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Abstract: Carbon dioxide (CO2) and hydrogen (H:) storage in geological formations are two key
approaches to reducing carbon emissions, with capillary trapping serving as one of the primary trapping
mechanisms. Understanding the behaviour of immiscible fluid-fluid displacement in porous media is crucial
for optimizing trapping efficiency. However, previous studies have primarily focused on single injection
scenarios in non-deformable particles, with limited attention given to cyclic scenarios and conditions where
the porous media may deform under injection-induced stress. To address this gap, this study experimentally
investigates the effects of solid deformability (i.e., hard and soft particles) on trapping behaviours during
single and cyclic injections under quasi-2D conditions using a Hele-Shaw cell. In soft media, gas bubbles
evolve from cavities to small blobs during cyclic injections, leading to a noticeable increase in residual
saturation compared to single injection. In contrast, hard granular media exhibit pore invasion from the
onset, with residual saturation remaining independent of the number of injection cycles. These findings
demonstrate that solid deformability plays a critical role in governing the dependence of residual trapping
on injection schemes. These insights offer valuable guidance for developing more effective and optimized

strategies for geological gas storage.

1 Introduction

Reducing high carbon dioxide (CO») emissions has
become increasingly urgent to mitigate the adverse
impacts of climate change [1]. Two of the most
significant approaches to address this issue are carbon
capture and storage (CCS) and renewable energy
systems, with hydrogen (H») often serving as an energy
carrier to ensure the stable energy supply in the latter [2].
Currently, geological formations, typically composed of
porous media, are considered one of the most effective
and practical options for gas storage owing to their wide
availability [3]. In these storage media, capillary
trapping is a key trapping mechanism. For permanent
CO, storage, it is recognised as the most efficient
method for ensuring storage security [4]. However, as
H> needs to be withdrawn for use, this mechanism will
adversely affect the energy efficiency. Therefore,
understanding how capillary trapping influences the
behaviour of immiscible fluid-fluid displacement in
porous media is crucial for optimizing storage and
production strategies.

Many experimental studies have focused on a single
drainage-imbibition cycle [5]. However, in real-world
field applications, both CO. and H: are often subjected
to cyclic injections. Relatively few studies have
examined sequential drainage-imbibition cycles, and the
effects of these cycles on trapping efficiency remain
inconsistent. Some studies suggest that gas residual
saturation evolves over successive injection cycles [6-8],

while others report no significant change over time
[9,10]. Apart from the limited studies on cyclic
injections, previous research has largely overlooked the
effects of solid deformability, focusing primarily on
trapping behaviours in geometrically fixed and rigid
porous media [6,11]. However, recent experimental
study indicates that the pore volume ratio of sandstone
increases with both the number of injection cycles and
rising pore pressure [12]. This suggests that in real-
world scenarios where pressure conditions can vary
significantly from 1 MPa to over 30 MPa, storage media
at the pore scale can range from relatively rigid solids to
deformable material. Fluid injection into a deformable
medium can induce deformation and displacement of
the host solids, which in turn influences overall trapping
behaviours. Recently, only a few studies have explored
gas injection in soft porous media [13,14]. While these
studies primarily examine solid deformation or injected
flow patterns during single injections, there is a
significant gap in understanding gas transport and
trapping behaviours during cyclic injections in
deformable porous media.

To address these gaps, this study carried out
experimental tests using vertical Hele-Shaw cells
containing a quasi-2D monolayer particles, which
allows for clear visualization and quantitative analysis
of the trapped gas. It aims to study the effects of solid
deformability (i.e., soft and hard particles) and injection
regimes (i.e., single and cyclic injections) on trapping
behaviours. With the experimental design and analyses
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of the results, we focus on improving our understanding
of the interplay between solid deformability and
injection regimes to optimise trapping/withdraw
efficiency and storage security.

2 Experimental system

2.1 Test materials

In this study, silicone spheres and polyacrylamide
hydrogel (JRM Chemical) were used to assemble
granular media with distinct mechanical properties, as
shown in Fig. 1 (a). The silicone spheres have an
estimated Young’s modulus of ~735 kPa [15], while the
hydrogel particles have a Young’s modulus of
approximately ~10 kPa [13]. The silicone spheres were
fabricated to a target size of 2+0.1 mm through a precise
moulding process. For the hydrogel, it was initially in
powdered form and swelled into soft grains upon mixing
with water. Since the raw material originally comprised
grains of varying sizes, a sieve analysis was conducted
to ensure size consistency with the silicone spheres. Dry
grains with a size range of 0.25-0.3 mm were selected.
After 24 hours of saturation in demineralized water, the
swollen hydrogel grains expanded to a size range of 1.7-
2.1 mm. To further enhance uniformity, the swollen
hydrogel grains were sieved using customized 3D-
printed sieves with openings of 1.9 mm and 2.1 mm.

Fig. 1 (a) Overview of the custom-developed test
setup (top view) and test materials; (b) Boundary
conditions of 2D Hele-Shaw cell.

2.2 Test setup

A custom-developed system was employed to
investigate the gas-liquid displacement in porous media,
as shown in Fig. 1 (a). The entire experimental setup was
mounted on an optical platform (flatness: £0.05 mm
over 0.36 m?) to ensure a uniform surface, with all
components aligned at the same absolute height. The
system includes a visualization Hele-Shaw cell, two
syringe pumps (Y.H. POWER, QHLR-0140), an
industrial digital camera (DAHENG, MER2-2000-
19U3M), a pressure transducer (MEACON, SUP-P3-
000D), a data logger (MEACON, MIK-RN 3000) and a
LED light (JSIONX, JS-DBL209-318). The
visualization cell (Fig. 1 (b)) was constructed from two
transparent acrylic sheets (120 mm % 160 mm x 7.5 mm)
separated by acrylic strips (10 mm x 160 mm X 1.5 mm)
positioned on both sides. These strips were lined with
Ethylene Propylene Diene Monomer (EPDM) foam
strips of 1 mm thickness. This configuration allows the
gap between the two acrylic sheets to be adjusted to

2.1540.02 mm, enabling the formation of a quasi-2D
monolayer of particles. Additionally, these strips also
effectively prevented liquid leakage from the cell. The
top of the cell was equipped with a 3D-printed module
with an internal channel connected to the cell to
facilitate drainage and gas escape. The bottom of the cell
was secured with an acrylic strip containing an injection
port, which was connected to syringe pumps via plastic
tubing. After assembling the Hele-Shaw cell, the edges
were sealed with glass glue to prevent any unintended
gas or liquid leakage.

2.3 Test procedures

After saturating the Hele-Shaw cell with deaired
water, the particles were packed in monolayer. The
desired packing height for all cases was consistent. Once
the packing phase was completed, 3D-printed modules
were fixed on top. The remaining particles were then
weighted again to accurately calculate the porosity. The
assembled cell was then mounted on the platform in
front of the LED light and the bottom injection port was
connected to two syringe pumps. Two injection schemes
were employed: single and cyclic injections, both
conducted at a constant injection rate of Q = 3
ml/minute. The single injection process includes 20-min
air injection followed by 20-min water injection. In the
cyclic injection scheme, four imbibition-drainage cycles
were performed, each consisting of 5 minutes of air
injection followed by 5 minutes of water injection. The
gas migration pattern was recorded during the entire
process at 4 frames per second with a high resolution of
5,496x3,672 pixels. Four sets of experiments were
conducted with varying materials, injection schemes
and porosities, as summarized in Table 1.

Table 1 Summary of test conditions

a Test . Injection
TestD material Porosity scheme®
H-S Silicone Single
. +0. .
H-C (Hard) 0.3460.017 Cyclic

S-S Hydrogel
S-C (Soft)

Notes:

* This first symbol denotes the test material type: ‘H’ for hard and ‘S’ for soft;
the second symbol indicates the injection scheme: ‘S’ for single injection and
C’ for cyclic injections.

b Single injection contains 20-min air injection and 20-min water injection;
cyclic injections include 4 cycles of 5-min air and 5-min water injections

0.341+0.027 Single
0.344+0.027 Cyclic

3 Results

3.1 Dynamic evolution of trapped gas

To visualize the effects of injection regimes on trapping
behaviour, we compare fluid displacement patterns and
residual saturation at the steady state. The invading gas
phase was categorized into different sizes, represented
by a colour gradient from small (0 mm?, blue) to large
(250 mm?, red).

For soft granular media, cyclic injections (Test S-C)
resulted in a distinct evolution, as shown in Fig. 2 (a).
This evolution is characterized by a significant increase
in gas residual saturation, rising from 0.04 to 0.40, along
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with clusters transiting from cavities to interconnected
ganglia and eventually forming predominantly blobs
that dominating the system. Compared to the single
injection results (Test S-S), a similar outcome is
observed, with small ganglia dominating in the final
state. However, the terminal residual saturation is
approximately three times lower (0.12). This
discrepancy aligns with studies suggesting that gas
residual saturation evolves over successive injection
cycles [6-8].

The trapping behaviour of hard granular media (Test H-
S and H-C) is shown in Fig. 2 (b). The cluster size is
noticeably smaller than that in the soft case. Since the
hard particles are almost non-deformable in this
experimental setting, this rigidity limits the mobility of
the gas phase and the potential for cluster coalescence
and redistribution. The residual saturation stabilizes
after cycle 2, which is faster than the soft case.
Interestingly, the residual saturation across different
injection regimes is similar. This observation is
consistent with studies suggesting that residual
saturation during cyclic injections remains constant over
time [9,10].
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Fig. 2 Comparisons of migration patterns at steady state
(NG and NL represents the number of gas and liquid
injection) (a) Soft granular media (Test S-C and S-S); (b)
Hard granular media (Test H-C and H-S).

3.2 Hysteresis effects of cyclic injections

To quantify the hysteresis effects during cyclic
injections, the initial and residual gas saturations for
each cycle are plotted in Fig. 3, alongside data from
recent representative experimental studies on cyclic
injections [7,11,17] for comparison. The data in this
study represent average values from the final minute of
each drainage/imbibition process, with measurements

recorded every five seconds. The gradient colour from
dark to light indicates the cycle sequence. The results are
compared with the classic trapping model proposed by
[18], represented by black solid curves:

Sic |
1+C-S;¢’ )
where S;; and S, represent the residual saturation
after imbibition and drainage upon reaching the steady
state, respectively; C is the Land trapping coefficient.
These trajectories represent the evolution of saturation
hysteresis throughout the cyclic injections. In general,
neither the trajectories from this study nor those from
the literature strictly follow the trend predicted by Land
model, indicating that relying solely on this model may
not adequately capture gas hysteresis behaviours during
cyclic injections. For the hard case (Test H-C), the
trajectory across all cycles remains nearly fixed at a
value close to the Land model curve with C=0.4 and
shows no clear trend, resembling the reported
experimental results [11,16]. Focusing on soft case (Test
S-C), the observed phenomenon is similar to the
previous findings [7,17]. A notable feature in these cases
is the trend of trajectories moving in a direction of
decreasing C, which is associated with smaller changes
in saturation after water flooding. It is worth noting that
the studies [11,16], which produced results comparable
to those for hard granular media, were conducted under
ambient pressure. In contrast, the studies [7,17], which
exhibited behaviours similar to soft granular media,
were conducted under MPa-level pore pressure. This
suggests that high pressure may increase the pore-scale
deformability of rock samples, allowing the injected
fluid to alter the pore size and causing the material to
behave more like soft media. This behaviour has been
also demonstrated in previous experiments [12].
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Fig. 3 Trajectories of initial and residual gas saturation
during cyclic injections with varying solid deformability
and injection schemes. The gradient colour from dark to
light indicates the cycle sequence.

4 Conclusions

This study experimentally investigated the effects of
solid deformability and injection schemes (i.e., single
and cyclic injections) on gas trapping behaviours in a
vertical Hele-Shaw cell. Contrasting solid deformability
can lead to significantly different trapping behaviours.
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In the soft case, trapped gas evolves from large cavities
into interconnected ganglia and eventually forms
predominantly blobs over successive cycles, notably
enhancing residual gas saturation. Whereas the hard
case exhibits pore invasion from the onset, with residual
saturation remaining nearly unchanged throughout the
cycles. Compared to single injection, cyclic injections
significantly enhance gas retention in the soft case,
whereas residual saturation in the hard case remains
similar across both injection scenarios. The evolution of
residual saturation during cyclic injections is compared
with the predictions of Land model, revealing that
relying solely on this model may not adequately capture
hysteresis effects. In hard granular media, no clear trend
is observed, which is consistent with the experimental
findings conducted under ambient pressure. In contrast,
soft granular media clearly shows enhanced trapping
efficiency, resembling the behaviour observed in tests
conducted under MPa-level pore pressure. This
indicates that the previous inconsistent conclusions
(either no change or evolve) regarding the cyclic
injection effects could possibly relate to the relative
deformability of storage media.
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