consistent with

the macro displacement experiment process (the pressure will
rise first and then decline and tend to be stable). In general,
the greater the injection rate, the greater the maximum pres-
sure generated and the greater the stable value of pressure.

In order to further clarify the influence of injection rate on
pressure, the relationship between maximum pressure and
injection rate is analyzed, as shown in Table 1, Fig. 7.

Table 1 and Fig. 7 show that the maximum pressure
increases with the increase of injection rate during the CO2

foam transport, and the trend line is obtained by fitting the

data through the least squares method, which shows that the
Jamin effect is positively correlated with the injection rate,
and the higher the injection rate of the foam when passing

through the narrow pore throat, the higher the resistance of
the Jamin effect.
Table 1 Relationship between injection and corresponding

maximum pressure.

Injection rate（m/s） Maximum pressure（Pa）

0.001 153.9

0.005 173.4

0.01 190.56

0.02 279.34
3.3. Effect of liquid phase viscosity on the CO2 Jamin effect

The geometric model is as Fig. 1, the gas is CO2, the liquid
phase is water, set the surface tension 0.005 N/m, the injection

rate is 0.001 m/s, the wetting angle is p/6, change the viscosity
of the liquid phase to 0. 05 Pa.s, 0. 10 Pa.s, 0. 50 Pa.s, 1. 00 Pa.
s. The effect of liquid phase viscosity on the Jamin effect is
analyzed and the simulation results are as follows.

According to the analysis in Fig. 8 and Fig. 9, the front end
of the foam can only pass through the narrow channel if the
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Table 2 Relationship between liquid viscosity and corre-

sponding maximum pressure.

Liquid viscosity（Pa.s） Maximum pressure（Pa）

0.05 407.17

0.1 676.8

0.5 2903.91

1 5775.79
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corresponding deformation occurs. At the same time, the CO2

foam enters the narrow pore throat under the driving force.
With the increase of the liquid viscosity, the strength of the

foam liquid film is greater, and the deformation of the foam
is more difficult. The greater the resistance of Jamin effect that
needs to be overcome, the greater the pressure generated.

When the CO2 foam enters the narrow channel, the instanta-
neous starting pressure reaches the peak, After the foam com-
pletely enters the narrow channel, the pressure will drop and

gradually reach the lowest value because it no longer needs
to overcome the larger capillary resistance. As the CO2 foam
cannot completely pass through the narrow throat in a short
time, some bubbles have to overcome the resistance of Jamin

effect, and the pressure generated gradually rises. The greater
the liquid viscosity is, the greater the maximum and minimum
pressure values are. It can be seen from the pressure change

amplitude in Fig. 8 that the liquid viscosity has a greater
impact on the starting pressure of foam and a smaller impact
on the pressure at the time of passing through the throat. It

can be seen from the comparison of Fig. 7 that it has little
impact on the shape change of foam, and also has a smaller
impact on the speed of passing through narrow channels.

In order to further clarify the influence of liquid viscosity
on pressure, the relationship between maximum pressure and
liquid viscosity is analyzed, as shown in Table 2, Fig. 10.

Fig. 10 show that the maximum pressure increases with the

increase of liquid viscosity during the CO2 foam transport, and
the trend line is obtained by fitting the data through the least
squares method, which shows that the Jamin effect is positively

correlated with the liquid viscosity, and the higher the liquid
viscosity of the foam, the higher the resistance of the Jamin
effect.

3.4. Effect of surface tension on CO2 Jamin effect

The geometric model is as Fig. 1, the injection rate is 0.001 m/

s, the wetting angle is p/6. By changing the surface tension to
0.001 N/m, 0.002 N/m, 0.005 N/m, 0.010 N/m, the simulation
results are as follows.

Fig. 11 shows the shape of CO2 foam under different sur-

face tensions at the same time (0.008 s). It can be seen that
there is little difference in shape. Fig. 12 shows the comparison
of the pressure with time at different surface tension during the

transport process, and it can be seen that the greater the sur-
face tension, the greater the maximum pressure, and the smal-
ler the minimum pressure. In other words, the greater the

amplitude of the pressure. However, it can be seen from the
yellow area that the surface tension has little effect on the time
Fig. 8 Simulation diagram at differ
of entering the narrow channel (once entering the channel, the
pressure starts to drop sharply).

In order to further clarify the influence of surface tension

on pressure, the relationship between maximum pressure and
surface tension is analyzed, as shown in Table 3, Fig. 13.

Table 3 and Fig. 13 show that the maximum pressure

increases with the increase of surface tension during the CO2

foam transport, and the trend line is obtained by fitting the
data through the least squares method, which shows that the
Jamin effect is positively correlated with the surface tension,

and the higher the surface tension of the foam when passing
through the narrow pore throat, the higher the resistance of
the Jamin effect.
ent liquid viscosity (T = 0.05 s).
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3.5. Effect of pore structure on the CO2 Jamin effect

In order to study the influence of pore throat diameter on CO2

Jamin effect, based on the geometric model in Fig. 1, the size
of the left end channel remains unchanged (200 l m), change
the size of the right end channel, and design four groups of

models with pore throat ratio (the size of the left end is larger
than the right end), which are 5:1, 3.3:1, 2.5:1 and 2:1 respec-
tively. The simulation results are shown in Fig. 14.

Similarly, in order to further clarify the relationship

between the pore throat ratio and the pressure, the relationship
between maximum pressure and pore-throat ratio is analyzed,
as shown in Table 4, Fig. 15.

It can be seen in Table 4 and Fig. 15 that the maximum
pressure gradually decreases as the pore throat ratio decreases.
The diameter of the left end channel is fixed, while the diameter

of the right end channel gradually increases. Because the wet-
ting angle is unchanged, the larger the diameter of the channel,
the greater the radius of curvature, the weaker the CO2 Jamin

effect, and the smaller the resistance. According to the least
square fitting curve, the pore throat ratio is also positively cor-
related with the pressure, so the radius of curvature is nega-
tively correlated with Jamin resistance.

3.6. Oil displacement mechanism of CO2 foam

In order to study the effect of CO2 foam Jamin effect on

enhancing oil recovery, water flooding and CO2 foam flooding
models were established respectively, the only difference
between the models is that foam flooding is a three-phase flow
Fig. 11 Simulation diagram at dif
and water flooding is a two-phase flow, other conditions are
the same. The process of CO2 foam flooding and water flood-

ing are compared and analyzed, and finally the results are pro-
cessed to calculate the volume fraction of remaining oil
according to Formula 4 and compare the oil flooding efficiency

of CO2 foam flooding and water flooding.
ferent surface tension (0.008 s).



Table 3 Relationship between surface tension and corre-

sponding maximum pressure.

Surface tension（N/m） Maximum pressure（Pa）

0.001 33.50

0.002 62.06

0.005 149.06

0.010 298.56

Table 4 Relationship between pore throat ratio and corre-

sponding maximum pressure.

Pore-throat ratio Maximum pressure（Pa）

4:1 149.06

10:3 134.49

5:2 107.49

2:1 87.50
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Fig. 15 Variation of maximum pressure with pore throat ratio.
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Table 5 shows the dynamic phase distribution results of the

central cross section (2D) of the two 3D models. It can be seen
from the simulation comparison that the topological structure
will change during the CO2 foam oil displacement process, and

it will continue to deform and burst, which is consistent with
some results in the experiment. The CO2 foam deforms
through the narrow channel, the oil, gas and water begin to

contact, the three-phase interfacial tension changes, the front
end of the CO2 foam deforms, and the foam is stretched.
Due to the behind of the lamella, it even snaps off (Radke
and Ransohoff, 1985; Liu and Grigg, 2005). With the increase

of pressure, the foam gradually passes through the pore throat,
producing Jamin effect. The flow resistance increases, and the
movement process of the CO2 foam becomes more difficult. At

this time, there will be greater resistance, which will reduce the
channeling of the water phase because of the occupation
behavior of foam, then the oil phase is carried out of the pore

throat. The pressure on the pore wall also increases and
because of foam is similar to ‘‘deformable piston flow”, The
driving mode of wall oil is extrusion and scraping, which wraps

the oil phase and moves toward the displacement direction.
Especially after passing through the narrow channel, it still
has a certain oil displacement effect on the subsequent wider
channel because of the ‘‘negative pressure drainage” mecha-

nism of foam. In comparison, the process of water flooding
is relatively simple and the pressure distribution is basically
stable, which only washes the oil on the water channel, while

the oil outside the channel can rarely be driven.
In order to better compare and analyze the displacement

effect of CO2 foam and water, the dynamic residual oil volume

of the two models is statistically analyzed according to For-
mula 4. The results are shown in the figure below.

Fig. 16 shows the volume fraction of residual oil during dis-
placement, the reason for the lower oil displacement efficiency

at the beginning of the foam flooding compared with the water
flooding is that the water flooding does not require any prepa-
ration and starts displacement directly, while the foam flood-

ing needs a period of time to deform under the pressure for
a period of time, and this deformation also needs a certain
amount of time, and the oil displacement efficiency is signifi-
Ri=5:2 

Ri=4:1 

Fig. 14 Simulation diagram of Jamin e
cantly higher after the foam deformation compared with the
water flooding, and the foam flooding relies on the Jamin

effect of the foam, which can also be seen from the total vol-
ume ratio of the oil phase, and the foam flooding does improve
the recovery of crude oil. As this simulation only simplifies the

oil displacement process of one bubble, the oil recovery of
foam flooding in the figure is 9% higher than that of water
flooding, which is already very high(Du et al., 2016; Li et al.,

2016).
According to a large number of experimental studies, in the

process of CO2 foam flooding, the performance of foam has a
greater impact on the oil displacement effect, and the different

interfacial tension between oil and water caused by different
surfactants can reflect the different performance of foam.
Therefore, we focus on the analysis of the influence of oil–wa-

ter interfacial tension on the CO2 foam displacement effect.
Fig. 17 shows the phase distribution of CO2 foam flooding

at the same time (0.15 s) under different oil–water interfacial

tensions. It can be seen that the smaller the interfacial tension
Ri=10:3 

Ri=2:1 

ffect with different pore throat ratio.
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Simulation research on Jamin effect and oil displacement mechanism 9
between oil and water, the easier the foam will break and pro-

duce more small bubbles, and the broken foam will be easier to
attach to the wall of the pore throat, replacing more oil on the
wall, and the better the oil displacement effect. Similarly, the
dynamic volume fraction of residual oil volume under different

oil–water interfacial tension is statistically analyzed.
As can be seen from Fig. 18, in the first 0.14 s, the volume

fraction of remaining oil decreases rapidly, and the oil is dis-

placed out in large quantities. However, under different oil–
water interfacial tensions, the volume fraction of remaining
oil has little difference, mainly because the early oil displace-

ment is mainly to displace the oil in the pore channel before
passing through the pore throat, and the foam performance
has little impact on oil displacement. After 0.14 s, it is mainly
reflected in the displacement of oil on the front and rear walls

by foam, which is closely related to the performance of foam.
By magnifying the subsequent curve (0.12 s � 0.20 s), it can be
seen that when the interfacial tension reaches 0.0001 N/m and

0.000001 N/m, the oil displacement efficiency has significantly
increased, which corresponds to the two dividing points of low
interfacial tension and ultra-low interfacial tension, which is

consistent with the relevant experimental results.
In order to better analyze the influence of oil–water interfa-

cial tension on the CO2 foam oil displacement effect, we have

drawn the curve between oil–water interfacial tension and the
final remaining oil, as shown in Fig. 19. The abscissa is the log-
arithmic coordinate.

From Fig. 19, it can be seen that as the interfacial tension

decreases, the overall remaining oil shows a downward trend.
Specifically, it can be divided into three stages. The first stage
represents a significant decrease in the remaining oil after add-

ing a general foaming agent in the oil displacement process
(without foaming agent, the interfacial tension between oil
and water is generally 0.02 N/m). The second stage represents

that as the interfacial tension decreases, the remaining oil does
not change significantly. After entering the third stage, the
remaining oil has sharply decreased, which represents the sig-
nificant impact of low interface (0.0001 N/m) and even ultra-



Fig. 17 Simulation results under different oil–water interfacial tensions (0.15 s).

Fig. 18 Volume fraction of residual oil under different oil–water interfacial tension.
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low interface tension (0.000001 N/m) surfactants on oil dis-
placement efficiency.

4. Conclusion

(1) The Jamin effect of foam in formation is visually analyzed through

simulation. When the CO2 foam passes through the narrow pore

throat, it generates additional resistance, and the foam can pass

through the pore throat only when the forward and backward pressure

difference is greater than the additional resistance, the pressure of CO2

foam rises rapidly to the highest point when it first enters the narrow

pore throat, and the pressure gradually tends to a stable state at the

highest point during the process of CO2 foam completely entering

the small pore throat from the large pore, and the pressure drops

rapidly when the foam completely passes through the narrow pore

throat. In fact, the foam will generate superimposed Jamin effect to

seal the high permeability layer in the formation.

(2) With the increase of injection rate, the resistance of CO2 Jamin

effect increases, the maximum pressure also increases, and the stable

value of pressure also increases; with the increase of liquid phase vis-

cosity, the strength of foam liquid film increases, the resistance of

Jamin effect increases, and a maximum pressure and a minimum pres-

sure are generated, and their values will both increase.

(3) CO2 Jamin effect resistance is positively correlated with surface

tension, the greater the surface tension, the more difficult it is for the

foam to deform and the greater the driving force required, the simula-

tion results also clearly show that as the surface tension increases, the

maximum pressure increases. CO2 Jamin effect resistance is negatively

correlated with the radius of curvature, the simulation results show

that the larger the radius of curvature, the smaller the Jamin effect

resistance.

(4) The effect of CO2 foam Jamin effect on enhancing oil recovery

was analyzed by comparing the process of CO2 foam flooding and

water flooding. The topological structure will change during the CO2

foam oil displacement process, and it will continue to deform and

burst. Due to Jamin effect, CO2 foam can displace the oil tapped on

the wall, and the oil recovery of foam flooding is 9% higher than that

of water flooding. The smaller the oil–water interfacial tension is, the

more CO2 foam displacement is, especially when the ultra-low interfa-

cial tension is reached.
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