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a b s t r a c t

Gas channeling in formations is a primary factor affecting the effectiveness of gas flooding and CO2 geo- 
storage. Current dominant methods for controlling gas channeling include water-alternating-gas in
jection and foam flooding, among others. This study proposes an innovative approach using an aerosol 
system to manage gas channeling in low-permeability reservoirs. Through ANSYS simulation, an 
effervescent aerosol generator was selected and optimized. Two surfactants, sodium dodecyl sulfate and 
polyoxyethylene (20) cetyl ether, were employed to assist aerosol generation. Core flooding experiments 
were conducted to investigate the flow characteristics of aerosols in porous media and revealed that the 
liquid phase content significantly influenced flow pressure. For instance, in a water aerosol system with 
a total mass flow rate of 5.5 mg/s, increasing the liquid–gas flow ratio from 0.2 to 0.8 resulted in an 
approximately 53% rise in balance pressure and an 185% increase in the resistance factor. Nuclear 
magnetic resonance scanning was used to examine aerosol distribution patterns with and without 
surfactants. In water aerosol injections, aerosols preferentially occupied pores with radii of 
0.16–0.83 μm, whereas surfactant-assisted aerosols predominantly entered pores with radii of 
0.04–0.21 μm, indicating that the addition of surfactants enhances injectability and blocking capacity.
© 2026 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This 

is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Introducing CO2 into reservoirs has proven to be an efficient 
method to enhance oil recovery (EOR) while simultaneously 
allowing for the geo-storage of CO2 (Zhang et al., 2024). However, 
when CO2 is injected alone, gas channeling and viscous fingering 
frequently occur, thereby negatively impacting both enhanced oil 
recovery and geo-storage.

At present, the application of mature methods for the preven
tion of gas channeling includes water-alternating-gas (WAG) in
jection and foam flooding  (Chen et al., 2024; Khan et al., 2016; 
Roozbahani et al., 2024; Sun et al., 2021; Wang et al., 2023; 

Wang et al., 2017). Both methods have been shown to reduce gas 
permeability by lowering gas saturation within the flow channel 
and utilizing capillary forces at the gas–liquid interface (Ren and 
Duncan, 2021; Yan et al., 2017). The concept of WAG technology 
was initially proposed in the 1960s and has since been extensively 
implemented (Kumar and Mandal, 2017). Several elements influ
ence the success of WAG injection in averting gas channeling, such 
as the gas's composition (Wang et al., 2021), the ratio of water to 
gas (Vivek et al., 2017), the water phase's salinity (Chaturvedi et al., 
2021), the reservoir's heterogeneity (Spiteri and Juanes, 2006), the 
tension and interfacial viscoelasticity at gas–liquid interface, along 
with the initial viscosity of the crude oil in the subsurface and CO2's 
role in reducing viscosity (Abdurrahman et al., 2021). In typical 
WAG implementation, the gas–water ratio is often set at 1. How
ever, some studies suggest that the optimal gas–water ratio for 
actual reservoirs ranges from 0.6 to 0.8. This ratio exceeds the 
values observed in core tests and those typically employed in most 
conventional oil fields. The underlying reason for this phenomenon 
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is attributable to the heterogeneity of the reservoirs, which enables 
the migration of gas through the reservoirs (Wei et al., 2021). The 
addition of surfactants to WAG has been demonstrated to promote 
foam formation and reduce interfacial tension, thereby enhancing 
CO2 utilization efficiency  compared to traditional WAG injection 
(da Silva et al., 2022). Additionally, foam flooding  is also a 
commonly used technique for preventing CO2 gas channeling. 
Foam can be defined as a dispersed system of gas within a liquid. In 
comparison with CO2, foam demonstrates increased viscosity and 
the capacity to reduce gas permeability through the Jamin effect, 
thereby enhancing volumetric sweep efficiency  (Simjoo et al., 
2013).

Nevertheless, both WAG and foam flooding  face numerous 
challenges in practical applications. Firstly, in low-permeability 
reservoirs, high injection pressures or even difficulties in water in
jections arise, resulting in the poor effectiveness of WAG and foam 
flooding  in such formations (Rostami et al., 2026). Secondly, the 
massive injection of fluids into reservoirs can cause swelling of clay 
minerals within the rock, damaging the reservoir (Cho et al., 2021). 
Finally, the compressibility of gas renders the control of the 
gas–liquid ratio a challenging task, a problem that is particularly 
severe in the context of foam flooding. Consequently, controlling gas 
channeling while reducing the water phase content in the injection 
system remains a critical challenge in CO2 flooding technology.

Aerosols can be defined as relatively stable polydisperse systems 
formed by liquid or solid particles suspended in a gas (Kokhanovsky, 
2013; Dubovik et al., 2019), with particle sizes ranging from 0.001 to 
100 μm (P€oschl, 2005). It is evident that there is a multitude of 
natural aerosol systems present within the environment 
(Choudhury et al., 2019; Lin et al., 2021). Concurrently, anthropo
genic activities result in the generation of diverse types of aerosols, 
encompassing solid particulate matter produced during combus
tion processes (Wang et al., 2022). The physical properties of aero
sols, including but not limited to particle shape, concentration, and 
size distribution, significantly influence their dynamics and stabil
ity. For liquid particle aerosols, the interaction between particle 
concentration and particle size distribution has been shown to 
collectively influence  aerosol condensation and deposition (Hinds 
and Zhu, 2022). The condensation rate is directly proportional to 
the square of the particle concentration. It has been demonstrated 
that higher concentrations have a direct impact on the rate of par
ticle collisions and the process of condensation. This, in turn, results 
in a consequential alteration to the size distribution. In the case of 
particles of minimal size, intense Brownian motion facilitates col
lisions. As the particle size increases, Brownian motion weakens, 
reducing collisions. However, further increases in particle size have 
been shown to enhance inertia, thereby rendering particles less 
responsive to airflow turns and more prone to collisions. Further
more, the particle shape also influences  aerosol settling (Lv and 
Zhao, 2022). It is evident that non-spherical particles characteris
tically manifest augmented drag and diminished settling velocities 
in comparison to their spherical counterparts of equivalent volume. 
However, due to the presence of surface tension, liquid particles 
generally assume a spherical shape.

Traditional aerosol preparation techniques include impinging 
atomization, pressure atomization, and twin-fluid  atomization 
(O'Sullivan et al., 2019). Impinging atomizers are simple in struc
ture and inexpensive, but they generate aerosols with larger par
ticle sizes and uneven distributions. Pressure atomization 
produces smaller droplets with narrower distributions; however, 
it is highly sensitive to liquid viscosity and requires higher pres
sures to generate fine droplets. The employment of twin-fluid at
omization facilitates the attainment of precise control over a range 
of parameters, including droplet size distribution, atomization 
cone angle, spray momentum, and flow  rate. However, the 

complex structure necessitates the implementation of two sets of 
pipelines, resulting in increased costs and substantial gas con
sumption. In addition to the three conventional aerosol prepara
tion techniques outlined above, alternative methods have been 
proposed (Zhao et al., 2025; Lwin et al., 2020). The effervescent 
atomization technology developed in the late 1980s has gained 
widespread application due to its advantageous properties, 
including low gas flow  requirements, strong adaptability, insen
sitivity to viscosity, and simple structure (Ochowiak et al., 2018). 
The principle behind this process involves the simultaneous in
jection and mixing of gas and liquid to form a stable bubble flow 
that is ejected from the outlet. Upon ejection, the bubble un
dergoes rapid expansion, collision, and rupture due to the drastic 
change in pressure difference between its interior and exterior. 
The process entails the fragmentation of the liquid phase into tiny 
droplets, which are then dispersed into the gas (Sun et al., 2018).

The Jamin effect, generated by the interaction of droplets and gas 
within aerosols, can regulate gas flow and control gas channeling. A 
comparison of aerosol systems with WAG and foam flooding reveals 
that the former can achieve lower water content and higher gas 
content. In recent years, a significant  number of scholars have 
investigated the phenomenon of aerosol flow in porous media. 
However, most of these studies have focused on the transport of 
aerosols in soil (Hall et al., 2016; Chen et al., 2022). Moreover, the 
application of aerosols in petroleum development remains largely 
unexplored. Wang et al. (2025) reported a novel CO2 aerosol foam 
system (CAFS). In comparison with conventional CO2 foam systems 
(CF), CAFS enhances foam uniformity and stability through the 
incorporation of aerosol, thereby increasing recovery rates by 10.45%.

In this paper, we utilized ANSYS to design and optimize the 
structure of an effervescent aerosol generator. The objective of this 
study was to undertake an investigation into the effects of injec
tion parameters and interfacial properties of the aerosol on the 
regulation of seepage pressure within porous media. To this end, 
an experimental approach was adopted, involving the injection of 
aerosol into rock cores. Moreover, nuclear magnetic resonance 
analysis methods were employed to characterize the influence of 
water saturation on seepage resistance. The conclusions drawn 
from this work contribute to understanding the flow characteris
tics of aerosols in porous media and provide insights for their 
application in petroleum development and carbon storage.

2. Materials and methods

2.1. Materials

Ammonium chloride (NH4Cl) and anionic surfactant sodium 
dodecyl sulfate (SDS) were purchased from Sinopharm Chemical 
Reagent, Shanghai, China. Nonionic surfactant polyoxyethylene (20) 
cetyl ether (C16E20) was purchased from Sigma Aldrich, Shanghai, 
China. Methanol was purchased from Merck, Germany. Distilled 
water was homemade using YL-100BU laboratory ultrapure water 
machine. The gas used in the experiment was 99.9% pure CO2, 
purchased from Qingdao Tianyuan Gas Manufacturing Co.

Importantly, to inhibit the entry of the aqueous phase into the 
core, which causes clay swelling and alters the pore structure of 
the core, all experimental aqueous phases contained a 0.748 mol/L 
NH4Cl solution. All other systems containing surfactants were 
prepared using this liquid phase.

2.2. Surface tension and interface modulus measurements

Surface tension and interfacial modulus were measured using 
the droplet profile  analyzer DSA100 with droplet oscillation 
module via small-amplitude low-frequency oscillations. The 
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surface tension was determined by immersing a stainless-steel 
capillary tube in a quartz cuvette filled  with CO2 and extruding 
an aqueous-phase droplet of a specified  size at the tip of the 
capillary tube using an injection system. Subsequently, the droplet 
surface area was modified in sinusoidal signal mode (frequency is 
0.1 Hz) via the droplet oscillation module, and the corresponding 
dynamic surface tension was quantified and documented by the 
software provided with the instrument. The recorded data were 
processed using the instrument's built-in data analysis software, 
which automatically calculated the corresponding interfacial 
modulus. During the oscillation process, the rate of change of the 
droplet interfacial area was maintained at 2%, and the experiment 
was conducted at room temperature.

2.3. Aerosol generator models and simulation methods

ANSYS simulation software was employed to complete the 
modelling and structural optimization of the aerosol generator. 
The design of the aerosol generator model was accomplished 
through the utilization of SpaceClaim module, which facilitated 
the simplification of the 3D model and the extraction of the fluid 
domain. Subsequently, mesh generation was conducted in Mesh 
module. The meshed model was imported into Fluent module for 
simulation. The multiphase flow  model employed the Eulerian 
model, with CO2 designated as the primary phase and water as the 
secondary phase. The standard k–ε model was selected as the 
turbulence model. The inlets were configured as mass flow inlets, 
and the outlet as a pressure outlet. The solver method that was 
selected was the Coupled algorithm. The pressure term equation 
selected was PRESTO!, while all other equations employed first 
order upwind schemes.

Jiangsu Haian Petroleum Technology Instrument Co., Ltd. was 
commissioned to manufacture the aerosol generator based on the 
optimized structural diagram.

2.4. Core flooding experiments

(1) Pre-treatment: The experiments were conducted using Berre 
sandstone cores (cylindrical, 10±0.08 cm long, 2.5±0.02 cm in 

diameter). To eliminate any salt contamination, the cores 
were meticulously washed in a Soxhlet setup under reflux 
conditions with methanol for 2 d before each experiment. 
After washing, the cores were heated at 100 ◦C in an oven for 
12 h, then cooled and set aside for later use.

(2) Parameter settings: The core was inserted into the core 
holder, and the incubator temperature was set to 40 ◦C. The 
confining  pressure of the core holder was set to 6 MPa. It 
was ensured that the confining pressure exceeded the inlet 
pressure by at least 3 MPa to close the gap between the core 
and the core holder. Simultaneously, a back pressure of 
1 MPa was applied at the outlet of the core holder. All sub
sequent pressure data represents pressure values after 
subtracting back pressure.

(3) Flooding experiments: The CO2 cylinder was opened, and the 
flow  rate was adjusted to the desired value using the flow 
controller. CO2 was then injected into the core till the pressure 
stabilized, and the initial permeability k1 of the core was 
calculated based on the pressure. Subsequently, the pump was 
activated, and the liquid flow  rate was adjusted to ensure 
thorough mixing of water and CO2 within the aerosol generator. 
The resulting aerosol was injected into the core until the pres
sure gradually stabilized. At this point, the aerosol permeability 
k2 was calculated based on the average pressure value.

(4) Post-processing: To prevent NH4Cl and surfactants from 
accumulating in the pores and interfering with the experi
ment, the core was cleaned again following the procedure 
described in Step (1).

The experimental setup is depicted in Fig. 1.
According to Darcy's law 

kg =
2Q0p0μL

A
(
p2

1 − p2
2

) (1) 

where kg is the gas permeability; p1 is the inlet pressure; p2 is the 
outlet pressure; p0 is the atmospheric pressure; μ is the gas vis
cosity; Q0 is the volumetric flow rate of the gas at p0; A is the cross- 
sectional area of the core; and L is the length of the core.

Fig. 1. Schematic illustration of core flooding set-up.
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The initial permeability k1 and aerosol permeability k2 can be 
obtained from Eq. (1). The drag factor is defined as the ratio of the 
permeability calculated when CO2 and aerosols flooding are uti
lized during the experiments, and its can be deduced from Eq. (1)
with the following results: 

k1
k2

=
p2

21 − p2
22

p2
11 − p2

12

(2) 

where p11 and p12 are the initial inlet and outlet pressures; while 
p21 and p22 are the subsequent inlet and outlet pressures. 

Considering this research primarily concentrates on the dispersal 
and movement properties of aerosols in porous materials, the 
proportion of CO2 to the aerosols' viscosity in Eq. (2) disregards.

2.5. Nuclear magnetic resonance (NMR) scanning

MacroMR12-150-1, a large-aperture nuclear magnetic reso
nance imaging analyzer, serves as the experimental tool to 
examine the variations in the two-phase distribution and satura
tion of water and gas in the pores at various core scales during 
aerosols core injection processes.

Fig. 2. Cross-sectional views and simulation results of internal mixing twin-fluid aerosol generator (a), effervescent generator (b), and improved effervescent generator (c). Water 
mass flow rate was 80 g/s, LGR is 100.

Fig. 3. Simulation results of aerosol generators with different CO2 outlet diameters.
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The core flooding  experiments employed NMR. At different 
intervals after starting, the experiment was temporarily halted. 
Following the extraction of the core, an NMR scan was conducted. 
Following this, the core was placed back at the pressure-tapped, 
and the experiment persisted until it was fully completed.

For the NMR characterization, only the water and C16E20 sys
tems were investigated. This is because the anionic surfactant SDS 
is known to adsorb easily onto sandstone surfaces, which could 
complicate the interpretation of the phase distribution patterns.

3. Results and discussion

3.1. Structural design and parameter optimization of the aerosol 
generator

3.1.1. Type selection
Among the various aerosol preparation methods, gas-assisted 

atomization is the most used. This category encompasses twin- 
fluid  methods and effervescent methods. The twin-fluid  method 
includes internal and external mixing. The external mixing 
approach fails to converge during computational modeling because 
the gas and liquid share a common inlet. The design of the internal 
mixing twin-fluid  aerosol generator is outlined in Fig. 2(a). This 

device utilizes a Venturi tube structure. The chosen cross-section is 
a longitudinal section through the centerline (as below). The total 
length of the model is 176 mm. The CO2 inlet and outlet diameters 
are 32 and 36 mm, respectively, while the liquid inlet diameter is 
3 mm. The four liquid inlets are spaced at 90◦ intervals. Meanwhile, 
based on studies by Broniarz-Press et al. (2010) on effervescent 
atomization, an effervescent aerosol generator was modeled. Its 
structural cross-section is illustrated in Fig. 2(b). The model's di
mensions are as follows: its length is 50 mm, and its diameter is 
35 mm. The CO2 outlet is 1 mm in diameter, with four outlets 
positioned at 90◦ intervals. The diameter of each outlet is 3 mm, and 
the outer flow region extends 100 mm in length with a diameter of 
25 mm. The liquid inlet mass flow rate is fixed at 80 g/s, with the 
liquid–gas mass flow ratio (LGR) ranging from 1 to 1000.

Fig. 2 shows the results of the simulation at an LGR of 100. Despite 
the twin-fluid  aerosol generator's capacity to enable independent 
control of CO2 and liquid inlet flows, its convergence is observed to 
occur exclusively at specific  flow  rates within a relatively con
strained range. Furthermore, issues such as uneven liquid dispersion 
result in suboptimal atomization performance. The effervescent 
aerosol generator demonstrates exceptional convergence proper
ties; however, the cylindrical mixing chamber leads to the accu
mulation of CO2 and liquid, which hinders bubble flow generation. 

Fig. 4. Simulation results for aerosol generators with different numbers of CO2 outlets.

Fig. 5. Simulation results of aerosol generators with different CO2 outlet angles.
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Furthermore, given the impact of relative velocities of CO2 and liquid 
outside the CO2 outlet on liquid shear within the CO2, the mixing 
chamber underwent modification from its original cylindrical shape 
to a tapered design, as illustrated in Fig. 2(c). The number of gas 
outlets was adjusted to eight, with each outlet measuring 3 mm in 
diameter. The overall length of the generator is 102 mm, the gas 
chamber inner diameter is 10 mm, and the wall thickness is uni
formly 2 mm. The external diameter of the generator is 22 mm. The 
simulation results indicate that the improved generator exhibits 
superior convergence, supports a wider range of LGR, and effectively 
mitigates the accumulation of gas and liquid phases within the 

mixing chamber. Consequently, this configuration was chosen for 
subsequent structural optimization.

3.1.2. Structural optimization
The location of gas–liquid contact impacts simulation results, 

so the CO2 outlets' diameter, number, and distribution pattern 
were optimized. Initially, the impact of the CO2 outlet diameter on 
the flow field within the generator was examined. The outlet di
ameters were set to 1, 2, and 3 mm. The mass flow rate of water 
was fixed at 80 g/s, and the CO2 mass flow rate was adjusted to 
vary the LGR within the range of 1–1000 (same below). The results 
are displayed on Fig. 3.

As the flow rate of CO2 increases, the liquid content within the 
flow domain gradually decreases. When the LGR drops to 1, water 
fails to enter the mixing chamber smoothly. The findings  of the 
simulation indicate that for both aerosol generators with outlet 
diameters of 1 and 2 mm, the liquid phase has difficulty shearing 
the CO2 at the outlet. This finding  also indicates that aerosol 
generators with larger outlet diameters offer a broader flow rate 
adaptability range. Considering the complexity of liquid-phase 
shearing of the CO2 and the need to regulate outlet velocity for 
optimal two-phase mixing, the outlet diameter was set to 3 mm.

The impact of outlet quantity on flow domain in the generator 
was investigated and the simulation results are shown in Fig. 4. 
Models with different LGRs show liquid can enter the outlets, 
which affects aerosol generation. The findings  of the simulation 
comparisons indicate that a single row of outlets is adequate in 
meeting aerosol preparation requirements. Conversely, excessive 
outlets have been observed to result in undesirable outcomes, 
including simulation divergence and suppressed CO2 flow in the 
upper outlets. Moreover, an increase in the number of outlets re
sults in a reduction of the flow rate adaptation range.

It has been established that, since the CO2 encounters the outer 
water phase at a 90◦ angle via the outlets, the high relative velocity 

Table 1 
Structural parameters of the aerosol generator.

Total length, 
mm

Wall thickness, 
mm

Air chamber inner 
diameter, mm

Liquid chamber 
inner diameter, mm

Gas outlet 
diameter, mm

Number of 
gas outlets

Inclination angle of the 
gas outlet, ◦

104 2 14 20 3 8 45

Fig. 6. Surface tension versus surfactant concentration for C16E20 and SDS aqueous 
solutions.

Fig. 7. Viscoelastic parameters (including elastic modulus, viscous modulus, and dilational modulus) versus surfactant concentration for interfaces between gas phase and 
aqueous solutions containing either C16E20 (a) or SDS (b).
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between CO2 and liquid at the outlets also leads to difficulties in 
liquid shearing the CO2 and low bubble generation rates. This 
phenomenon impacts the process of CO2–liquid mixing within the 
aerosol generators (Spiteri and Juanes, 2006), necessitating the 
optimization of the outlet angle design. The outlet angle was 
modified  from perpendicular to the wall surface to a downward 
inclination of 45◦, with the simulation results displayed in Fig. 5.

The simulation results indicate that as the CO2 inlet mass flow 
rate gradually increases, the 90◦ outlet begins to exhibit difficulties 

Table 2 
Specific information on surfactant systems.

Surfactant Concentration, 
mol/L

Surface 
tension, 
mN/m

Dilational 
modulus, 
mN/m

Elastic 
modulus, 
mN/m

Viscous 
modulus, 
mN/m

SDS 3.472 × 10− 4 53.27 21.25 19.75 7.84
C16E20 8.897 × 10− 6 41.67 23.75 20.57 11.87

Fig. 8. Curves of injection pressure versus injection volume for water aerosols at 
different LGRs.

Fig. 9. Effect of varying LGR on balance pressure (a) and drag factor (b).

Fig. 10. Total mass flow rate of aerosols under different LGRs.

Fig. 11. Effect of varying LGRs on balance pressure and drag factor. Total mass flow 
rate was fixed at 5.5 mg/s.
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in liquid phase shearing the gas phase. In contrast, the 45◦ outlet 
exhibits superior adaptability to the simulated conditions, 
achieving more effective gas–liquid mixing. Therefore, given the 
consideration of both liquid intrusion into the outlet and the ease 
of liquid shearing of the CO2, the outlet structure with a 45◦

downward inclination was selected.
In our previous work (Jiang et al., 2024), the diameters of gas 

and liquid chambers of the aerosol generator were also optimized. 
Table 1 shows the optimized structural parameters of the aerosol 
generator.

3.2. Preparation of aerosols with various interfacial properties

Introducing surfactants into the liquid phase allows for precise 
control over the gas–liquid interfacial properties and the stability 
of the generated aerosols. Two commercially utilized surfactants 
were selected for the experiment: the anionic surfactant SDS and 
the nonionic surfactant C16E20.

Both surfactants adsorb at the gas–liquid interface, forming 
molecular layers that prevent droplet coalescence and enhance 

aerosol stability, albeit through distinct mechanisms. C16E20 
primarily relies on steric hindrance, its bulky hydrophilic 
polyoxyethylene chain forms a hydration layer, creating a 
physical barrier that prevents droplets from approaching and 
coalescing. In contrast, SDS imparts identical negative charges 
to the droplet surfaces, and the resulting electrostatic repul
sion keeps them apart. Beyond stability, a key parameter 
influenced  by surfactants is the interface modulus. This 
modulus quantifies  the resistance of the interface to expansion 
and compression. A high interface modulus suppresses droplet 
deformation. When an aerosol droplet traverses a constrictive 
pore throat, it must deform, changing its interfacial curvature. 
This deformation induces an additional capillary resistance 
known as the Jamin effect. A high interfacial modulus en
hances this resistance by stabilizing the deformation, thereby 
strengthening the blocking capacity of the aerosol and further 
reducing gas permeability.

The surface tension and interface modulus of the two surfac
tant solutions at different concentrations were measured (Figs. 6 
and 7). The interface modulus initially increases and then de
creases with surfactant concentration, peaking near the critical 
micelle concentration (CMC).

Based on the experimental results, the concentrations corre
sponding to the highest interfacial modulus values for the two 
surfactant solutions were selected. Specific  details are listed in 
Table 2.

3.3. Factors affecting aerosol flow

3.3.1. LGR
Exploring LGR's impact on aerosols flow  involved setting the 

core permeability at 31.59 × 10− 3 μm2, maintaining a gas flow rate 
of 400 mL/min, and altering the LGR by modifying the water flow 
rate. It should be noted that simulations spanned a broad LGR 
range to verify adequate mixing performance of the generator 
even under liquid-dominated conditions. However, in practical 
WAG field operations, as indicated in previous sections, LGR values 
generally remain close to 1. Accordingly, the LGR range was nar
rowed in the core flooding experiments to allow a more targeted 
investigation. Aerosols with different LGRs were injected into the 
core until the pressure stabilized. The alterations in pressure that 
ensued are depicted in Fig. 8. As the injection volume of aerosols Fig. 12. Drag factor versus core gas permeability.

Fig. 13. Curves of gas relative permeability versus water saturation of the core during injection for different systems (a) and different LGR aerosols (b).
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into the core rose, there was a swift increase in the injection 
pressure. Furthermore, when the LGR increased, the pressure 
required a longer time to reach equilibrium. For high LGR aerosols, 
significant fluctuations occurred even after the change in pressure 
has slowed down. This occurrence mirrors the Jamin effect. In 
addition, the continuous replacement of tiny liquid droplets 
within the core pores in the process of aerosol injection plays a 
role in the pressure fluctuations.

A comparative analysis was conducted on how different LGRs 
impact balance pressure and the drag factor of gas flow (Fig. 9), 
and the total mass flow rates corresponding to different LGRs were 
calculated (Fig. 10). Changes in both balance pressure and drag 
factor can be attributed to variations in the total mass flow rate. 
However, using balance pressure as an example, adjusting the LGR 
from 0.1 to 1.0 resulted in an average change rate of 135.72% when 
this target was achieved by adjusting the liquid flow. By contrast, 
when this was achieved by adjusting the CO2 flow, the change rate 
of balance pressure was only 81.28%. Therefore, maintaining a 
steady gas flow rate allows for significant changes in aerosol in
jection pressure by modifying the liquid flow rate. Additionally, 
when contrasted with the water system, the aerosol created with a 
high interfacial modulus displayed a greater drag factor, attributed 
to its lower surface tension and enhanced interfacial viscoelas
ticity. The reduction in surface tension leads to a decrease in 
droplet size within aerosols, while the increase in interfacial 
modulus enhances droplet stability, thereby strengthening the 
Jamin effect generated within the pores.

To achieve a more accurate reflection of the influence of LGR on 
flow  resistance, the total aerosol mass flow  rate was fixed at 
5.5 mg/s while varying LGR to investigate its effect on flow pres
sure. As depicted in Fig. 11, elevating the LGR leads to an increased 
balance pressure and drag factor, provided the total mass flow rate 
remains constant. This highlights the significant influence of liquid 
content on the resistance of aerosol flow. As a result, in aerosol 
injection processes, adjusting the liquid content enables straight
forward control of injection pressure without requiring changes to 
the gas injection volume setup in the field.

3.3.2. Gas–liquid interface properties
As demonstrated in Figs. 9 and 10, a critical mass flow rate of 

approximately 6.0–9.0 mg/s was observed. In the lower flow rate 
range, the equilibrium pressure and resistance factor of the SDS 
system are greater than those of the C16E20 system. However, in the 
higher flow rate range, the reverse is true.

At elevated mass flow rates, droplet velocity and frequency of 
collision at pore throats increase (Jiang et al., 2024). Under these 
dynamic conditions, the higher interfacial modulus of the C16E20 
system more effectively resists droplet deformation and 
compression, leading to a significantly stronger Jamin effect and 
consequently higher flow resistance compared to the SDS system. 
Conversely, at low total mass flow rates, droplets move slowly and 
have prolonged contact with pore surfaces. For the SDS system, the 
dominant electrostatic stabilization mechanism can be compro
mised. The adsorption of anionic SDS molecules onto the sand
stone surface is postulated to weaken the inter-droplet 
electrostatic repulsion, promoting droplet coalescence and 
adsorption onto the rock. The resulting larger droplets can effec
tively bridge and block pore throats, forming stable plugs that are 
not easily displaced by the low-velocity gas flow.

3.3.3. Core permeability
An investigation into how core permeability affects the flow of 

aerosols within it was conducted, as depicted in Fig. 12. It was 
discovered that the link between permeability and pressure affects 
the drag factor, noting a steady decrease in the drag factor as the 

permeability increased. Significantly, the aerosols’ capacity to 
control the gas markedly decreases when the permeability sur
passes 100 × 10− 3 μm2.

Fig. 14. (a) Original pore distribution curve of the core. Liquid phase distribution 
curves for C16E20 aerosol (b) and water aerosol (c) at different time points during the 
aerosol flooding.
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Interfacial characteristics significantly affect flow resistance of 
aerosols, especially in cores with lower permeability, as shown by 
contrasting systems with different interfacial properties. 
Conversely, the variance in this drag effect becomes trivial when 
the permeability is higher. The main reason for this is the reduced 
spread of polydisperse aerosol systems in porous media and the 
lessened impact of interfacial properties on drag as the perme
ability and pore size increase.

3.3.4. Water saturation
The water saturation within the core was calculated based on the 

liquid phase flow rate and the pore volume of the core. The rela
tionship between the relative permeability of gas and water satura
tion was analysed. Fig. 13(a) illustrates how various aerosol systems 
affect the gas permeability of the core when the aerosol injection 
parameters are the same. It is noticeable that with the rise in water 
saturation within the core, there is a notable reduction in relative 
permeability, especially in the initial stages of water saturation in
crease. Meanwhile, at high water saturations, the relative perme
ability is more sensitive to liquid phase composition. Systems with 
liquids that form viscoelastic interfaces exhibit stronger gas flow 
obstruction even at similar water saturations, owing to the stabili
zation of pore-blocking liquid architectures by the elastic interface.

Fig. 13(b) shows the relationship between water saturation and 
the relative permeability under different LGR conditions, maintaining 

a constant gas flow rate. It is evident that as the LGR rises, the rate of 
decrease in gas relative permeability accelerates. The aerosol injec
tion rate is positively correlated with LGR. At low LGR, droplets are 
drawn into pores by capillary forces and distribute as films on pore 
surfaces. Gas flow  paths remain relatively continuous and unob
structed, allowing gas flow  to be gradually blocked as the water 
saturation increases. At high LGR, droplets collide violently at pore 
throats, increasing susceptibility to trapping. This phenomenon gives 
rise to the formation of bridge plugs or liquid rings, which rapidly 
impede the flow of gas through the pathway.

3.4. Distribution pattern of aerosols in cores

NMR was employed to characterize the distribution of the 
liquid phase at different time points during aerosol injection into 
the core. The permeability of the core sample is 81.55 × 10− 3 μm2. 
The original pore distribution curve, as measured by NMR, is 
illustrated in Fig. 14(a).

A comparison of the distribution pattern of the liquid phase in 
the core at different moments (Fig. 14) indicates that the aerosols 
greatly influence  its distribution within the core in the first 
50–150 min. Relative to the water system, The C16E20 system 
demonstrated a more limited range of initial saturated pore sizes, 
specifically  between 0.04 and 0.21 μm. Conversely, the water 
system exhibited a more extensive range of 0.16–0.83 μm. The 

Fig. 15. Sagittal plane imaging for the core at different moments of flooding by water aerosol.
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reason for this could be that in a surfactant aqueous phase, the 
system shows reduced surface tension, leading to the creation of 
droplets with smaller particles in the aerosol generator. Conse
quently, its ability to penetrate smaller pores is enhanced, result
ing in higher saturation in these regions.

As illustrated in Fig. 15, sagittal scans of the core were con
ducted at various times during the process of water aerosol in
jection. As the process progresses for a duration of 50 min, a 
gradual accumulation of liquid phase was observed in the front 
half of the core, while the overall water saturation remained at a 
relatively low level. Following a duration of 150 min of injection, 
most pores in the core attain liquid saturation, thereby markedly 
enhancing the water saturation of the core. Water saturation 
reaches a stable state after 250 min.

Fig. 16 illustrates the sagittal imaging of the C16E20 system, 
revealing that within the first  50–150 min, the C16E20 aerosol 
markedly affects the distribution pattern of the liquid phase in the 
core. This contrasts with the simple water phase, where the C16E20 
aerosol exhibits a much higher distribution in smaller pores than 
in the pure water-dispersed aerosol, enhancing dispersion stabil
ity. After 250 min, the distribution of both systems in the cores 
showed negligible variation.

The pressures of the two systems during the flooding  were 
compared (see Fig. 17 and Table 3). The two pressure curves show 
similar patterns. However, during the initial phase (0–50 min) the 
injection pressure for water aerosol is higher. This phenomenon 

can be attributed to its propensity to enter large pores and obstruct 
the flow  of CO2. Furthermore, between 50 and 100 min, the in
jection pressure of C16E20 aerosol surpasses that of water aerosol. 

Fig. 16. Sagittal plane imaging for the core at different moments of flooding by C16E20 aerosol.

Fig. 17. Changes in injection pressure during displacement.
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This phenomenon can be attributed to the fact that water aerosol 
primarily blocks large pores, thereby allowing CO2 to flow through 
small pores. Conversely, C16E20 aerosol preferentially seals small 
pores, resulting in comprehensive CO2 blockage. After 150 min, 
there were fluctuations in pressure, but these were not significant 
overall. At this stage, the pressure difference between the two 
systems is primarily attributed to interfacial modulus, as the 
dominant flow resistance mechanism shifts from pore-throat ac
cess to the Jamin effect generated by droplet deformation during 
flow through the already filled pore network, which is significantly 
strengthened by the high interfacial modulus C16E20 droplets.

4. Conclusions

This study investigated the use of aerosols to mitigate gas 
channeling in CO2 flooding, which adversely affects EOR and CO2 
geo-storage. The selection of an effervescent aerosol generator was 
made using the ANSYS simulation software, with the primary 
optimization of its gas outlet structure being the subsequent focus.

Core flooding experiments demonstrated that the liquid phase 
content is a critical factor influencing the flow resistance of aero
sols. Significant increases in balance pressure and drag factor were 
observed when the LGR was raised under a constant total mass 
flow  rate. Furthermore, adjusting the liquid flow rate enabled 
effective control of the injection pressure without altering the gas 
injection volume, providing operational flexibility for field appli
cations. Additionally, it was found that the properties of the 
gas–liquid interface significantly influence the blocking capacity.

Core permeability exhibited a distinct threshold effect on the 
gas control capability of aerosols. The ability of aerosol to restrict 
gas flow diminished significantly when the permeability exceeded 
100 × 10− 3 μm2. NMR imaging further revealed that C16E20-assis
ted aerosols preferentially entered smaller pores (0.04–0.21 μm), 
whereas pure water aerosols primarily occupied larger pores 
(0.16–0.83 μm). This indicates that the addition of surfactant 
enhanced the injectability and microscopic distribution unifor
mity of aerosols within low-permeability pores.

In summary, this study systematically investigates the flow 
characteristics and gas control mechanisms of aerosols in core 
across multiple levels. Subsequent work will include the charac
terization of fundamental aerosol properties, such as particle 
concentration and size distribution, to further validate the findings 
presented herein. Furthermore, experiments will be conducted on 
CO2 flooding  and oil displacement under high-temperature and 
high-pressure conditions, with a particular focus on investigating 
the flow  behavior of aerosol systems when CO2 reaches its su
percritical state.
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