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Abstract

The displacement patterns of CO, are critical for assessing the storage capacity and
efficiency of geological CO, sequestration, yet they remain underexplored across
different pressures. For this purpose, an advanced high-pressure and high-temperature
microfluidic platform is developed. By integrating a high-pressure chamber equipped
with an observation window and high-strength glass chips, it is capable of operating at
pressures up to 50 MPa and enables real-time observation of CO, displacement patterns
at the pore scale. Experiments conducted across a pressure range from 1 bar to 16 MPa
that enables the analysis of changes in displacement patterns, CO, saturation,
displacement front length, and fractal dimension within heterogeneous porous media.
The findings reveal that at low pressures and a flow rate of 0.1 mL/min, CO,
displacement was predominantly influenced by capillary forces, resulting in
preferential invasion of larger pore throats. In contrast, at higher pressures, the
displacement process was dominated by the synergistic effects of the viscous and
capillary forces of supercritical CO,. This results in the breakthrough of the main flow
channel on the outlet side and tributary structures spanning its width on the inlet side.
The platform offers robust means to investigate CO, displacement efficiency and

optimize storage strategies.

Keywords: CO, Geological Storage; Microfluidic Study; Displacement Patterns;

CO, Saturation; Fractal Dimension.

1. Introduction

Carbon dioxide geological storage (CGS) stands as a premier strategy for significantly
mitigating atmospheric greenhouse gas concentrations. In CGS, the injection of CO,
into deep saline aquifers will displace the native brine within the porous rock matrix.
Ensuring the safety and efficiency of CO, sequestration is of critical importance for its
long-term viability (Goodman et al. 2011). Extensive research has demonstrated that

the lower viscosity of supercritical CO, relative to reservoir brine results in
2
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displacement instability, which substantially reduces the effectiveness of CO,
sequestration (Berg and Ott 2012; Wang et al. 2013). Moreover, the unstable fingering
flow of CO, combined with the inherent microcracks in the rock (Jiang et al. 2021; Li
et al. 2020) elevates the risk of premature breakthrough (Song et al. 2012), which in
turn increases the probability of CO, leakage. Consequently, a thorough understanding
and monitoring of CO,-water displacement dynamics within porous media are crucial
to ensuring the long-term stability and security of CO, sequestration (Doughty 2010;
Juanes et al. 2010).

As a powerful technology to study the microscopic behaviour of fluids,
microfluidics is widely used in various fields, including the enhancement of oil
recovery (Saadat et al. 2021; Yu et al. 2023; Zhang et al. 2023), the extraction of gas
hydrates (Wang et al. 2021; Yao et al. 2022; Zhang et al. 2024), drug development (Liu
et al. 2021), microbial engineering (Ho et al. 2020), CGS (Hu et al. 2017; Kim et al.
2012; Song et al. 2020; Zeng et al. 2025; Zheng et al. 2017), and the infiltration of water
into the ground due to rainfall (Li et al. 2024; Zhan et al. 2021). The microchannels on
chips, sized from a few microns to several hundred microns, offer advantages like small
volume, large specific surface area, and significant surface tension. They allow for real-
time visual observation of changes in fluid morphology within tiny channels, providing
robust evidence for researchers to investigate microscopic mechanisms in pore
structures.

Microfluidic experiments at the pore scale, complemented by computational
modelling, have been conducted to elucidate migration dynamics of two-phase fluids
within porous structures (Cottin et al. 2010; Hu et al. 2018; Zhao et al. 2019; Zheng et
al. 2017). Lenormand et al. (1988) investigated the interplay between capillary and
viscous forces in oil-water displacement through numerical simulations and
microfluidic experiments. Their work produced a seminal phase diagram correlating
the capillary number (Ca) with the viscosity ratio (M). Based on the interaction of these
forces, the invasion mechanisms were classified into three distinct types: (1) capillary

fingering, (2) viscous fingering, or (3) stable displacement. Building on Lenormand et

3
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al.'s phase diagram, Zhang et al. (2011) conducted water-wet micromodel displacement
experiments to further investigate fluid flow behaviours. Their findings revealed that
capillary fingering occurs at lower injection rates, irrespective of the viscosity ratio,
while viscous fingering predominates when the invading fluid exhibits lower viscosity
than the defending fluid. Experimental and simulation data indicate that the
displacement efficiency of immiscible two-phase fluids spans a broad range, from 0.2
to 0.9, depending on the specific flow conditions and fluid properties (Zheng et al.
2017). Besides these primary factors, other important factors such as pore-scale
heterogeneity, surface roughness, particle morphology, and wettability have been
considered by researchers to further refine the classification of displacement patterns.
The majority of these studies on immiscible displacement have been conducted under
ambient conditions. However, many ongoing CO, sequestration projects, such as the
Sleipner or Snehvit project in Norway (Cavanagh and Haszeldine 2014; Hansen et al.
2013), In Salah project in Algeria (Rutqvist et al. 2010), and Shenhua project in China
(Zhang et al. 2016), target depths exceeding 1000 meters, where pore pressures surpass
10 MPa. The physical property of CO, under these pressure conditions varies
significantly (Zhong et al. 2024), leading to a shift to the dominant non-dimensional
numbers. This raises an important unresolved question: to what extent the displacement
mechanisms observed under low-pressure conditions are applicable to high-pressure
scenarios encountered in deep geological sequestration.

The objective of the present study is to investigate displacement patterns and
efficiency under varying CO, pressures. To address this issue, an advanced high-
pressure microfluidic platform enabling real-time observation of CO, displacement
patterns at the pore scale is developed. Microfluidic experiments of CO, flooding were
conducted on a heterogeneous chip with broad coverage of pressure (i.e., from 1 bar to
16 MPa). Quantitative analyses were conducted to examine the changes in CO,
saturation, displacement front length, and fractal dimension during the displacement
process. This study not only provides a comprehensive and detailed description of the

high-temperature and high-pressure microfluidic visualization system, but also reveals
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novel insights into the fluid dynamics that are unobservable under traditional ambient
conditions. The novel experimental framework established herein offers a significant
advancement over conventional setups, enabling the observation of unique flow
phenomena that are critical for optimizing industrial CO, geological storage operations

across a wide range of pressure and temperature conditions.

2. Materials and Methods

2.1. High-pressure pore-visualisation system

Inspired by the previous works on multiphase flow at atmospheric pressure (Hu et
al. 2019; Lu et al. 2025b; Zhan et al. 2021), the high-temperature and high-pressure
visualization system is developed to investigate CO,-water flow dynamics under
extreme conditions, as illustrated in Figure 1. The system includes three high-pressure
syringe pumps, two cylindrical storage vessels for CO, and deionised water, a
micromodel, a high-pressure chamber, an imaging system, and various sensors. The
micromodel, representing the porous medium, is housed in a high-pressure chamber
equipped with high-temperature and high-pressure-resistant sapphire glass to enhance
the operational pressure of the observation window. An injection pump introduces CO,
into the water-saturated micromodel, while a back-pressure pump maintains a stable
system pressure. A confining pump applies up to 50 MPa of pressure uniformly on both
sides of the chip by injecting liquid into a sealed autoclave. The injection flow rate of
this device ranges from 0.001 mL/min to 30 mL/min. Sensors monitor internal pressure
and chamber temperature, ensuring precise control. The chamber and storage vessels
are fitted with electric heating equipment capable of reaching temperatures up to 150 °C,
enabling the system to replicate conditions found in deep geological environments for
real-time visualisation of CO, displacement dynamics.

The imaging system features a video microscope (XCAMTOP4K) designed to
capture detailed images of the micromodel's entire pore network. The microscope is

5
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equipped with a SONY CMOS image sensor measuring 7.68 mm X 4.32 mm, providing
a spatial resolution of 2 pm/pixel across the full field of view of the micromodels. The
microscopy camera operates at a frame rate of 30 frames per second, with an image
resolution of 3840 x 2160 pixels. Captured images are transmitted to connected
computers for real-time recording and subsequent analysis, enabling precise

visualisation and monitoring of pore-scale displacement dynamics.

2.2. Fabrication of heterogeneous microfluidic chips

Porous media micromodels were fabricated from high-strength glass using a
lithography-etching technique (Cao et al. 2019). The fabricated microchannels
demonstrate high-resolution patterning, with critical dimensions as small as 300 nm in
depth and 2.5 pum in width. Our microfluidic chips measured 20 mm in length, 15 mm
in width, and 20 um in depth, with pore networks designed using irregular geometries
of varying sizes to achieve a porosity of approximately 0.417 (Figure 1). Its pore
structure is obtained from the image of a real core scanned by micro-CT, after
undergoing image binarization and morphological processing. The fabrication process
involved several key steps (Cao et al. 2019): (1) The glass substrate was cleaned and
coated with a metal film. (2) A layer of photoresist was uniformly applied to the coated
substrate, and a pre-designed image mask with micro-scale patterns was used. When
exposed to UV light, the photoresist material in transparent areas would degrade,
transferring the pattern onto the substrate. (3) The exposed areas were etched using a
hydrofluoric acid solution to transfer the pattern from the photoresist to the glass, a
process lasting approximately two hours. (4) Once the substrate was etched, the
patterned glass was sealed by bonding two glass pieces under high temperature and
pressure in a bonding machine. The resulting quasi-3D chip presented by Lu et al.
(2025a) has a complex design in the horizontal direction, but its uniform and minimal
depth cannot replicate intricate 3D flow structures. However, by neglecting cross-
sectional details and focusing solely on flow parameters along the channel's length, the

system can be reduced to a 1D flow system (Zhou et al. 2006). The chips featured
6
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symmetrically arranged inlets and outlets in a binary tree structure to ensure uniform

flow distribution across the pore network (Li et al. 2024; Zhan et al. 2021).

2.3. Experimental procedures

A clean micromodel was meticulously mounted in a high-pressure chamber.
Deionised water was initially pumped continuously into the chamber using a confining
pressure pump until the pressure reached 18 MPa, which was greater than the maximum
displacement pressure. All experiments were conducted at room temperature
(approximately 20 + 0.5 °C), and heating equipment was not utilised. The micromodel
was initially saturated with deionised water at a slow flow rate of 0.2 mL/min using the
injection pressure pump at atmospheric pressure to ensure complete expulsion of air.
Once the micromodel was fully saturated, the back-pressure pump was used to increase
the system pressure to 16 MPa. Upon the inlet pressure reaching 16 MPa, valve B was
closed while valve A was opened, after which CO, was injected into the microfluidic
chip at a flow rate of 0.1 mL/min to displace the water. This flow rate was selected to
ensure that the displacement process would be in the crossover zone between capillary
and viscous figuring according to Lenormand's phase diagram (Lenormand et al. 1988).
This allowed us to study the interaction of both forces. During this displacement process,
the CMOS camera continuously captured images of CO, invasion morphologies until
the CO; reached the micromodel's outlet. The back pressure was then progressively
reduced to 12 MPa, 8§ MPa, 5 MPa, 3 MPa, and finally 1 bar, with the microfluidic
experiments at each pressure conducted following the same procedure. Each group of
experiments was repeated 3 times, with a total of 18 experimental runs.

The fluid properties and experimental conditions at different pressures are listed

in Table 1. The capillary number is defined as Ca = ucp,v/0, and the viscosity ratio

isdefined as M = Ucoo/Uwater» Where o is the interfacial tension, v is the flow rate,
Ucoz and Uyqrer arethe viscosities of CO, and water, respectively. As shown in Table

1, the density and viscosity of water change slightly when the pressure rises from 0.1
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MPa to 16 MPa. However, the density of CO, increases by about 500 times, and its
viscosity rises nearly six times. At 16 MPa, the density of CO, becomes much closer
to that of water, while its viscosity is only one-tenth of water’s viscosity. These
significant variations in the physical properties of CO, under different pressure

conditions have been largely neglected in previous microfluidic studies.

2.4. Image processing and analysis

To clearly delineate the interface between CO, and water, deionised water was
dyed using an acid dye at a concentration of 0.2 wt % (weight percent). Due to the high
solubility and low concentration of the dyes, and the minimal impact of its acidity on
the surface tension and viscosity of deionized water (Beattie et al. 2014; Zhao et al.
2009), the effect of acidic dyes can be considered negligible. As shown in Figure 2a, in
the original images, the dyed water appears dark, whereas CO, appears light,
facilitating the distinction between the two phases through the application of an
appropriate threshold. A MATLAB image processing algorithm was developed to
convert the original images into binary format, as shown in Figure 2b. Using the binary
images, the pixel area occupied by the invading CO,, denoted as A¢p,, was quantified.

This measurement was then used to calculate the CO; saturation S,:

Sg = (1)

where Aiq 1s the total pixel area occupied by the pore space. The normalised length is

determined as:

L
Liny = ?ax (2)
0

where Ly.x 1s the furthest point of the displacement front of the fluid; and L is the
length of the chip. The fractal dimension D¢ serves as a measure of pattern complexity,
reflecting the ratio of detail change to scale change. The fractal dimension D; was
calculated using the standard box-counting method implemented in Fraclab, a
MATLAB toolbox available at https://project.inria.fr/fraclab/. The method involved

8
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using a variety of sized boxes to segment the image into distinct regions. As shown in
Figure 2c, the image was divided into boxes, each measuring 1/8 of the size of the
original image. The number of boxes occupied by the white regions, representing the
CO, phase, was counted and denoted as N. Ds is calculated using the following (Wu et
al. 2020):

D¢ = limw
=0 log(£)

where ¢ represents the length of a box.

3)

3. Results and discussion

3.1. Comparison of displacement patterns

Figure 3 shows the invasion morphologies of CO, at breakthrough under various
pressure conditions. At 1 bar, CO, primarily advances through the central main channel.
At 3 MPa, flow paths expand, with the upper and lower channels becoming the primary
conduits. At 5 MPa, in addition to the development of the main upper channel, several
tributaries begin to form at the inlet. As pressure increases, these tributaries become
more distinct and expansive, yet major flow channels remain present. As summarized
in Table 1, the viscosity ratio of this experiment ranges from -1.02 to -1.83, and the
capillary number ranges from -4.65 to -5.95, placing the experiment in the transition
zone according to Lenormand's theory. At relatively low pressures, capillary forces
predominantly govern the displacement of CO,, propelling the fluid into larger throat
pores and resulting in capillary fingering patterns. In contrast, at relatively high
pressures, the viscous force of CO, exerts a more pronounced influence. This allows
CO, to form multiple tributaries across the width of the micromodel at the inlet end.
However, the presence of capillary forces ultimately causes CO to break through the
chip in the form of a dominant main flow channel. This phenomenon indicates that the
crossover morphology from capillary to viscous fingering becomes the predominant
displacement mechanism at elevated pressures. During the transition from low to high

9
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pressure, the displacement patterns are influenced by an interplay of capillary and

viscous forces.

3.2. Quantitative evaluation of displacement efficiency

Figure 4 illustrates the variation of S, and Dy of invasion morphologies under
different pressures at breakthrough. S, exhibited a marked increase with rising pressure,
particularly between 0.1 and 3 MPa, indicating a significant difference in CO,
displacement efficiency compared to atmospheric pressure. This may be due to the
significant differences in the physical properties of CO, under atmospheric pressure
and high pressure. Concurrently, Dy also increased with pressure, reflecting the
expansion of flow paths and increased complexity of flow patterns in the heterogeneous
micromodel. This resulted in a concurrent increase in both D¢ and S,. Notably, when
the pressure is between 3 MPa and 16 MPa, there is a minimal increase in S,, whereas
D¢ shows a substantial rise. It indicates that while their displacement efficiency may not
have differed significantly, there were substantial differences in the complexity of their
invasion patterns.

Figure 5a illustrates the variation of S, with Tj,,, which was derived using min-
max normalisation of the duration from the onset of invasion to breakthrough. In the
early stage of invasion (T, < 0.3), S, increased more rapidly at P=3 MPa and P=16
MPa compared to P=1 bar. This is attributed to the dominance of viscous forces at
higher pressures, which promote the development of multiple finger branches, thereby
enhancing CO, saturation. With the further increase in Ti,,, the S, of these cases
increased steadily at relatively similar rates, but the S, of P=16 MPa began to increase
first. Toward the end of displacement (7},, > 0.9), capillary forces became dominant at
P=1 bar, leading to a smaller final saturation increase compared to higher pressures.

To further investigate the impact of the interaction between capillary and viscous
forces on the invasion pattern, the variation of normalised invasion length L;,, with S,
is shown in Figure 5b. The results clearly demonstrate that L;,, decreased with

increasing CO, pressure. This indicates that, for the same volume of injected CO,, a
10
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greater portion of the pore space was filled laterally under higher pressures, leading to
a shorter invasion length in the longitudinal direction. This behaviour is a characteristic
effect of viscous force, which also accounted for the higher S, observed under elevated

pressure conditions for the same injection time.

4. Conclusions

To advance the understanding of CO, behaviour in geological storage, a novel
microfluidic experimental platform mimicking extreme underground conditions across
a wide range of pressure and temperature conditions was developed to study CO,-water
displacement in heterogeneous porous structures. This platform achieves an
experimental pressure of up to 50 MPa via a back-pressure system and enables
observation of fluid changes through a high-pressure chamber equipped with an
observation window. Microfluidic experiments conducted under varying pressures
demonstrated that CO, displacement efficiency and patterns are significantly
influenced by pressure variations. The physical properties of CO, such as density and
viscosity, change substantially with pressure, impacting displacement mechanisms and
efficiency. As pressure increased, the CO; saturation S, and the fractal dimension Dy of
the invasion morphology increased, indicating higher displacement efficiency and more
complex flow patterns at elevated pressures. At low pressures and a flow rate of 0.1
mL/min, CO, displacement was primarily governed by capillary forces, resulting in
capillary fingering patterns. In contrast, at higher pressures, the viscous force and
capillary force jointly play a significant role, resulting in a crossover pattern. These
findings highlight the importance of considering pressure effects on CO, displacement
behaviour and efficiency in porous media, providing valuable insights for optimising
geological sequestration processes. The present study fills this gap, providing new
insights into the behaviour of CO, under high pressures and advancing the
understanding of CO, displacement dynamics in geological storage scenarios. The
subsequent stage of this research will systematically investigate the flow patterns across

a wide range of flow rates to construct a complete phase diagram for high-pressure two-
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phase flow. Furthermore, investigating the impact of cyclic loading-induced rock
fatigue damage (Hong et al. 2024; Liu and Dai 2018) on the flow structure of two-phase
fluids will be a key focus of our future research, which is critical for understanding the

long-term stability of CO, geological storage.
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Caption of Tables

Table 1. Summary of fluid properties and experimental conditions.

Table 1. Summary of fluid properties and experimental conditions.

Property Values

Pressure (MPa) 0.10  3.00 5.00 8.00 12.00 16.00
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Density of CO, (kg/m3)? 1.82 66.16 140.65 827.71 878.10 911.37
Density of water (kg/m3)? 998.21 999.53 1000.44 1001.80 1003.59 1005.37
Viscosity of CO, (mPa-s)? 0.015 0.015 0.017 0.076 0.086 0.094
Viscosity of water (mPa-s)*  1.002 1.001 1.000 0.999 0.998 0.997
Interfacial tension (mN/m)>¢ 72.80 52.95  39.20 29.10 25.10 23.69

Contact angle (°) 4 10 14 17 21 25 27
Flow rate, Q (mL/min) 0.1

Temperature (°C) 20+0.5

Viscosity ratio, log;oM -1.83  -1.82  -1.78 -1.12 -1.06 -1.02

Capillary number, log;(Ca -5.95 -5.80 -5.62 -4.84 -4.71 -4.66

aThe density and viscosity of CO, and water were obtained from phase diagram at
the NIST (National Institute of Standards and Technology, USA) Chemistry WebBook
(2016).

b ¢The interfacial tension for CO, and water was obtained from Bachu and Bennion
(2009) and Huang et al. (2019).

dThe contact angles of CO,/water/quartz systems were obtained from Umar et al.

(2019).

Caption of Figures
Fig. 1. High-temperature and high-pressure transparent pore-visualization system.

Fig. 2. Microfluidic image processing workflow. (a) Original image; (b) processed
binary image with L, definition; (c) fractal dimension calculation using the
box-counting  method in  Fraclab (a  MATLAB Toolbox,

https://project.inria.fr/fraclab/).

Fig. 3. Displacement patterns for different pressure at the breakthrough. (a) P=1 bar;
(b) P=3 MPa; (c) P=5 MPa; (d) P=8 MPa; (e) P=12 MPa; (f) P=16 MPa. The

flow direction within chips is from right to left.

Fig. 4. Variation of CO, saturation (S;) and fractal dimension (Dy) of invasion

morphologies with pressure at breakthrough. Error bars indicate relative error.

Fig. 5. (a) Variation of CO, saturation S, with the normalised time Tiy,. Tiyy is derived
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through min-max normalization of the time elapsed from invasion onset to
breakthrough. (b) Variation of the normalised length L;,, with CO, saturation
Se.
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Fig. 1. High-temperature and high-pressure transparent pore-visualization system.
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Fig. 2. Microfluidic image processing workflow. (a) Original image; (b) processed
binary image with L.« definition; (c) fractal dimension calculation using the box-

counting method in Fraclab (a MATLAB Toolbox, https://project.inria.fr/fraclab/).
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(d)

Fig. 3. Displacement patterns for different pressure at the breakthrough. (a) P=1 bar; (b) P=3 MPa; (c) P=5 MPa; (d) P=8 MPa; (¢) P=12 MPa; (f)

P=16 MPa. The flow direction within chips is from right to left.
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Fig. 4. Variation of CO; saturation (S,) and fractal dimension (Dy) of invasion morphologies with pressure at breakthrough. Error bars indicate

relative error.
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Fig. 5. (a) Variation of CO, saturation S, with the normalised time Tiy,. Tiyy 1s derived
through min-max normalization of the time elapsed from invasion onset to

breakthrough. (b) Variation of the normalised length L;,, with CO, saturation S,.
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