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ABSTRACT 
 This study investigates the suppression effect of CO₂ 
foam flooding on fluid channeling and its mechanism for 
enhancing oil displacement efficiency through two-
dimensional visualization flat-plate experiments 
combined with image processing techniques to 
systematically analyze fluid distribution and sweep 
characteristics during the displacement process. The 
results indicate that CO₂ flooding is influenced by viscous 
fingering, achieving a sweep efficiency of only 31.8% with 
an oil saturation of 54.8%. In contrast, CO₂ foam flooding 
effectively seals high-permeability channels through the 
Jamin effect, redirecting fluid flow to low-permeability 
zones, significantly improving CO₂ sweep efficiency and 
displacement performance. Microscopic observations 
reveal that CO₂ foam consists of tiny bubbles, and their 
migration and sealing behaviors are the microscopic 
mechanisms underlying the improved macroscopic 
effects. This study provides visualization experimental 
evidence and quantitative evaluation methods for CO₂ 
foam flooding in suppressing channeling and enhancing 
oil recovery. 
Keywords: CO₂ Foam Flooding; Visualization Experiment; 
Sweep Efficiency; Jamin Effect; Enhanced Oil Recovery 

NONMENCLATURE 

Abbreviations  
PV Pore Volume 
Symbols  
dm μm 
ϕ dimensionless 

1. INTRODUCTION 
CO₂ flooding technology, as a key method for 

enhancing oil recovery, has been widely applied in 
oilfield development both domestically and 
internationally[1-2]. However, due to significant mobility 
differences between CO₂ and crude oil, coupled with the 
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prevalent heterogeneity of reservoir media, viscous 
fingering and gas channeling are prone to occur during 
the CO₂ flooding process[3-4]. These phenomena lead to 
an unstable displacement front, reduced sweep 
efficiency, and a substantial amount of residual oil that 
remains unrecovered, severely limiting further 
improvements in oil displacement efficiency. 

To mitigate gas channeling and enhance sweep 
efficiency, CO₂ foam flooding technology has emerged 
and demonstrated significant advantages[5-8]. The CO₂ 
foam system, through the Jamin effect generated at the 
gas-liquid interface, effectively seals high-permeability 
channels, adjusts the injection profile, and redirects 
subsequent displacement fluids toward low-
permeability oil-bearing zones, thereby increasing the 
sweep volume and improving oil recovery. In recent 
years, researchers worldwide have conducted extensive 
studies on the seepage mechanisms and displacement 
effects of CO₂ foam flooding using physical and numerical 
simulations[9-10]. However, most studies focus on 
macroscopic displacement effects, with limited 
systematic understanding of the dynamic migration 
behavior of foam, microscopic sealing mechanisms, and 
visual characterization of the sweep process. 

To further elucidate the dynamic behavior of CO₂ 
foam in porous media and its mechanisms for 
suppressing channeling, this study utilizes a self-
designed two-dimensional visualization flat-plate 
physical model, combined with image acquisition and 
processing techniques, to conduct comparative 
experiments on CO₂ flooding and subsequent CO₂ foam 
flooding. The dynamic evolution of fluid distribution 
during the displacement process was observed and 
recorded in real time. Through quantitative analysis of 
changes in sweep efficiency and oil saturation, the 
synergistic mechanism of CO₂ foam's "profile control-
displacement" effect was revealed, aiming to provide 
theoretical and experimental support for the field 
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application of CO₂ foam flooding technology. 

2. MATERIALS AND METHODS  

2.1  Experimental apparatus and materials 

The experiment utilized a visualization simulation 
physical modeling apparatus (Figure 1). The apparatus 
consists of two main components: a fluid injection 
system and a data processing system. The fluid injection 
system comprises a CO₂ gas cylinder, a displacement 
pump, intermediate containers for crude oil and water, a 
gas flow meter, a check valve, and a six-way valve. The 
data processing system includes a light-source stage, a 
two-dimensional visualization flat-plate model, a high-
definition camera, an electronic pressure gauge, a 
plunger pump, a back-pressure valve, a fluid collection 
device, and a computer-based data acquisition system. 

The two-dimensional visualization flat-plate model 
has effective dimensions of 25 cm × 25 cm (length × 
width), with one glass plate featuring four perforations 
to simulate wellbores. To replicate the rock skeleton, the 
model was uniformly filled with quartz glass microbeads, 
and the porosity of the model was measured using the 
volumetric method. Different permeability levels (high, 
medium, and low) in the reservoir were simulated by 
filling the model with quartz glass microbeads of varying 
mesh sizes. In this study, quartz glass microbeads with a 
mesh size of 60 (diameter of 250 μm) were selected for 
the two-dimensional visualization flat-plate model. The 
permeability of the visualization model was estimated 

based on the diameter of a rhombic structure (Figure 2), 
using the following formula[11]: 

𝐾 =
𝑑𝑚
2

180
⋅

𝜙3

(1 − 𝜙2)
 

 
Fig.2 Arrangement Pattern of Quartz Glass Beads 

Where: dm is the diameter of the quartz glass 
microbeads, μm; ϕ represents the porosity of the two-
dimensional visualization flat-plate model. 

2.2 Experimental procedure and steps 

The experimental procedure for CO₂ flooding based 

on the two-dimensional visualization flat-plate model is 
as follows: 

(1) High-temperature-resistant double-sided 
adhesive tape was affixed to the inner surfaces of the 
upper and lower glass plates of the model. Subsequently, 
cleaned 60-mesh quartz glass microbeads were evenly 
spread onto the adhesive tape on both plates. The upper 
and lower glass plates were then assembled and 
reinforced with high-temperature-resistant glass 
sealant, followed by drying in an oven at 50°C for at least 
144 hours. The prepared two-dimensional visualization 
flat-plate model was connected to the fluid injection 
system. The airtightness of the model was tested using a 

Fig.1 Two-Dimensional Visualization Physical Simulation Experimental Apparatus 
for CO2 Miscible Flooding 
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gas flow method. 
(2) The two-dimensional visualization flat-plate 

model was subjected to vacuum treatment. Two wells 
located on the diagonal of the model were connected 
using tubing, with one end attached to a vacuum pump 
and the other end clamped and submerged in water 
(other well ports on the model were sealed with plugs). 
The vacuum pump was activated, and the model was 
evacuated until the pump pressure stabilized at -0.1 MPa 
for at least 10 minutes, completing the vacuum 
treatment of the two-dimensional visualization flat-plate 
model. 

(3) Standard brine was injected into the two-
dimensional visualization flat-plate model at a flow rate 
of 0.25 ml/min using the fluid injection system. The 
plunger pump at the back-pressure valve was set to 

achieve the predetermined formation pressure, 
stabilized for at least 5 minutes, ensuring no fluid leakage 
occurred throughout the system. Subsequently, a crude 
oil sample was injected into the model at the same flow 
rate to complete the initial fluid saturation process of the 
porous medium model. The model was then aged for at 
least 144 hours to ensure that the temperature and 
pressure conditions within the flat-plate model remained 
stable over the long term, consistent with actual 
reservoir conditions. 

(4) CO₂ was injected into the two-dimensional 
visualization flat-plate model at a flow rate of 0.25 
ml/min, with varying pore volumes (PV) injected 
according to the experimental design for different PV 
numbers. During this process, an electronic pressure 

gauge was used to monitor fluctuations in injection 
pressure, a high-definition camera recorded real-time 
changes in fluid distribution within the model during the 
displacement process, and a fluid collection device 
recorded the produced fluid data in real time. 

3. RESULTS AND DISCUSSION 

3.1 Visualization experiment of CO2 flooding  

The two-dimensional visualization flat-plate 
experiment intuitively demonstrates the dynamic fluid 
distribution characteristics during the CO₂ flooding 
process. As the injected pore volume (PV) of CO₂ 
increases, the viscous fingering effect and diffusion 
sweep characteristics of CO₂ become particularly 
pronounced. 

In the initial state, the displaced phase was uniformly 
distributed within the model, with no signs of CO₂ 
invasion. Upon injection of 0.1 PV of CO₂, small, scattered 
CO₂ patches appeared only near the injection end, with 
a blurred displacement front. As the injection volume 
increased to 0.2 PV, the CO₂ sweep range began to 
expand, and the displacement front started to exhibit 
subtle signs of viscous fingering. At 0.3 PV, viscous 
fingering became significantly pronounced, with CO₂ 
forming distinct branched displacement fronts extending 
into the model interior, markedly increasing the swept 
area. At 0.4 PV, the branched displacement morphology 
further developed, with existing finger-like channels 
widening and partially merging, enhancing the continuity 
of the swept region. When the injection volume reached 

Fig.3 Fluid distribution characteristics of CO₂ flooding 
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0.5 PV, the CO₂ sweep range became more extensive, 
with increasingly complex and interwoven branched 
displacement networks, as the displacement front 
continued to advance toward the production end, 
occupying more pore space (Figure 3). 

Overall, the CO₂ flooding process exhibited typical 
viscous fingering characteristics. As the injection volume 
increased, the sweep range evolved from localized 
scattered regions to a complex branched network, 
reflecting the controlling influence of fluid viscosity 
differences and pore medium heterogeneity on CO₂ 
migration and displacement efficiency. 

3.2 Visualization experiment of CO₂ foam flooding 

During the pure CO₂ flooding process, influenced by 
fluid viscosity differences and pore medium 
heterogeneity, CO₂ tends to exhibit viscous fingering 
along preferential flow paths, resulting in significant 
limitations in sweep range. At the end of CO₂ flooding, a 
substantial amount of the displaced phase remains 
unrecovered within the model. To further enhance 
displacement efficiency and mobilize residual fluids left 
after CO₂ flooding, a two-dimensional visualization flat-
plate experiment of CO₂ foam flooding was conducted, 
leveraging the synergistic advantages of CO₂ foam's 
"profile control-displacement" mechanism, to 
investigate the mobilization patterns and displacement 
effects of foam flooding on residual fluids. 

In the initial state, the model exhibited a non-
uniform fluid distribution following CO₂ flooding, with 
residual displaced phase (dark regions) coexisting with 

lighter regions previously swept by CO₂. As CO₂ foam 
injection commenced, the foam initially expanded along 
the edges of the dominant flow channels established by 
prior CO₂ flooding, forming scattered, locally continuous 
light-colored patches that initiated a "point-like 
mobilization" of the residual displaced phase. When the 
injection volume reached 0.6 PV, the foam sweep range 
transitioned from localized point-like patterns to 
regionally continuous development. The sharpness of 
viscous fingering was reduced due to the foam's profile 
control effect, filling more pore spaces and further 
segmenting and compressing the dark regions of the 
residual displaced phase. At 0.9 PV of CO₂ foam injection, 
the foam sweep efficiency and displacement precision 
further improved, with the residual phase forming finer 
dark patches. The Jamin effect sealed dominant flow 
channels, forcing subsequent foam to migrate toward 
unswept low-permeability regions, thereby expanding 
the sweep volume. At 1.2 PV of CO₂ foam injection, most 
of the visible model area was occupied by light-colored 
foam, with the residual displaced phase existing only as 
sparse dark spots in extremely difficult-to-mobilize 
regions, and the displacement front approaching the far 
end of the model. By 1.5 PV of CO₂ foam injection, nearly 
the entire model was swept by foam, with the residual 
displaced phase confined to minimal areas in localized 
micropore regions, further reduced in extent (Figure 4). 

Overall, CO₂ foam flooding, through the synergistic 

"profile control-displacement" mechanism, initially 
expanded along dominant channels and mobilized 
surrounding residual phases, then sealed dominant 

Fig.4 Fluid distribution characteristics of CO₂ foam flooding 
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channels in the mid-stage, forcing foam to migrate 
toward secondary or low-permeability regions, and 
ultimately achieved extensive sweep and deep 
displacement in the late stage. This effectively improved 
the mobility ratio and sweep range compared to pure 
CO₂ flooding, significantly reducing the residual 
displaced phase and markedly enhancing overall 
displacement efficiency. 

Based on the two-dimensional visualization flat-plate 
experiment of CO₂ foam flooding, the synergistic "profile 
control-displacement" effect of CO₂ foam significantly 
enhanced displacement efficiency. Observations under 
high-magnification microscopy revealed numerous tiny 
CO₂ bubbles (Figure 5), which represent the microscopic 
form of CO₂ foam. As a gas-liquid dispersed system, CO₂ 
foam consists of numerous CO₂ bubbles dispersed within 
a liquid-phase medium. During migration in porous 
media, these tiny bubbles seal high-permeability 
dominant channels through the Jamin effect, forcing 
subsequent foam to migrate toward low-permeability 
regions or areas with residual fluids that were 
insufficiently swept by CO₂ flooding. Meanwhile, the 
dispersity and migration behavior of the bubble 
population enable them to invade pore spaces, 
progressively displacing the residual displaced phase. 
This ultimately manifests macroscopically as the foam 
flooding's effect of "expanding sweep volume and 
enhancing displacement efficiency," while 
microscopically confirming the mechanism by which CO₂ 
foam flooding efficiently mobilizes residual fluids left 
after CO₂ flooding through the profile control and 
displacement actions of the bubbles. 

 
Fig.5 Microscopic observation of CO₂ bubbles 

3.3 Analysis of visualization experimental results 

After acquiring images from the two-dimensional 
visualization flat-plate experiment, the images were 
preprocessed to further reduce errors. This involved 
ensuring consistency in color styles, correcting color 
distortions, and enhancing image quality to facilitate 
subsequent algorithm-based recognition through data 
augmentation. The process utilized OpenCV image 
processing techniques, primarily including non-local 
means denoising and consistency correction. 

First, the experimental images were subjected to 
grayscale processing using the ITU-R BT.709 standard. 
The grayscale values range from 0 (black) to 255 (white), 
with intermediate values representing varying shades of 
gray. To minimize errors associated with manually 
delineating the boundaries of the CO₂ swept area, 
binarization processing was performed following 
grayscale conversion[12]. A uniform binarization 
threshold parameter was applied to all images. 
Subsequently, an edge detection function based on 
binarization was utilized to more accurately outline the 
boundaries of the CO₂ swept area (Figure 6). Finally, the 
area of the CO₂ swept region was calculated using an 
image recognition algorithm to determine the sweep 
efficiency, and the oil saturation of the model was 
calculated based on the oil production data obtained 
during the experiment. 

 
Fig.6 Binarized images of CO₂ flooding and CO₂ foam 

flooding 

The relationship curves of sweep efficiency and oil 
saturation with respect to injection volume during CO₂ 
flooding and CO₂ foam flooding are shown (Figure 7). 
During the CO₂ flooding stage, the sweep efficiency 
exhibited a gradual upward trend with increasing 
injection volume, rising from an initial 5.2% to 
approximately 31.8% at 1.5 PV, though the growth rate 
slowed in the later stages. The oil saturation 
continuously decreased from an initial 69.7% to 54.8% at 
1.5 PV, with the rate of decline also slowing, reflecting 
the limitations of pure CO₂ flooding due to factors such 
as viscous fingering, which constrained the expansion of 
the sweep range and the potential for residual oil 
mobilization. Upon transitioning to the CO₂ foam 
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flooding stage, the sweep efficiency showed a significant 
and sustained increase, rapidly rising from 31.8% at 1.5 
PV and gradually stabilizing, ultimately reaching 
approximately 54.6% at the end of displacement. The oil 
saturation continued to decline, dropping from 69.7% at 
1.5 PV to approximately 28.9% before stabilizing. This 
indicates that CO₂ foam, leveraging the Jamin effect at 
the gas-liquid interface to seal dominant flow channels, 
effectively improved the mobility ratio, significantly 
expanded the sweep volume, and achieved sustained 
and efficient mobilization of residual oil left after CO₂ 
flooding, markedly enhancing the overall displacement 
efficiency. 

 
Fig.7 Curves of sweep efficiency and oil saturation 

variation with injection volum 

4. CONCLUSIONS 
Based on two-dimensional visualization flat-plate 

experiments, this study comparatively analyzed the fluid 
distribution characteristics and sweep efficiency during 
the displacement processes of CO₂ flooding and CO₂ 
foam flooding in porous media, leading to the following 
conclusions: 

(1) During CO₂ flooding, pronounced viscous 
fingering was observed, resulting in an uneven 
displacement front and limited sweep range. As the 
injection volume increased, CO₂ formed branched flow 
channels, but the final sweep efficiency reached only 
31.8%, with oil saturation reduced to 54.8%, indicating a 
significant efficiency bottleneck for pure CO₂ flooding in 
heterogeneous media. 

(2) CO₂ foam flooding significantly enhanced 
displacement efficiency through a synergistic "profile 
control-displacement" mechanism. By leveraging the 
Jamin effect to seal high-permeability channels, the foam 
redirected fluid flow to low-permeability regions, 
expanding the sweep volume. Experimental results 
showed that CO₂ foam flooding achieved a final sweep 
efficiency of 54.6% and reduced oil saturation to 28.9%, 

markedly outperforming pure CO₂ flooding. 
(3) Microscopic observations confirmed that CO₂ 

foam consists of numerous tiny bubbles, whose 
migration and sealing behaviors in pores form the 
microscopic basis for improved macroscopic 
displacement effects. The foam achieved efficient 
mobilization of residual oil through three stages: point-
like initiation, regional connectivity, and full-domain 
sweep. 

(4) Image processing and quantitative analysis 
demonstrated that CO₂ foam flooding not only 
effectively suppresses channeling but also significantly 
enhances displacement efficiency and oil recovery. This 
provides visualization experimental evidence and 
quantitative evaluation methods for the mechanisms of 
CO₂ foam flooding in enhancing oil recovery, offering 
valuable guidance for field applications. 
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