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Article 
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Abstract 

Large-scale storage solutions play a critical role in the ongoing energy transition, with 
Underground Hydrogen Storage (UHS) emerging as a possible option. UHS can benefit 
from existing natural gas storage expertise; however, key differences in hydrogen’s be-
havior compared to CH4 must be characterized at the pore scale to optimize the design 
and the management of these systems. This work investigates two-phase (gas–water) flow 
behavior using microfluidic devices mimicking reservoir rocks’ pore structure. Microflu-
idic tests provide a systematic side-by-side comparison of H2–water and CH4–water dis-
placement under the same pore-network geometries, wettability, and flow conditions, fo-
cusing on the drainage phase. While all experiments fall within the transitional flow re-
gime between capillary and viscous fingering, clear quantitative differences between H2 
and CH4 emerge. Indeed, the results show that hydrogen’s lower viscosity enhances ca-
pillary fingering and snap-off events, while methane exhibits more stable viscous-domi-
nated behavior. Both gases show rapid breakthrough; however, H2’s flow instability—
especially at low capillary numbers (Ca)—leads to spontaneous water imbibition, sug-
gesting stronger capillary forces. Relative permeability endpoints are evaluated when 
steady state conditions are reached: they show dependence on Ca, not just saturation, 
aligning with recent scaling laws. Despite H2 showing a different displacement regime, 
closer to capillary fingering, H2 mobility remains comparable to CH4. These findings high-
light differences in flow behavior between H2 and CH4, emphasizing the need for tailored 
strategies for UHS to manage trapping and optimize recovery. 

Keywords: underground fluid storage; hydrogen; pore-scale; Rock-on-a-Chip; flow  
regimes; microfluidic devices 
 

1. Introduction 
The urgent need to reduce carbon emissions and enhance energy security has driven 

the development of new strategies for energy production and storage. Underground Gas 
Storage (UGS) has emerged as a possible solution for large-scale energy storage, overcom-
ing capacity and safety issues [1–4]. In this context, Underground Hydrogen Storage 
(UHS) has gained attention, providing a sustainable means to store energy generated from 
renewable sources like wind and solar [5,6]. The concept of underground storage is not 
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new, since it has been investigated and now largely exploited for the storage of natural 
gas to satisfy the need for a balance between constant supply and fluctuating energy de-
mand. Therefore, most of the past and ongoing UHS projects exploit the experiences 
gained from underground natural gas storage [7]; however, the differing behaviors of hy-
drogen and methane still require systematic investigation. 

As a result, in recent years, there has been growing research interest in UHS, partic-
ularly regarding the assessment of hydrogen dissolution in reservoir water [8], thermo-
dynamic behavior of hydrogen and hydrogen-methane mixtures [9], and hydrogen diffu-
sion through the caprock [10]. 

Although these studies have provided important insights into hydrogen behavior 
under storage conditions, underground porous media remain complex multiphase sys-
tems, where macro-scale behavior is influenced by micro-scale phenomena, such as pore-
scale dynamics, that affect storage capacity, injectivity, and safety [11], making an im-
proved understanding essential for reducing uncertainty at the reservoir scale [12,13]. 

Microfluidic devices are recognized as a valuable tool for investigating critical pore-
scale phenomena that can occur in underground porous media, since they reproduce po-
rous media geometry, allowing for direct visualization of fluid flow at the microscale 
[11,14,15]. They are especially useful for studying UHS, as they capture rapid and unstable 
displacement dynamics typical of low-viscosity gases such as hydrogen [16]. This reser-
voir-relevant use of microfluidics is commonly described through the “Reservoir-on-a-
Chip (ROC)” paradigm, first introduced by Gunda et al. [17], where a pore-network rep-
resentation is embedded in a microfluidic chip to simulate key features of a geological 
formation and to observe multiphase displacement mechanisms under controlled condi-
tions. Unlike conventional core-flooding experiments, microfluidics provides direct ob-
servation of pore-scale phenomena, including capillary fingering and snap-off events that 
occur at very short timescales and small length scales [18], which are essential for under-
standing fluid behavior during injection and withdrawal cycles [19,20]. Ongoing research 
focuses on integrating laboratory microfluidic tests with numerical modelling approaches 
(computational microfluidics) [21]. Indeed, microfluidic tests provide valuable bench-
mark data sets, useful for validating numerical simulations and bridging the gap between 
laboratory observations and predictive simulations [22]. For a complete review of compu-
tational microfluidics with application to subsurface porous media, the reader can refer to 
Soulaine et al. [23]. 

A microfluidic device typically consists of a patterned substrate layer that hosts the 
microfluidic circuit bonded to a transparent covering layer, which enables visualization 
of the fluids inside [11,24]. In Reservoir-on-a-Chip applications, the microfluidic patterned 
core replicates porous media geometry, with features ranging from a few to hundreds of 
micrometers. For a comprehensive treatment of micromodel design, material selection, 
and fabrication methods for multiphase flow studies, the reader can refer to [24]. 

For all the advantages previously described, microfluidics has been successfully ap-
plied to various subsurface investigations, including groundwater remediation [25–28], 
dissolution process [29], water–oil separation [30], CO2 storage [31,32], and enhanced oil 
recovery [33]. Microfluidics has proven to be a valuable tool also for studying microbial 
activities that can have significant implications for UHS, such as biofilms causing bio-
clogging and microbiologically influenced corrosion (MIC) [34–41]. For a more detailed 
examination of the microbial phenomena influencing UHS, the reader can refer to [42,43], 
where further insights and in-depth discussions on this topic are provided. 

Furthermore, micromodels can be used to replicate drainage and imbibition pro-
cesses and to study underlying phenomena like viscous fingering, capillary fingering, and 
snap-off [44–48], or provide insights into the fraction of unrecoverable gas due to capillary 
trapping. Recently, micromodels found application in the investigation of contact angle 
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hysteresis and capillary trapping under high pressure in hydrogen/brine systems 
[15,49,50]. A detailed investigation of wettability influences is reported in the work of 
AlOmier et al. [51], with a particular focus on how mixed wettability in porous media 
affects fluid displacement dynamics, highlighting the impact of mixed wettability on in-
jection time, spatial invasion patterns, and dynamic pressure profiles in subsurface sys-
tems. Microfluidic experiments have also been proposed as a way to better understand 
and address three major potential hurdles for porous media systems, including induced 
seismicity, leakage by hydraulic displacement, and chemical conversion resulting from 
ineffective gas curtains (e.g., N2, CH4) [52]. 

The current study presents the results of microfluidic flow tests investigating pore-
scale phenomena relevant to UGS systems. The micromodels used for the tests are com-
mercial Micronit® (Micronit, Enschede, The Netherlands) glass-glass devices with en-
graved fluidic paths, created by wet etching, and featuring patterns simulating porous 
media, namely the Physical Rock Network. These devices are made of borosilicate glass, 
which is intrinsically water-wet according to the manufacturer’s specifications. The pore 
network area dimensions are approximately 2 × 1 cm, and the isotropic channels have a 
20 µm etch depth. 

Using Physical Rock Network devices, two-phase fluid flow tests are performed for 
water-hydrogen and water-methane systems. The objectives of this work are to observe 
displacement regimes and pore-scale phenomena that can occur during multiphase flow 
and to estimate the endpoint relative permeabilities during displacement processes, fo-
cusing on the drainage phase. The present work provides a direct, side-by-side compari-
son between hydrogen and methane under the same experimental conditions in the same 
pore network, explicitly analyzing how capillary number, mobility ratio, and fluid prop-
erties (such as viscosity and compressibility) influence displacement patterns, residual 
saturations, and relative permeability. While the experimental and analysis methods have 
been established in previous studies, the novelty of this work lies in performing a con-
trolled comparison of H2 and CH4. To the authors’ knowledge, there are currently no mi-
cromodel studies that systematically compare methane and hydrogen flow regimes and 
relative permeability in a common experimental framework while mapping the results 
onto a Lenormand-type diagram. 

Initially, to validate the setup, a set of tests is performed to evaluate the absolute 
permeability of the tested device. 

The following sections of the article recall the flow test procedures, the methodolo-
gies applied to analyze the results and provide a comprehensive description of the tests 
performed. The experimental results yield significant insights into fluid behavior at the 
pore scale, providing valuable data for the development of efficient hydrogen and me-
thane storage strategies. Finally, the article discusses the potential, limitations, and future 
directions of this experimental approach, establishing it as a strong foundation for further 
research in the field. 

2. Materials and Methods 
2.1. Microfluidic Flow Test Procedures 

The present section briefly recalls the methodologies that guided the design of mi-
crofluidic tests, as already detailed in Loffredo et al. [53]. Specifically, three main proce-
dures for testing Micronit® glass-glass devices were identified: 

1. Multiphase tests to collect pore-scale observations. 
2. Single-phase tests to determine absolute permeability. 
3. Multiphase tests to evaluate the endpoint relative permeability and residual satura-

tions. 
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2.1.1. Multiphase Tests for Preliminary Pore-Scale Observations 

This first series of multiphase experiments aimed to qualitatively assess how fluid dy-
namic viscosity and injection velocity influence flow patterns and pore-scale phenomena. 

As a standard procedure, in a multiphase test, the device is fully saturated with a 
fluid (resident), which is subsequently displaced by a second one (invading), injected at a 
fixed rate. The test is referred to as drainage, and the non-wetting fluid is injected and 
displaces the wetting fluid. Conversely, an imbibition test is performed when the wetting 
fluid displaces the non-wetting one. When the flow patterns stabilize with negligible spa-
tial variation over time, quasi-steady-state conditions are considered achieved. At this 
point, the final fluid configuration is acquired, and the residual saturation value is as-
sessed. Operationally, a microscope is typically used to observe and characterize the per-
colation patterns through the porous media. This approach, similar to the previous study 
of Lysyy et al. [50], also enables capturing pore-scale dynamics (e.g., snap-off) during the 
injection phase and the following quasi-static conditions. 

As in the work of Lysyy et al. [54], to characterize the flow regime and the relative 
importance of different forces in pore-scale displacement, we introduce the key dimen-
sionless groups that control multiphase flow in porous media. In such dimensionless 
groups, the velocity refers to Darcy’s velocity calculated as: 𝑈 = ௤థ೐஺, (1) 

where 𝑞 is the flow rate [m3/s], 𝜙௘ is the effective porosity [-], and 𝐴 the cross-sectional 
area [m2]. 

Reynolds number (Re) quantifies the ratio of inertial to viscous forces, and it is de-
fined as: 𝑅𝑒 = ఘ௎஽ఱబఓ , (2) 

where 𝜌 is the fluid density [kg/m3], 𝑈 is the Darcy’s velocity [m/s], 𝜇 is the dynamic vis-
cosity of the displacing fluid [Pa s], and 𝐷ହ଴ a characteristic length (median pore diame-
ter) [m]. In pore-scale displacements, very small Re values indicate that inertial effects are 
negligible and flow remains in the laminar regime. 

Peclet number (Pe) quantifies the rate of convective transport to the rate of diffusive 
transport, and it is defined as: 𝑃𝑒 = ௎஽ఱబ஽ , (3) 

where 𝐷  is the molecular diffusion coefficient [m2/s].   >> 1 indicates that convection 
dominates over diffusion, consistent with advection-driven displacement in structured 
pore networks. 

Bond Number (Bo) assesses the relative importance of gravitational to capillary force, 
and it is defined as: 𝐵𝑜 = ∆ఘ௚஽ఱబమఙ , (4) 

where ∆𝜌 is the density difference between fluids, 𝑔 the gravitational acceleration, and 𝜎 the interfacial tension between the two fluids [N/m]. Very small Bo values indicate neg-
ligible gravity effects. 

Finally, several studies have identified two key parameters that significantly influ-
ence the macroscopic patterns of fluid interfaces in displacement processes [46,55,56]: the 
Capillary Number (𝐶𝑎) and the Viscosity Ratio (𝑀). While it is widely recognized that the 𝐶𝑎 measures the ratio of viscous forces to capillary forces, challenges remain in establish-
ing a universally accepted definition. For a complete review, the reader can refer to Guo 
[57]. In our work, since the focus is on pore-scale phenomena, we adopt a microscopic 
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capillary number definition, in particular, that defined in the SPE Enhanced Oil Recovery 
Textbook [58]: 𝐶𝑎 = ఓೢ௎ఙ , (5) 

where 𝜇௪ is the dynamic viscosity of the wetting phase [Pa s]. 
When 𝐶𝑎 ≈ 1, viscous forces dominate, whereas capillary forces prevail when 𝐶𝑎 ≪ 1 

[57]. 
The Viscosity Ratio (𝑀) is defined as [56]: 𝑀 = 𝜇௜௡௩௔ௗ௜௡௚𝜇ௗ௜௦௣௟௔௖௘ௗ . (6) 

This parameter is crucial for assessing the stability of the fluid front. Along with 𝐶𝑎, 
it is employed to identify displacement patterns through the porous media, as first pre-
sented by R. Lenormand [54,56], who introduced a phase diagram with 𝑀 as the vertical 
axis and 𝐶𝑎 as the horizontal axis, as reported in Figure 1. 

According to the values of 𝑀 and 𝐶𝑎, the Lenormand phase diagram determines 
whether viscous or capillary forces prevail, thereby influencing the nature of fluid dis-
placement. Three primary displacement regimes are identified: 

• Stable displacement (1 in Figure 1), characterized by a nearly flat advancing front 
throughout the medium, leaving behind trapped clusters of only a few pore sizes. 

• Viscous fingering (2 in Figure 1) generates tree-like percolation patterns that extend 
in the direction of the flow without any backward loops. 

• Capillary fingering (3 in Figure 1), whose percolation pattern features finger-like 
structures that can grow in all directions, including backward, leading to the trap-
ping of large clusters. 

Modifications in porous geometry can shift regime boundaries. For example, Zhang 
et al. [46] showed that a more homogeneous porous pattern exhibited wider domains and 
smaller transition regions compared to Lenormand’s device. Therefore, applying the same 𝐶𝑎 across different topological systems can result in variations in displacement mecha-
nisms. Nevertheless, the general structure of the phase diagram remains unchanged and 
applicable to 2D microfluidic pore devices. 

 

Figure 1. Example of simulated CFD patterns and their qualitative classification according to Lenor-
mand map. 

A series of drainage/imbibition tests was designed to identify the corresponding 
point in the Lenormand phase diagram and observe the resulting displacement patterns 
to define the boundaries of the phase diagram for our specific system. However, during 
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imbibition, water invaded the pores too rapidly to allow quantitative observations, pre-
venting reliable capture of pore-scale dynamics. For this reason, the present analysis fo-
cuses on the drainage (gas injection) process. 

Saturation and porosity were estimated using a custom image-processing algorithm, 
described in Appendix A. 

2.1.2. Single-Phase Tests for Absolute Permeability Assessment 

The single-phase test procedure for absolute permeability assessment involves a se-
ries of fluid injections at constant flow rates, with the recording of pressure drop across 
the device once steady-state conditions are reached (i.e., pressure drop across the device 
remains constant over time). The absolute permeability value is then obtained by invert-
ing Darcy’s equation (Equation (7)): 𝑘௔௕௦ = 𝐿𝜇𝑞𝐴∆𝑃, (7) 

where 

• 𝐿 [m] is the distance between the inlet and outlet ports of the device, 
• 𝐴 [m2] is the cross-sectional area perpendicular to the fluid flow, 
• µ [Pa s] is the dynamic viscosity of the injected fluid, 
• 𝑞 [m3/s] is the fixed flow rate, 
• Δ𝑃 = 𝑃out − 𝑃in [Pa] is the measured pressure drop across the device. 

All tests were performed at ambient pressure. The inlet pressure sensor was cali-
brated against atmospheric pressure (𝑃𝑎𝑡𝑚). To avoid recording negative values and en-
sure an accurate representation of the system’s pressure, a back-pressure regulator (BPR) 
set to 104 Pa was installed downstream of the micromodel, ensuring: 𝑃௢௨௧ = 𝑃௔௧௠ ൅ 10ସ Pa, (8) 

A detailed description of the experimental setup is available in [53] and similar con-
figurations can be found in [59–61]. 

Referring to the scheme in Figure 2, it is observed that the measured pressure drop 
(Δ𝑃) includes contributions from the porous network ∆𝑃௣௢௥௨௦ ௡௘௧௪௢௥௞ as well as from the 
inlet/outlet tubing tubes (I/O tubes) and the inlet/outlet channels (I/O channel). Therefore, 
to assess the permeability of the porous pattern, it is necessary to estimate the contribu-
tions from these additional sections and subtract them from the measured total pressure 
drop. The hydraulic resistance (Rh) of the tubes and channels was calculated analytically 
according to the procedure suggested by technical literature [53,61]. The calculated values 
of Rh for H2, CH4, and water are summarized in Table 1. 

 

Figure 2. Scheme of a microfluidic device, with parameters of Darcy’s equation. Black arrows are 
shown in correspondence of the device inlet and outlet. 
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Table 1. calculated hydraulic resistance I/O tubing and channels for different injected fluids. 

  Rh [Pa s m−3] 
  Water CH4 H2 

I/O tubes  1.824 × 1011 2.166 × 
109 

1.738 × 109 

I/O Channels 

1st bifur-
cation 1.306 × 1013 

1.552 × 
1011 1.245 × 1011 

2nd bifur-
cation 1.081 × 1013 

1.283 × 
1011 1.029 × 1011 

3rd bifur-
cation 

1.104 × 1013 1.311 × 
1011 

1.052 × 1011 

2.1.3. Multiphase Tests for Endpoint Relative Permeability Evaluation 

In this series of experiments, drainage and imbibition tests were performed. The 
reader can refer to Loffredo et al. [53] for details. Here, we report the equations used to 
evaluate the effective permeability (Equation (9)), where all parameters are already de-
fined in Equation (7), except 𝜇௜௡௩௔ௗ௜௡௚ , which represents the viscosity of the invading 
fluid, and the corresponding relative permeability (Equation (10)): 𝑞 = 𝑘௘௙௙𝐴𝜇௜௡௩௔ௗ௜௡௚ ∆𝑃𝐿 . (9)

𝑘௥ = 𝑘௘௙௙𝑘௔௕௦ . (10)

Our preliminary steady-state experiments captured the gas endpoint, i.e., the relative 
permeability of the gas when the residual water saturation value is reached. 

3. Results 
In the following section, the experimental results are presented and discussed in de-

tail. For clarity, this section is structured into two parts: 

(1) single-phase microfluidic flow tests aimed at validating the setup and estimating ab-
solute permeability of the pore network, and 

(2) multiphase tests, focused on the investigation of pore-scale dynamics and evaluating 
endpoint relative permeability values. 

3.1. Single-Phase Microfluidic Flow Tests 

Absolute permeability tests were carried out at ambient pressure and temperature 
by injecting water through the microfluidic device while keeping the gas line closed. A 
detailed description of the experimental setup is provided in [53]. 

The pressure value at the inlet was measured using a calibrated Elvesys® MPS03 
(Elveflow, Paris, France) sensor, and the total porosity of the micro-model was determined 
from a stitched image of the empty device acquired with the microscope. 

Exploiting Darcy’s Law (Equation (7)), the absolute permeability of the porous net-
work (𝑘௔௕௦ುಿ) can be derived from the ∆𝑃௉௢௥௢௨௦ ே௘௧௪௢௥௞ obtained from theoretical correc-
tions of pressure measurements. 

The permeability values associated with each injection step fall within the range of 
4.85 D to 5.67 D, averaging at 5.26 D, with the length of the sample 𝐿 set to 2 cm. 

Micronit® Datasheet [62] declares that the absolute permeability values for the Physical 
Rock device range from 6.62 D to 7.79 D, which are slightly higher compared to those ob-
tained from our tests. This discrepancy is likely due to additional pressure losses within our 
experimental setup, which were not accounted for during the measurements. Additionally, 
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our approach applies two theoretical corrections to pressure measurements, whereas Mi-
cronit® reports absolute permeability values based on experimental procedure [62] that ac-
count for the system baseline pressure losses directly. In our workflow, both absolute and 
effective permeability are computed from pressure measurements, using the same correc-
tion procedures to quantify the impact of the inlet and outlet tubing on the pressure drops. 
A sensitivity analysis for the hydrogen relative permeability endpoints, performed by var-
ying the tubing length 𝐿 across a wide range, showed a negligible impact. 

It should be noted that the absolute permeability of the Physical Rock Network mi-
cromodel (of the order of 5 Darcy) is significantly higher than that of typical reservoir 
sandstones, which generally range between 10ିଷ and 10ିଵ D. This relatively high per-
meability arises from simplified 2D planar geometry and the need to ensure in-plane con-
nectivity at the micromodel scale. Therefore, the chip is not designed to quantitatively to 
reproduce a reservoir rock, but rather to serve as an idealized 2D pore network for quali-
tatively investigating the dependence of water–gas displacement patterns and relative 
permeability on capillary number and viscosity ratio. 

3.2. Multi-Phase Microfluidic Flow Tests 

Drainage and imbibition tests for water-hydrogen and water-methane systems were 
designed by adjusting the flow rates to achieve different 𝐶𝑎 and observe the resulting 
displacement patterns. The tests covered Ca values from 10−6 to 10−4, with particular focus 
on 𝐶𝑎 = 10ିସ and 𝐶𝑎 = 10ିହ, corresponding to flow rates of 100 µL/min and 10 µL/min, 
respectively. Table 2 lists the main parameters of the experiments. 

Table 2. Dynamic Viscosity, Interfacial Tension, Density, and Molecular Diffusion Coefficient in 
water-hydrogen and water-methane systems at 20 °C and 1 atm. 

 H2O H2 CH4 𝜇 [Pa s] 9.32 × 10−4 8.88 × 10−6 1.11 × 10−5 𝜎 [N/m]  0.072 [63] 0.070 [64] 𝜌 [kg/m3] 1000 0.084 0.668 𝐷 [m2/s]  4.58 × 10−9 [65] 1.62 × 10−9 [65] 
The mean pore diameter (𝐷ହ଴), i.e., the characteristic length of Equation (4), was esti-

mated from the micromodel geometry using the A* algorithm described in Salina Borello 
et al. [66], yielding a value of 171 μm. 

Based on the dimensionless groups reported in Tables 3 and 4, both H2–water and 
CH4–water flows fall within the laminar regime. Displacement behavior is controlled by 
capillary–viscous competition while diffusion and buoyancy play minor roles under our 
experimental conditions. 

Table 3. Dimensionless Number for water–hydrogen system. 

q ሾ𝝁𝒍/𝒎𝒊𝒏ሿ U 
[m/s] Ca 

Re 
Pe Bo 

Drainage Imbibition 

1 1.69 × 10−4 2.19 × 10−6 2.74 × 10−4 3.11 × 10−2 6.33 3.98 × 10−3 

10 1.69 × 10−3 2.19 × 10−5 2.74 × 10−3 3.11 × 10−1 6.33 × 101 3.98 × 10−3 

100 1.69 × 10−2 2.19 × 10−4 2.74 × 10−4 3.11 6.33 × 102 3.98 × 10−3 
  



Energies 2026, 19, 348 9 of 27 
 

https://doi.org/10.3390/en19020348 

Table 4. Dimensionless Number for water–methane system. 

q ሾ𝝁𝒍/𝒎𝒊𝒏ሿ U 
[m/s] Ca 

Re 
Pe Bo 

Drainage Imbibition 

1 1.69 × 10−4 2.26 × 10−6 2.74 × 10−4 1.74 × 10−3 3.11 × 10−2 1.79 × 101 

10 1.69 × 10−3 2.26 × 10−5 2.74 × 10−3 1.74 × 10−2 3.11 × 10−1 1.79 × 102 

100 1.69 × 10−2 2.26 × 10−4 2.74 × 10−4 1.74 × 10−1 3.11 1.79 × 103 
In all tests, water was the wetting phase. Thus, in drainage tests when gas is the in-

vading fluid, 𝑀 <  1  resulting in 𝑙𝑜𝑔ଵ଴ሺ𝑀ሻ < 0 . Conversely, in imbibition tests, 𝑙𝑜𝑔ଵ଴ሺ𝑀ሻ is opposite in sign (Table 5). 

Table 5. Mobility Ratio in water–hydrogen and water–methane systems. 

 H2 CH4 𝑙𝑜𝑔ଵ଴ሺ𝑀ሻ ±2.02 ±1.92 

The eight distinct tests correspond to eight points in the Lenormand diagram (Figure 
1). All points lie close to the boundary between capillary-dominated and non-capillary 
regimes. According to Blunt, capillary forces become significant for Ca < 10−5 [67]. This 
suggests that our drainage experiments fall within the transitional region between capil-
lary fingering and viscous fingering. However, the boundaries shown in Figure 1 are sys-
tem dependent [56]. As a result, the lines drawn on the graph provide a reasonable ap-
proximation but may not accurately apply to all of our micromodels [68]. 

A preliminary attempt to outline regime boundaries for our micromodel is presented 
in Figure 3; however, the construction of a complete Lenormand diagram would require 
experiments spanning a broader range of Ca and M values, which fall outside the scope 
of this study. 

 

 

Figure 3. Lenormand diagram for our experiments, with hypothetical regions and boundaries. 

The dynamic viscosity values at ambient conditions (20 °C, 1 bar) used in the calcu-
lations are taken from NIST reference data [69]. Such values are consistent with those ex-
pected at typical underground gas storage conditions (e.g., 150–200 × 105 Pa, 45 °C): water 
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viscosity remains around 10−4 Pa·s. Similarly, H2 and CH4 viscosities remain in the 10−5 Pa·s 
range. The interfacial tension of H2–brine and CH4–brine systems is reported to be in the 
range of 0.06–0.072 N/m [70], consistent with the values measured at ambient conditions 
(Table 2). Therefore, the explored Ca range (10−4 to 10−6) and the mobility ratios are quali-
tatively representative of reservoir conditions when appropriate flow rates and fully wa-
ter-wet conditions are considered. Indeed, it must be noted that in the definition of capil-
lary number here adopted, the wetting-phase viscosity appears in the numerator. In sys-
tems with intermediate or mixed wettability, the viscosity appearing in the numerator 
would change, causing the capillary number and the Lenormand regime boundaries to 
shift accordingly. Strictly water-wet micromodels compared to heterogeneous, mixed-
wettability field conditions are a key limitation of the methodology. 

3.2.1. Hydrogen–Water Systems 

Figures 4 and 5 illustrate the evolution of the hydrogen front (lighter color) during 
drainage tests corresponding to 𝐶𝑎 equal to 10−4 and 10−5, respectively. The frames were 
captured at different times during the displacement process. As expected, the hydrogen 
saturation (Sg) observed at the end of the drainage process increases with the increasing 𝐶𝑎, in agreement with classical pore-scale displacement theories [56]. 

 

Figure 4. Evolution of the hydrogen front at different time steps at 𝑪𝒂 = 𝟏𝟎ି𝟒. 

 

Figure 5. Evolution of the hydrogen front at different time steps at 𝑪𝒂 = 𝟏𝟎ି𝟓. 
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Hydrogen rapidly invaded the pores of the micro model with an almost instantane-
ous breakthrough time (of the order of milliseconds), with a sequence of Haines Jumps, 
regardless of the imposed Ca. This behavior confirms hydrogen’s non-wetting character, 
as also reported in Andrew et al. [71]. Within the invaded pores, hydrogen predominantly 
occupied the available space, although small water accumulations were observed at the 
bottom of the pore medium due to the surface irregularities of the device [50]. Red arrows 
in Figure 6 highlight water droplets observed at the breakthrough (t1) for Ca = 10−4 and Ca 
= 10−5, respectively. Such droplets were most pronounced at high Ca and were significantly 
reduced by the end of the test (t2), likely due to the hydrophilic nature of the micromodel 
surfaces, which promotes water-phase connectivity, and to the water evaporation into the 
hydrogen phase, especially at low Ca [50]. Refer to Supplementary Materials for a video 
of the run at Ca = 10−4. 

 

Figure 6. Water droplets (red arrows) displacement by hydrogen during drainage at 𝑪𝒂 = 𝟏𝟎ି𝟒 (A) 
and 𝑪𝒂 = 𝟏𝟎ି𝟓 (B). Hydrogen percolation was limited by small pore throats. 

At higher magnification, irregularities along the pore walls led to the development 
of thick wetting layers, as indicated by the red arrows in Figure 7. These layers play a 
significant role in pore-scale processes [67], potentially acting as swelling arc menisci. 
However, their precise influence requires further investigation. 

 

Figure 7. Wetting layers highlighted by red arrows. 
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Another important aspect concerns the connectivity of the non-wetting phase, which 
determines whether the phase forms continuous pathways through the pore network. At 
low Ca, hydrogen showed high connectivity, with multiple continuous gas pathways ob-
served (Figure 5). Conversely, at high Ca, both connected and disconnected hydrogen re-
gions were observed (Figure 4). 

The dominant mechanism occurring during drainage in the disconnected non-wet-
ting phase front was identified as Roof snap-off [72]. This phenomenon occurs when the 
advancing interface becomes unstable when entering a neighboring pore (t1 in Figure 8). 
To maintain capillary equilibrium, water accumulates in the pore throat, leading to the 
disconnection of the non-wetting phase (hydrogen) (t2 in Figure 8). 

 

Figure 8. Example of Roof Snap-Off highlighted in the red boxes: t1 before and t2 after snap-off 
event.  

In the context of seasonal hydrogen storage, snap-off during or after drainage is un-
desirable, as it can lead to permanent hydrogen entrapment. Although the highest hydro-
gen saturation (Figure 4) was achieved at a high Ca (10−4), increasing injection rates do not 
necessarily improve injection efficiency due to the potential snap-off events [73]. 

Regarding the flow regime, the logCa-logM diagram (Figure 1) would predict unsta-
ble viscous-dominated displacement at the analyzed Ca. However, as previously dis-
cussed, the regime boundaries are system-dependent [46] and may not fully apply to this 
micromodel. Localized features of both viscous and capillary flow regimes were observed: 
the presence of connected hydrogen pathways obstructed only by narrow pore throats at 
low Ca suggests the influence of capillary fingering; conversely, Roof snap-off triggered 
when hydrogen attempts to penetrate narrow throats at high Ca indicates a stronger in-
fluence of viscous forces [46]. 

The final configuration reached at the end of the drainage experiment serves as the 
starting point for the imbibition test. However, at the investigated capillary numbers (e.g., 
Ca = 10−4 and Ca = 10−5), injecting 5 mL of water resulted in rapid and complete saturation 
as soon as the water overcomes the pressure drop along the circuit and enters the pore 
network. This rapid water invasion is driven by both strong capillary forces combined 
with the higher viscosity of water relative to gas, which generates a large viscous pressure 
gradient. As a result, pore-scale dynamics during imbibition could not be reliably cap-
tured with the current setup. 

Figures 9A and 10A show the pressure profiles for hydrogen drainage tests per-
formed at flow rates of 100 µL min−1 and 10 µL min−1. Each test was repeated three times 
to ensure reproducibility. Figures 9A and 10A show the corresponding maps of once the 
pressure stabilized under steady-state flow conditions. 
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Figure 9. (A) Pressure measurement for the three runs of drainage tests performed with hydrogen 
as the non-wetting fluid with q = 100 µL min−1. (B) Maps of the device at the end of each drainage 
test. 

 

Figure 10. (A) Pressure measurement for the three runs of drainage tests performed with hydrogen 
as the non-wetting fluid with q = 10 µL min−1. (B) Maps of the device at the end of each drainage 
test. 

The recorded pressure shows a sharp rise to a maximum value that depends on the 
injection velocity, then decreases rapidly before transitioning smoothly into a plateau. We 
interpret the maximum as the threshold pressure that the gas must overcome to break 
through the porous structure. Once the gas phase establishes preferential pathways, the 
pressure drops significantly and stabilizes at a constant value, which corresponds to the 
measured pressure drop across the device. 

A transient negative pressure spike was observed at the start of the injection. This 
can be attributed to the expansion of the gas stored in the upstream tubing, released when 
the inlet valve opens. The amplitude of these spikes is consistent with this interpretation, 
as it depends on the residence time of hydrogen in the injection line (tests initiated after 
long pauses versus sequential runs). After this transient, the gas–water displacement pro-
ceeds as described above. 

The pressure data for each test are reported in Table 6. 
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Table 6. Pressure drops across porous media at the different capillary numbers for hydrogen-wa-
ter system. 

Ca 
∆𝑷𝐏𝐍 
[Pa] 

 1st Run 2nd Run 3rd Run Avg. 
10−4 12,539.95 12,024.29 12,294.57 12,286.27 
10−5 7025.52 7886.98 7618.44 7510.31 

These pressure drops were used to calculate the endpoint of the relative permeability 
curve using the modified Darcy’s law (Equations (9) and (10)). The resulting values are 
reported in Table 7. 

Table 7. Relative permeability at the different capillary numbers for hydrogen-water system. 

Ca 𝒌𝒓 
 1st Run 2nd Run 3rd Run Avg. 

10−4 0.0225 0.0235 0.0230 0.0230 
10−5 0.0040 0.0036 0.0037 0.0038 

The residual water saturations estimated through image processing are reported in 
Table 8. The values show good reproducibility across all runs. 

Table 8. Residual water saturations at the different capillary numbers for hydrogen-water system. 

Ca 𝑺𝒘𝒓 
 1st Run 2nd Run 3rd Run Avg. 

10−4 0.58 0.53 0.56 0.56 
10−5 0.59 0.53 0.57 0.56 

Tests conducted at Ca = 10−6 did not yield any quantitative results for the endpoint of 
the hydrogen relative permeability endpoint or for residual water saturation. At such a 
low flow rate (1 mL min−1), hydrogen could not overcome entry pressure, preventing gas 
from entering the chip. Instead, negative gas-line pressures were recorded immediately 
after opening the injection valve, indicating that the imposed viscous drive was not suffi-
cient to counteract capillary forces. Indeed, the limited syringe volume (5 mL per injection 
cycle) does not allow for maintaining a continuous viscous drive along the entire flow 
path. Consequently, hydrogen’s displacement becomes fully capillary-dominated. Gas 
compressibility combined with strong capillary suction led to spontaneous water re-entry 
(backflow) through the outlet tubing into the micromodel, further preventing gas en-
trance. Additionally, interfacial behavior at the three-phase contact line (solid–water–gas) 
may further enhance spontaneous imbibition in the H2–water system. Studies on moving-
contact-line have shown that capillary-driven flow and contact-angle hysteresis strongly 
control wetting-phase re-entry and interface stability at low Ca [74,75]. 

Figure 11 provides an example of a pressure profile recorded under these conditions. 
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Figure 11. An example of pressure profiles recorded by the Elveflow® (Elveflow, Paris, France) MPS 
during a drainage test performed with hydrogen as the non-wetting fluid with q = 1 µL min−1. 

3.2.2. Methane–Water Systems 

Figures 12 and 13 illustrate the evolution of the methane front (lighter color) during 
drainage tests corresponding to capillary numbers of 10−4 and 10−5, respectively. As previ-
ously mentioned, the frames are acquired during the displacement process, showing the 
dynamics of the flow front over time. 

Similarly to hydrogen, methane rapidly invades the pores upon entering the micro-
model, showing millisecond-scale invasion independently of the capillary number (Ca). 
Methane saturation (Sg) increased with rising Ca, in agreement with classical pore-scale 
displacement theory. Pore-scale phenomena, such as snap-off, were observed similarly for 
hydrogen, suggesting that the general pore-scale dynamics remain comparable for both 
gases during drainage. However, a key difference was observed: methane, being more 
viscous than hydrogen, exhibited a dominant viscous fingering behavior. 

As in the hydrogen tests, no significant observations could be made during imbibi-
tion. At the capillary numbers investigated, water entered the micromodel too rapidly to 
allow reliable visualization of pore-scale displacement mechanisms. 

 

Figure 12. Evolution of the methane front at different time steps at 𝑪𝒂 = 𝟏𝟎ି𝟒. 
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Figure 13. Evolution of the methane front at different time steps at 𝑪𝒂 = 𝟏𝟎ି𝟓. 

Figure 14A, Figure 15A, and Figure 16A present the pressure measurements for the 
three methane drainage tests performed at flow rates of 100 µL min−1, 10 µL min−1, and 1 
µL min−1, corresponding to Ca values of 104, 10−5, and 10−6, respectively. Figures 14B, 15B 
and 16B show the corresponding device maps at steady state, after pressure reaches sta-
bilization, but while fluids were still flowing. 

Across all tests, the pressure profiles exhibit similar trends: an initial sharp rise to a 
maximum value, dependent on the injection velocity, followed by a rapid decrease and a 
transition to a steady plateau. The maximum pressure is interpreted as the threshold that 
the gas must overcome to break through the porous structure. Once the gas phase estab-
lishes preferential pathways through the device, the pressure drops significantly and sta-
bilizes at a constant value. This stabilized pressure corresponds to the pressure drop 
across the device under steady-state conditions. This value can then be used to calculate 
the gas relative permeability endpoint using Darcy’s law. 

In the case of methane, the transient pressure rise is more gradual and exhibits more 
irregular fluctuations compared with hydrogen. This behavior reflects the greater re-
sistance encountered during displacement, due both to methane’s higher viscosity and to 
the significant capillary forces required to mobilize water. As a consequence, the pressure 
takes longer to stabilize following the onset of gas injection. 
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Figure 14. (A) Pressure measurement for the three runs of drainage tests performed with methane 
as the non-wetting fluid with q = 100 µL min−1. (B) Maps of the device at the end of each drainage 
test.

 

Figure 15. (A) Pressure measurement for the three runs of drainage tests performed with methane 
as the non-wetting fluid with q = 10 µL min−1. (B) Maps of the device at the end of each drainage 
test. 

 

Figure 16. (A) Pressure measurement for the three runs of drainage tests performed with methane 
as the non-wetting fluid with q = 1 µL min−1. (B) Maps of the device at the end of each drainage test. 

The pressure data for each test are reported in Table 9. 

Table 9. Pressure drops across porous media at the different capillary numbers for methane-water 
system. 

Ca 
∆𝑷𝐏𝐍 
[Pa] 

 1st Run 2nd Run 3rd Run Avg. 
10−4 13,260.09 12,488.83 13,512.48 13,087.13 
10−5 8210.17 7867.84 9329.28 8439.10 
10−6 4643.77 4209.66 3675.23 4176.22 
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The values of relative permeability for each capillary number are reported in Table 10: 

Table 10. Relative permeability at the different capillary numbers for methane-water system. 

Ca 𝒌𝒓 
 1st Run 2nd Run 3rd Run Avg. 

10−4 0.0268 0.0284 0.0263 0.0272 
10−5 0.0043 0.0045 0.0038 0.0042 
10−6 0.0008 0.0008 0.0010 0.0009 

Residual water saturations are reported in Table 11. Results demonstrate a high level 
of reproducibility for the experiments conducted across all tests. 

Table 11. Residual water saturations at the different capillary numbers for methane-water system. 

Ca 𝑺𝒘𝒓 
 1st Run 2nd Run 3rd Run Avg. 

10−4 0.53 0.50 0.53 0.52 
10−5 0.60 0.64 0.61 0.62 
10−6 0.64 0.57 0.60 0.62 

4. Discussion 
Drainage tests conducted at different capillary numbers with methane and hydrogen 

show differences in displacement behavior, which are quantitative rather than represent-
ing distinct flow regimes. Indeed, differences in snap-off frequency, pressure stabilization 
speed, residual water saturation, and relative permeability endpoints are observed. 

The results show that hydrogen’s lower viscosity enhances capillary fingering and 
snap-off events, while methane exhibits more stable viscous-dominated behavior. 

Looking at the Lenormand phase diagram (Figure 3), although all experiments fall 
within the transitional regime between capillary fingering and viscous fingering, no sharp 
regime shift is observed. However, the two gases behaved differently due to their con-
trasting viscosities. Methane, having higher viscosity, typically requires larger pressure 
buildup to displace water, as indicated by the steeper and prolonged initial pressure rise. 
In contrast, hydrogen, less viscous and less dense, flows more easily through the pore 
structure, resulting in a smoother and faster pressure stabilization. 

Relative permeability endpoints differed slightly between the gases, particularly at 
higher capillary numbers. At Ca = 10−4, methane shows a marginally higher endpoint rel-
ative permeability value (0.027 ± 0.0011) compared with hydrogen (0.023 ± 0.0005). This 
suggests that methane maintained an effective gas-phase continuity and efficient flow 
pathway under these conditions. The trend is consistent across three independent exper-
iments per gas (Tables 7 and 8). At lower Ca (10−5), both gases showed similar endpoint 
values (~0.004), indicating that viscosity differences become less influential as capillary 
forces prevail. 

Residual water saturation measurements further support this interpretation. As 
shown in Figure 17, methane yielded consistently lower residual water saturation than 
hydrogen at both tested Ca values, indicating a more efficient water displacement, likely 
due to the higher viscous force. 
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Figure 17. Residual saturation of water at the two capillary numbers after reaching steady-state 
conditions. 

Additional information can be gained by comparing gas mobilities, defined as the 
ratio between effective permeability and dynamic viscosity. For the same effective perme-
ability values, hydrogen exhibits a higher mobility due to its lower viscosity, enabling 
faster displacement and more rapid pressure stabilization. In contrast, methane’s lower 
mobility leads to a slower and more resistant flow, consistent with the pressure profiles 
observed. Despite the similar relative-permeability endpoints, differences in viscosity and 
mobility significantly affect displacement dynamics and are expected to influence break-
through behavior and gas cycling efficiency at the reservoir scale. Core-flood experiments 
[76,77] and reservoir-scale simulations [78] for underground hydrogen storage have 
shown that higher gas mobility is associated with sharper and earlier gas breakthrough, 
stronger gas overriding and channeling, and a reduced sweep efficiency in some configu-
rations. This directly affects working gas volume and the efficiency of cyclic injection–
withdrawal operations [79]. 

Overall, the results indicate that the displacement patterns lie within a transitional 
zone where viscous and capillary forces interact. The observed patterns—consistent with 
the Lenormand diagram (Figure 3)—tend toward a viscous fingering, especially at higher 
Ca. The variations in displacement efficiency—reflected in the evolution of pressure, re-
sidual saturation, and relative permeability endpoints—highlight the critical role of fluid 
properties, particularly viscosity, in governing gas injection and storage in porous media. 

5. Conclusions 
This research presents a comprehensive microfluidic experimental approach to in-

vestigate multiphase flow in porous media. The results demonstrate the potential of mi-
crofluidics to investigate pore-scale dynamics. Comparing hydrogen and methane as non-
wetting phases highlights how differences in fluid properties—such as viscosity and den-
sity—significantly influence displacement patterns, as shown by the transition from capil-
lary fingering (dominant in hydrogen) to viscous fingering (more prevalent in methane). 

The experimental results further show that key multiphase flow parameters—such 
as relative permeability endpoints and residual saturations—are strongly dependent on 
the capillary number (Ca). This supports the hypothesis that relative permeability is not 
solely a function of saturation, but also of flow conditions. This observation aligns with 
recent studies, such as Karadimitriou et al. [80], which propose Ca-dependent scaling 
laws. Within the transitional flow regime explored, the differences between H2 and CH4 
are quantitative. Indeed, comparative analysis revealed that hydrogen’s lower viscosity 
induces greater displacement instability and higher sensitivity to snap-off events, 
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potentially leading to increased water entrapment. The observation of strong capillary-
driven penetration and pronounced snap-off in H2–brine systems is consistent with earlier 
micromodel and imaging studies. While the experimental and analysis methods follow 
established approaches, the core innovation lies in the first systematic comparison of H2 
and CH4 under identical pore-network geometries, wettability conditions, and flow rates. 
This allows direct observation of differences in capillary penetration, snap-off frequency, 
and residual water saturation governed jointly by fluid properties, capillary number, and 
mobility ratio. These insights go beyond qualitative pattern recognition, shedding light 
on how capillary forces, viscous forces, and fluid compressibility interact to control gas 
invasion and trapping. This has direct implications for optimizing cushion-gas selection 
and injection–withdrawal strategies in underground hydrogen storage, where pressure 
management and gas-phase continuity critically affect pore-scale trapping efficiency and 
recovery performance. 

Although the micromodels capture essential pore-scale mechanisms, such as capil-
lary fingering, viscous fingering, snap-off, and Haines jumps, it is important to recognize 
that they represent an idealized porous medium. Real reservoir rocks exhibit significantly 
greater heterogeneity in pore structure, mineral composition, and wettability, in addition 
to much lower permeabilities. 

The range of Capillary Numbers used here (10−6 to 10−4, with a focus on 10−4 and 10−5) 
was selected to investigate different flow regimes, with particular attention to those oc-
curring in the transition between capillary-dominated and viscous-dominated behaviors. 
These Ca values are consistent with those reported for water–gas displacement under res-
ervoir-relevant conditions, especially in the near-wellbore region. However, although 
these Ca values are suitable for laboratory-scale investigations, they may only partially 
capture the full range of flow regimes encountered at reservoir conditions. Future work 
should therefore consider expanding the Ca range, as well as varying viscosity ratios and 
other dynamic parameters, to construct a more complete Lenormand-type diagram for 
water–gas systems and better define the transitions between capillary fingering, viscous 
fingering, and more stable displacement. 

Further research could also integrate these detailed pore-scale observations with res-
ervoir-scale simulations to upscale relative permeability curves and dynamic flow behav-
ior. In addition, constructing a complete Lenormand diagram, tailored to our specific sys-
tem—through experiments spanning a broader range of viscosity ratios and capillary 
numbers—will enhance predictive capability and support more effective reservoir-man-
agement and optimization strategies. 

Future development will include implementing steady-state co-injection in a dual-
inlet micromodel to reconstruct full relative-permeability curves across a range of water 
and gas saturations. This will require optimization of both the experimental procedures 
and the microfluidic setup. 

Additional work will also focus on measuring static and dynamic contact angles, in-
cluding hysteresis, on simple geometries to investigate the effects of gas composition, 
brine salinity, and pressure. Capillary pressure will also be upscaled using the J-function 
to enable the integration of laboratory data into reservoir models. 

Overall, these future developments aim to strengthen the link between pore-scale 
mechanisms and field-scale flow dynamics, improving predictive modeling of under-
ground hydrogen storage. By expanding the experimental parameter space—including 
Ca range, viscosity ratios, and wettability—and integrating results into advanced simula-
tion workflows, this research will contribute to the optimization of injection and with-
drawal strategies, enhancing both the safety and efficiency of hydrogen storage in geolog-
ical formations. 
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Appendix A 
Images were acquired with a 10× objective and 176× zoom, yielding a resolution of 

1.14 µm/px. To estimate gas saturation, microscope images were binarized using a thresh-
olding algorithm based on the HSV color representation. No dyes were added to the water 
to preserve the microfluidic chips and enable their reuse; therefore, differences in Hue 
among gas, liquid, and solid phases were not pronounced. The Value channel proved to 
be the most sensitive parameter (Figures A1 and A2). In the histograms of the pixel Value 
distribution within the images, two peaks corresponding to the gas phase and the liquid 
+ solid phase can be clearly distinguished (Figure A2c). 

 

Figure A1. Example of Hue (a), Saturation (b), and Value (c) of a chip image during a drainage 
test. 
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Figure A2. Example of distribution of Hue (a), Saturation (b) and Value (c) of a chip image during 
a drainage test; vertical red lines delimit the threshold interval on Value representing pore space 
occupied by gas. 

Thresholding based on the Value channel cannot account for the shadow effect near 
pore walls (Figure A3a), which arises from etching. The shadow transitions from very 
dark to light because its intensity varies with the curvature’s inclination: the more the 
surface is tilted relative to the light direction, the darker it appears (Figure A3b). For the 
microfluidic chip under consideration, the etching depth is 20 µm on each side, corre-
sponding to a degrading shadow of approximately 16 pixels at the adopted image resolu-
tion. The darkest portion of the shadow, spanning about 10 pixels, cannot be detected 
using the Value threshold, resulting in a significant underestimation of porosity. To over-
come this issue, dilation was applied to the thresholded image using a 3 × 3 cross-shaped 
kernel, and the operation was iterated 10 times. 

 

Figure A3. (a) Shadow effect on solid walls; (b) schematic of the effect of curvature’s inclination with 
respect to the light direction. 

Finally, small objects, for example, water droplets in the gas phase, and small holes 
due to noise, are removed from the binarized image. 

Gas saturation (𝑆௚) is then obtained from the binarized image by applying the for-
mula 𝑆௚ = 1𝜙௘  ሺ𝑁௚ െ 𝑁௣ሻሺ𝑁௪ 𝑁௛ሻ  (A1)

where 𝑁௚ is the pixel count of the binarized mask, 𝑁௣ is the pixel count of the isolated 
pores, 𝑁௪ is the image width in pixels, 𝑁௛ is the image height in pixels, 𝜙௘ is the effec-
tive porosity. 
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A preliminary binarization is performed on the empty chip to identify the peaks in 
the Value distribution corresponding to the solid phase and the empty pores, and to vali-
date the estimated total porosity against the value declared by the chip manufacturer, 
yielding a discrepancy below 1%. An analogous analysis is carried out on the fully satu-
rated chip to determine the number of pixels corresponding to isolated pores (𝑁௣) and to 
assess the effective porosity (𝜙௘). 

In detail, the algorithm to compute gas saturation during imbibition and drainage 
proceeds as follows: 

(1) Convert RGB image to HSV representation. 
(2) Plot the histograms of H, S and V within the image and identify the peaks corre-

sponding to the gas phase and the liquid + solid phase. 
(3) Apply the gas thresholds to binarize the image, assigning value 1 to gas pixels only. 
(4) Remove small objects and small holes (areas < 150 pixels). 
(5) Apply dilation iteratively, repeating the operation 10 times, using a 3 × 3 cross-

shaped kernel. 
(6) Compute gas saturation as follows: 

a. count the mask pixels (𝑁௚) 
b. subtract the pixels corresponding to isolated pores (𝑁௣) 
c. divide by the total number of pixels (𝑁௪ 𝑁௛) 
d. divide by the effective porosity (𝜙௘). 
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