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Abstract

Repurposing natural gas (methane) storage facilities to hydrogen stor-

age leverages existing infrastructure to address seasonal energy demand-

supply �uctuations. However, the di�erences in the injection-withdrawal

cycle between hydrogen and methane-brine systems remain poorly under-

stood. Therefore, we investigate the pore-scale two-phase �ow dynamics of

hydrogen (H2), methane (CH4), and their mixtures (50% H2-50% CH4, 95%

H2-5% CH4) in fractured limestone from the Loenhout natural gas storage

aquifer in Belgium. The controlled single-cycle primary drainage and imbi-

bition experiments were conducted at 10 MPa and 65◦C, typical reservoir

conditions for three di�erent rock samples. Our results show that H2, CH4,

and their mixtures exhibit similar average gas saturations after drainage,

though invasion patterns depend on fracture geometry. Rougher fractures
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exhibit discontinuous invasion, dominated by roof snap-o� events, with H2

forming a greater number of smaller ganglia compared to CH4, likely due

to hydrogen's lower viscosity. Fractured rock with a wider aperture achieves

higher gas saturation during drainage but shows lower recovery e�ciency due

to increased residual trapping. During imbibition, gas type plays a more sig-

ni�cant role, unlike drainage. In a pore-scale sample (D = 6mm), hydrogen

achieves 100% recovery in smoother, narrower fractures, whereas methane

and its mixtures experience notable trapping. In rougher fractures, both

gases are retained, but H2 forms fewer, more connected clusters, while CH4

forms smaller, fragmented ganglia, in�uencing storage capacity, leakage risk,

and recovery e�ciency. These �ndings highlight uncertainties in current

methodologies for cyclical operations in underground hydrogen storage and

emphasize the need for improved predictive models.

Keywords: Underground hydrogen storage, Renewable energy, Fractured

aquifers, Cushion gas methane, Storage capacity, Capillary trapping

1. Introduction

The transition to a zero-carbon energy economy is increasingly recog-

nized to be essential for mitigating climate change, with hydrogen emerg-

ing as a key component in this transformation [1, 2, 3]. E�ective hydrogen

storage solutions are required to meet the projected demand of several Giga-

tons globally for a sustainable energy future. Underground hydrogen storage

(UHS) in porous geological formations presents a viable strategy, enabling

the storage of excess electricity in the form of hydrogen in subsurface en-

vironments, such as saline aquifers and depleted gas �elds. This approach

2



has similarities to the storage of CO2 in saline aquifers, o�ering large storage

capacities [1, 4, 3, 5, 6]. However, unlike CO2, hydrogen storage necessitates

seasonal withdrawal to meet �uctuating electricity demands. A rapid and

cost e�ective strategy could involve converting existing underground natural

gas storage (UNGS) facilities and depleted oil and gas reservoirs to hydro-

gen storage, capitalizing on established infrastructure and technical expertise

[7, 8].

A notable candidate for such conversion is the Loenhout facility in north-

ern Belgium, where methane is currently stored in fractured karstic lime-

stone of the Visean age, characterized by low matrix permeability. Flow in

this reservoir predominantly occurs through a fracture network, a feature

common to many reservoirs, whether naturally formed or induced during in-

jection operations. Furthermore, hydrogen's low density and high di�usivity

increase the risk of leakage through faults and fractures in the sealing caprock

[9, 10], highlighting the importance of understanding fracture �ow dynamics

for e�ective gas storage. Converting natural gas storage sites to hydrogen

storage necessitates a detailed investigation of the di�erences in �ow dynam-

ics between methane-brine and hydrogen-brine systems. To determine the

economic feasibility of such a conversion and to optimize storage operations,

it is essential to study the pore-scale mechanisms governing gas displace-

ment within the reservoir rock. Understanding displacement dynamics, as

addressed in this study, is a prerequisite for analyzing relative permeability,

which is presented in a submitted companion paper [11]. These investiga-

tions provide critical insights into �ow, transport, and trapping behaviors

[12, 13, 14].
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Two-phase displacement dynamics are mainly governed by the balance

between nonlocal viscous forces and local capillary pressures acting on �uid

menisci. The relative in�uence of these forces is captured by dimensionless

numbers, such as the capillary number (Ca = µiui

σ
) and the viscosity ratio

(M = µi

µd
), where µi and µd are the viscosities of the invading and defending

�uids, ui is the Darcy velocity of the invading �uid, and σ is the interfa-

cial tension. In fractured media, these forces are in�uenced by both �uid

properties and fracture geometry, characterised by varying aperture and sur-

face roughness. Such geometrical heterogeneity intensi�es phase interference,

where the presence of one �uid a�ects the displacement e�ciency of the other

[15, 16, 17]. The invasion patterns resulting from higher phase interference

during hydrogen-brine �ow in rough fractures remain poorly understood,

highlighting a signi�cant knowledge gap. Hydrogen's very low viscosity and

density result in �ow behaviors that are distinct from other gases, with sig-

ni�cantly di�erent e�ective permeability, as explored in recent porous media

studies [18, 19, 20, 21, 12, 14, 22, 13]. These di�erences emphasize the need

for dedicated investigations into hydrogen-brine �ow in fractured systems.

Several studies have visualized and quanti�ed displacement dynamics in

fractures using both transparent models [23] and natural rocks [24, 25, 26].

Advanced XCT and fast synchrotron imaging have been employed by Phillips

et al. [27, 28] to investigate the in�uence of fracture roughness on displace-

ment processes. However, most existing studies focus on oil-water or air-

water systems, which fail to capture hydrogen's unique characteristics. Early

foundational work by Fourar et al. [29], Fourar [30] on air-water �ow in nar-

row, smooth, and rough fractures demonstrated that �ow patterns in frac-
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tures are signi�cantly di�erent from those in porous media, making conven-

tional porous media models unsuitable for hydrogen �ow in fractures. These

�ndings have been supported by numerical studies, including continuum-

based �ow models [31], pore-network models representing fracture voids [32,

24], and lattice-Boltzmann methods [33]. However, these methods remain un-

veri�ed for hydrogen-brine �ow, and conclusions drawn from porous media

studies cannot be directly extrapolated to fractured systems. Understand-

ing hydrogen-brine invasion patterns through fractured media is crucial, as

they directly in�uence upscaled properties like relative permeability and trap-

ping [24, 25, 26, 34, 35]. Understanding hydrogen-brine invasion patterns in

fractured media is critical, as they directly govern upscaled properties such

as relative permeability and trapping [24, 25, 26, 34, 35]. Addressing this

knowledge gap will advance the development of models for hydrogen �ow

and storage in fractured reservoirs.

Motivated by the goal of converting existing gas storage facilities in frac-

tured aquifers to hydrogen storage, we systematically investigated hydrogen-

brine and methane-brine displacement dynamics across various fracture ge-

ometries under subsurface-relevant capillary numbers during both drainage

and imbibition. The experiments included H2, CH4, and H2-CH4 mixtures,

as methane is present in the current natural gas storage reservoir at Loen-

hout site and can act as a cushion gas for new potential sites, making the

behavior of mixtures crucial to study. Using X-ray computed tomography

(XCT) imaging, we visualized microscopic-scale �uid distributions after the

displacement processes, identifying preferential �uid pathways, saturation

levels, and residual trapping within fractures. These pore-scale observations
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are critical for re�ning upscaled capillary pressure and relative permeability

models, contributing to improved predictions of multiphase �ow behavior in

fractured systems.

2. Materials and methods

2.1. Rocks and �uids

Carbonate mudstone samples from wells DZH 24 and DZH 26 of the

underground storage facility at Loenhout, Belgium, were obtained for this

study. These rocks belong to the Loenhout Formation, part of the Carbonif-

erous Limestone Group in the Campine-Brabant Basin (Northern Belgium).

The samples are limestones of Viséan (Dinantian) age [36, 37, 38]. The rock

matrix exhibits porosity values of less than 0.01 and permeability below 1

mD, indicating that �uid �ow in the �eld is predominantly controlled by the

fracture network. For this study, three cylindrical samples with varying diam-

eters and lengths were drilled from larger cores. Experiment 1 was performed

on sample which had a diameter of 6mm and a length of 22mm. Experiments

2 and 3 were conducted on samples, both having a diameter of 25mm and

a length of 45mm. All samples were fractured using the Brazilian tensile

stress test, sample 1 with a miniature compression stage (Deben CT5000,

UK) and samples 2 and 3 at Laboratorium Magnel for Concrete study at

Ghent University. In Experiment 3, the fracture was further widened by em-

bedding approximately 8 -10 glass beads of 500 µm, which were randomly

distributed within the fracture as propants to obtain a wider fracture aper-

ture. A summary of the di�erent samples used in this study is provided in

Table 1.
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Table 1: Sample and fracture sizes of di�erent cores

Exp well Diameter Length aperture Porosity Permeability
mm mm µm D

1 DZH 24 6 22 130 0.011 38
2 DZH 24 25 45 255 0.008 79
3 DZH 26 25 45 450 0.009 298

Table 2: Thermophysical properties of �uids at temperature 338 K and pressure 10 MPa

Fluid Density Viscosity Interfacial tension
kg m−3 Pa.s x 10−6 mN · m−1

H2 7 9.8 70
CH4 61 14.4 50
H2-CH4 (95:5) 9.7 10 69
H2-CH4 (50:50) 34 1.21 60
20 wt% KI 1800 980 72
25 wt% KI 2080 915 72

99.999% pure H2 and CH4 (supplied by AirLiquide) are used as the non-

wetting phase. The gas mixture is prepared based on partial pressure. For the

wetting phase, brine is prepared using potassium iodide, KI (Sigma-Aldrich)

and deionized water. In Exp 1, a 20 wt% KI brine is used, while a 25 wt% KI

brine is used for Exp 2 and 3. The concentration of the brine is determined

based on the required X-ray contrast between brine and gas in the micro-CT

scans performed in the experiments. The �uid properties are summarized in

Table 2.

2.2. Experimental setup and procedure

The core-�ooding experiments were conducted under a capillary-dominant

�ow regime using unsteady-state drainage and imbibition. The capillary
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Table 3: Experimental parameters used in this study. q is volumetric �ow rate given in
ml min−1 and Ca is the capillary number.

Exp no. Gas Drainage Imbibition
q Ca x 10−8 q Ca x 10−5

Exp 1 H2 0.1 30.5 0.05 1.43
H2 - CH4 (50:50) 0.1 4.4 0.05 1.66

CH4 0.1 6.28 0.05 2.0
Exp 2 H2 0.1 0.37 0.1 0.34

H2 - CH4 (95:5) 0.096 0.37 0.096 0.46
CH4 0.048 0.37 0.049 0.17

Exp 3 H2 0.39 0.8 0.1 0.19
H2 - CH4(50:50) 0.16 0.48 0.1 0.22

CH4 0.11 0.47 0.1 0.27

number (Ca) was calculated as Ca = µu
σ
, where µ represents the viscosity

of the displacing �uid, σ denotes the interfacial tension, and u signi�es the

Darcy velocity of the injected (displacing) �uid. Three sets of experiments

were performed with varying sample and fracture sizes, as explained in sec-

tion 2.1 . The calculated capillary numbers for all the experiments conducted

in this study are summarized in Table 3. The capillary number and viscosity

ratio are overlaid on a phase diagram for porous media [39] as shown in Fig-

ure S1 in Supplementary Information S1, indicating that the displacement

dynamics is expected to be capillary �ngering.

The experimental setup is shown in Figure 1. The sample is mounted

in an X-ray transparent �ow cell (RS system, Norway), with stainless steel

tubing employed to inject �uids through the fractured sample. Heating tape

was wrapped around the core holder to maintain the core at 65◦C. A stirred

reactor (Parr Instruments) is used to pre-equilibrate the brine and gas at 100

bar pressure and a temperature of 65◦C. A high pressure reciprocal pump
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(Teledyne ISCO Reaxus, USA) was used to impose a con�ning pressure of

11.5 MPa on the sleeve around the sample. A high pressure syringe pump

(Vindum Engineering VP12K) was deployed to saturate and pressurize the

sample with brine. Another syringe pump (ISCO 500D) was utilized to

pull pre-equilibrated gas or brine through the sample from the reactor. A

pressure transducer (Keller PD-33X) was used to measure the di�erential

pressure across the sample. To ensure safety when handling the �ammable

gases H2 and CH4, the reactor and ISCO pump were placed inside a low-

oxygen cabinet to prevent the risk of �re.

The fractured limestone samples were vacuum-dried, wrapped with te�on

tape and Aluminium foil to prevent gas leakage, and loaded into a Viton-

sleeved core holder. A con�ning pressure of 15 bar was applied, and the

setup was mounted vertically on an X-ray CT scanner for imaging. Absolute

permeability was determined using Darcy's law, while fracture permeability

was calculated via the local cubic law given by Equation 1, yielding values of

38 mD, 79 mD, and 298 mD for Experiments 1, 2, and 3, respectively. The

samples were fully saturated with KI brine, heated to 65°C, and pressurized to

100 bar fracture pressure. Gas drainage and imbibition were conducted with

equilibrated brine and gas (�ow rates are mentioned in Table 3), and high-

resolution scans were performed after each process. For Experiments 1 and 2,

�uids were injected from the bottom, while Experiment 3 used top injection.

Detailed procedures are provided in the Supplementary Information S2.

Q = −D< b >3

12µ

dP

L
(1)
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Figure 1: Experimental set-up for two-phase hydrogen/methane-brine experiment per-
formed with X-ray micro computed tomography scanner.
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Table 4: Scanning parameters

Exp Sample Scanner Voltage Exposure Time Resolution Projections
Dia (mm) (kV) (ms) (µm)

1 6 EMCT 90 120 6.57 2001
2 25 HECTOR 160 1000 20 2301
3 25 HECTOR 160 1000 20 2301

2.3. Imaging

X-ray imaging was performed during both the drainage and imbibition

processes, using di�erent scanners for the respective experiments.For Exp 1,

imaging was performed using the Environmental Micro-CT (EMCT) scanner

at the Center for X-ray Tomography (UGCT), Ghent University [40]. For

Exp 2 and Exp 3, the High Energy CT Optimized for Research (HECTOR)

scanner [41] at UGCT was employed, as it accommodates larger sample sizes.

The scan parameters are summarized in Table 4.

The reconstructed images were processed using Avizo (ThermoFisher Sci-

enti�c) software. First, all the images from the wet/fractional �ow scans

were registered to the dry scan using normalized mutual information, ensur-

ing proper alignment. To enhance the signal-to-noise ratio, the scans were

denoised using a non-local means �lter. For segmentation, the fracture in

the dry scan was identi�ed using global thresholding, and this segmented

fracture was then used as a mask to segment the �ooding experiment scans.

Within these masked images from the �ooding experiments, the two phases

(brine and gas) were segmented based on the histogram of the masked re-

gions. The total porosity of the fracture was calculated from the volume

fraction of the segmented dry scan. Aperture was obtained from the seg-
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mented dry scan using the `PoreSpy' Python toolkit [42], which calculates

local thickness using maximal sphere approach. These processing steps al-

lowed for a detailed quanti�cation of fracture structure and �uid distribution

during the experiments.

2.4. Saturation, curvature and contact angle

Quantitative analysis was conducted on the segmented wet scans to calcu-

late gas saturation within the fracture during both drainage and imbibition.

The wettability was determined based on Exp 1, due to the higher resolution

of 6.57 µm. The gas-brine-rock contact angle was evaluated for drainage and

imbibition on each voxel at the three-phase contact line. This was performed

within a subvolume of 500 x 500 x 1170 voxels using an automated algorithm

[43]. This method has been widely applied in previous studies, showing

reasonable accuracy in contact angle measurement [44, 45, 12]. However,

applying this algorithm at the current image resolution may introduce errors

related to voxel size, as �ner-scale features may not be fully captured. This

could a�ect the precision of contact angle measurements at the three-phase

contact line.

2.5. Fracture characterization

The experiments were conducted on fractured rock cores (Figure 2a), with

average apertures of 130, 255, and 450 µm for Exp 1, 2, and 3 (Figure 2b).

While roughness is assessed using the relative roughness index λb = <b>σ

<b>m

[46, 25, 47, 48, 28], we found it insu�cient to capture the complexity of

branching fracture networks. Greater roughness was qualitatively attributed
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based on dry scan observations, as standard metrics failed to account for

these features (details in Supplementary Information S3).

Figure 2c illustrates the 1-D porosity distribution along the sample lengths.

Notably, the average porosity remains largely homogeneous across all three

samples. However, despite similar average porosities, the fracture networks

di�er signi�cantly: Sample 2 exhibits a network of numerous smaller frac-

tures branching from the main fracture, Sample 3 features a single primary

fracture along the length of the core and Sample 1 includes a horizontal

branch.
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(a)

(b) (c)

Figure 2: (a) Dry images of rock samples used in this study. (left) Exp 1: D = 6mm,
< b > = 130 µm (middle) Exp 2 : D = 25mm, < b > = 255 µm (right) Exp 3 : D =
25mm, < b > = 450 µm. The yellow box shows the region that is scanned during �ow
experiments. (b) Fracture aperture distribution for the rock cores in this study. (c) 1-D
slice-averaged porosity of rock samples along the length of rock cores in this study.

The absolute permeability is signi�cantly in�uenced by both fracture

aperture and the connectivity of the fracture network. We measure the
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absolute permeability to water at various �ow rates de�ned by the cubic

law described by equation 1. Table 1 summarizes the average porosity and

intrinsic fracture permeability of the rock cores. Our �ndings suggest that

porosity does not exhibit a direct proportional relationship with permeability.

Instead, it is the fracture network and aperture distribution that predomi-

nantly govern �uid �ow.

3. Results and discussions

In this section, we �rst present the in-situ wettability characteristics of

di�erent gases derived from X-ray CT images, con�rming a water-wet system

for all tested cases. Subsequent subsections examine displacement patterns

and average saturation pro�les, comparing hydrogen and methane. Addition-

ally, we assess the in�uence of aperture size and roughness on �nal saturation

obtained during drainage, as well as their impact on gas recovery during im-

bibition. The e�ects of gas type, aperture variability, and roughness are

evaluated in detail to understand their role in �uid displacement dynamics

3.1. Contact angle

The contact angle distribution for drainage from Exp 1 for H2, CH4, and

the H2 - CH4 mixture is shown in Figure 3a. The results indicate a water-wet

condition for all gases, with mean contact angles of 57◦ for hydrogen, 50◦ for

methane, and 49◦ for the 50 : 50 hydrogen-methane mixture. The contact

angle remains fairly consistent across all gases, with a slightly higher value

observed for hydrogen. These values align with in situ 3D measurements re-

ported for Bentherimer sandstone [12, 22], where contact angles range from
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30◦ to 54◦. Other studies employing captive bubble and pendant drop meth-

ods have also reported strongly water-wet systems, with contact angles rang-

ing from 27◦ to 39◦ on quartz [20]. While X-ray micro-CT measurements

are known to overestimate contact angles due to resolution limitations, the

relative di�erences between gases still provide valuable insights [45]. For

methane, the contact angles for drainage and imbibition are comparable and

within experimental error [12], with values of 50◦ and 47◦, respectively, as

shown in Figure 3b.

(a) (b)

Figure 3: (a) Contact angle distribution after drainage for di�erent gases with brine. Red
circles denote H2, green diamond denote H2 - CH4 (50 : 50) mixture and blue squares
denote CH4 (b) Contact angle distribution for CH4-brine after drainage vs imbibition.
Filled squares denote drainage and empty squares denote imbibition

3.2. Drainage displacement dynamics

3.2.1. E�ect of gas type : hydrogen versus methane

Figure 4 shows the 3D gas-brine distribution after primary drainage in

Exp 1. The �ow rate was kept constant for di�erent gases, rather than

the capillary number, as the reservoir properties are �xed. However, capil-
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lary number is of same order of magnitude for these gases. The observed

distribution patterns are consistent across the two pure gases and the gas

mixture, which can be attributed to their similar viscosity and interfacial

tension values governing �ow dynamics. As a result, similar fracture re-

gions are occupied by gas and brine. This observation is further supported

by the phase occupancy versus distance data presented in Figure 5. Here,

the distance is de�ned as twice the maximum distance from the center of

the aperture to the nearest fracture wall. The data con�rm the comparable

gas-brine distributions among the tested gases

As gas displaces brine during drainage, it preferentially invades the cen-

tral regions of the larger apertures, while the brine remains in the narrower

apertures and along the fracture walls, as seen in Figure 5 for Exp 1. Notably,

regions of gas-brine coexistence within fracture spaces of similar aperture in-

dicate that gas �ow is not solely controlled by aperture size but also by the

connectivity of larger aperture networks, which facilitate gas propagation.

This behavior is consistent with the invasion percolation patterns in water-

wet system as reported in fractured media studies [28, 26, 24], where gas

�ow is dominated by larger, connected pathways with lower capillary en-

try pressure. Similar trends were observed in Exp 2 and 3, as described in

Supplementary Information S4.
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Figure 4: 3-D map of �uid distribution in for di�erent gases after drainage and imbibition
for Exp 1 at Ca = 10−7. The red color represent speci�c gas and blue color represents
brine.
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(a) (b)

(c)

Figure 5: Fluid phase occupancy in Exp 1, D = 6mm , < b > = 130 µm (a) H2 (b) H2 -
CH4 (50:50) (c) CH4. The distance is calculated as twice the maximum distance from the
center of the aperture to the nearest wall of the fracture.

The similar behavior observed for all gases is also re�ected in the 1-D

slice-averaged saturation pro�les across all three samples, as shown in Figure

6. The saturation pro�les across the fracture for the di�erent gases (H2, CH4,

and the H2-CH4 mixture) demonstrate that, regardless of fracture geometry,

the behavior of these gases remains relatively consistent within a given frac-
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ture, re�ected by very similar saturation levels for all gases. It should be

noted that these experiments were conducted at similar orders of magnitude

for Ca. Methane exhibits slightly higher saturation in Exp 1 and Exp 2

(bottom injection), likely due to its marginally higher viscosity compared to

hydrogen, resulting in a higher capillary number (Ca). However, this trend

is not observed in Exp 3, where gas is injected from the top, and images

are taken near the inlet for both experiments. For wider fracture, gravity

e�ects become more pronounced, which works in the opposite direction as

the viscosity-driven trend, leading to higher gas saturation of the lighter gas

(H2 in this case) near the inlet region. The presence of the gravity e�ect in

Exp 3 is further supported by a higher Bond number for Exp 3 compared to

Exp 2 (0.06 vs 0.018).
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(a) (b)

(c)

Figure 6: 1-D slice-average gas saturation after drainage along the length of rock core for
di�erent gases. (a) Exp 1, D = 6mm , < b > = 130 µm (b) Exp 2, D = 25mm , < b > =
255 µm (c) Exp 3, D = 25mm , < b > = 450 µm.
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Although the average behavior of hydrogen and methane during drainage

is similar, there are some pore-scale di�erences in the mechanisms. Figure 7

(drainage) illustrates the invasion patterns of H2 and CH4 at the same capil-

lary number for Exp 2. A key observation is the signi�cantly smaller number

of disconnected gas ganglia in the CH4 invasion compared to H2. This be-

havior is attributed to the higher viscosity of methane, which helps stabilize

the gas front and reduces break-up events that would otherwise form dis-

connected ganglia. These break-up events occur when thin brine �lms drain

along the pore walls, but the higher viscosity of gas impedes complete �lm

drainage, stabilizing the gas-brine interface and preventing the wetting phase

from breaking the non-wetting phase's continuity [49]. Dynamic phenomena

such as roof snap-o� events and Haines jumps, which drive these discon-

nections during capillary-dominated �ow, were not directly captured in this

study due to the temporal resolution limits of the X-ray scanners. These

rapid events have been observed in other studies using synchrotron imaging,

where higher temporal resolution can capture the real-time evolution of �uid

interfaces during drainage in both porous media [50] and fractured systems

[28]
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Figure 7: Trapped gas phase for H2 and CH4 Exp 2; < b > = 255 µm. Each color
represents a connected gas ganglia of di�erent size. (Top) after drainage (Bottom) after
imbibition

3.2.2. E�ect of aperture

Hydrogen and methane exhibit similar behavior within the examined frac-

tured rock samples. It is signi�cantly in�uenced by the fracture geometry for

each gas. Figure 8 (drainage) shows the distribution of H2 and brine within
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the fracture after drainage, under similar capillary number conditions for

Exp 2 and 3. The gas saturation is signi�cantly higher in the fracture with

the larger mean aperture, where < b > = 450 µm. In the wider apertures,

where the �ow resembles stable �ow between two parallel plates, nearly all

the brine is displaced by the invading gas, resulting in gas saturation exceed-

ing 0.98 (H2 in this case), with only a thin wetting layer of brine remaining

on the fracture surfaces. Figure 9a presents the 1-D saturation pro�le along

the core length for H2 in both the smaller and larger aperture fractures. In

narrower fracture of Exp 2 with a mean aperture of < b > = 255 µm, the av-

erage gas saturation is approximately 0.27%. A wider aperture corresponds

to a lower capillary entry pressure, enabling the gas to displace more brine

from the pore space. As a result, the gas saturation is markedly higher in

wider fractures, where gas can more easily invade and occupy the fracture

volume. Similar trends are observed for methane as shown in Supplementary

Information S5.
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Figure 8: (Top) 3-D map of H2 - brine distribution after drainage for Exp 2 and 3. The
red color represent speci�c gas and blue color represents brine. (Bottom) 3-D volume
rendering of discrete ganglia trapped in the fracture after imbibition for Exp 2 and 3.
Each color represents a connected gas ganglia of di�erent size.
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(a) (b)

Figure 9: 1-D slice-average gas saturation H2 for cores with di�erent fracture aperture
size. The red line denotes saturation for Exp 2 : D = 25mm, < b > = 255 µm. The blue
line denotes the saturation for Exp 3: D = 25mm, < b > = 450 µm. (a) after drainage
(b) after imbibition.

3.2.3. E�ect of roughness

We de�ne roughness as the irregularity in aperture and branching from

the primary fracture. Although the capillary numbers and viscosity ratios

are similar across all experiments, the results from Exp 2 di�er due to the

complexity of the fracture geometry. In Exp 2, gas saturation is signi�cantly

lower (Sg = 0.27) compared to Exp 1 and Exp 3, where higher gas satura-

tions are observed (Sg = 0.57 for Sample 1 and Sg = 0.98 for Sample 3) after

drainage. The reduced gas saturation in Exp 2 arises from more disconnected

gas ganglia, likely caused by snap-o� events due to the higher roughness of the

rock sample. In contrast, Samples 1 and 3, with smoother surfaces, exhibit
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more connected invasion patterns, as shown in Figure 10 (top). As discussed

in Section 3.2.2, the lower gas saturation in Sample 2 compared to Sample 3

is partly attributed to its narrower aperture size. However, Sample 1, despite

having a narrower mean aperture (⟨b⟩ = 130 µm), achieved notably higher

gas saturation. This highlights the signi�cant in�uence of roughness on gas

displacement. Similar disconnected complex invasion patterns are observed

for decane-brine �uids through rough fractures [28]. While decoupling the

e�ects of aperture size and roughness remains challenging due to the inher-

ent variability in the studied samples, the observed trends provide valuable

qualitative insights.
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Figure 10: (Top) 3-D volume rendering of H2 discrete ganglia after drainage for Exp 1,
2 and 3. (Bottom) 3-D volume rendering of CH4 discrete ganglia trapped in the fracture
after imbibition for Exp 1, 2 and 3. Each color represents a connected gas ganglia of
di�erent size.

3.3. Imbibition and trapping

When brine re-enters the fracture during the imbibition process, it dis-

places the gas, typically resulting in gas being trapped in the form of discrete

ganglia. These ganglia impede the e�cient recovery of stored energy in un-

derground storage operations, making the study of imbibition mechanisms

crucial. During imbibition, the capillary number and viscosity ratio are sig-

ni�cantly higher than during drainage due to brine's greater viscosity, as
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shown in the phase diagram Figure S1. The �ow rate, constrained by experi-

mental limitations, prevented achieving the lower capillary numbers observed

in drainage.

3.3.1. E�ect of gas type : hydrogen versus methane

Figure 4 (bottom) illustrates the 3-D gas-brine distribution for Exp 1;

rock core with a mean aperture < b > = 130 µm, where imbibition is con-

ducted at a capillary number of Ca = 10−5 for the di�erent gases. For H2,

gas is fully displaced from the fracture, resulting in a 100% recovery of the

stored gas. In contrast, substantial gas remains trapped in the fracture when

methane and the 50 : 50 H2-CH4 mixture are used. The 1-D gas saturation

pro�le in Figure 11a shows a higher recovery of 75% for the 50 : 50 H2 - CH4

mixture, compared to 58% for pure CH4. The 100% recovery of hydrogen

is notable as there is typically some residual trapped gas in the fracture or

porous media [51, 52]. This is unexpected and might be a dissolution e�ect

as it is observed in previous studies [18, 53]. This indicates that the types

of gas has greater impact on imbibition compared to drainage, especially at

slightly higher capillary number of Ca = 10−5.
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(a) (b)

Figure 11: 1-D slice-average gas saturation after imbibition. (a) Exp 1 : < b > = 130 µm
(b) Exp 2 : < b > = 255 µm.

However, at lower capillary numbers, as observed in Exp 2 with Ca =

10−6, where capillary forces dominate, the in�uence of gas type on imbibi-

tion becomes less pronounced. Additionally, it is important to note that the

sample size di�ers, with Exp 2 using a 25mm sample compared to the 6mm

sample in Exp 1, along with a slightly di�erent setup, which could also in�u-

ence the results. As shown in Figure 11b, the gas saturation after imbibition

remains comparable across gases, with slight variation; 0.15 for H2, 0.17 for

95% H2 and 5% CH4 mixture and 0.13 for CH4. Similar trends are observed

for Sample 3, as discussed in Supplementary Information S6. These minor

di�erences fall within experimental uncertainty, indicating that the gas type

has limited in�uence under capillary-dominated conditions. This �nding is
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signi�cant for underground gas storage, as residual gas can in�uence rela-

tive permeability, which in turn a�ects pressure cycling during storage and

retrieval operations.

To explore the detailed mechanisms underlying the di�erences in imbi-

bition of H2 and CH4, the trapped gas phase was analyzed, as shown in

Figure 7 (bottom) for Exp 2. The results reveal a larger number of small-

sized ganglia for methane compared to hydrogen. This could be attributed to

dissolution and Ostwald ripening, where smaller gas ganglia disappear while

medium-sized ganglia grow. This process occurs more rapidly for hydrogen

compared to methane, likely due to hydrogen's lower viscosity and smaller

molecular size. Further investigation is needed to explore this phenomenon

in more detail. A similar pattern is observed for the wider fracture sample

in Exp 3 (< b > = 450 µm), as detailed in Supplementary Information S7.

3.3.2. E�ect of aperture size and roughness

The impact of fracture aperture on imbibition was evaluated similarly to

drainage. The results show that the gas phase remains better connected and

harder to displace in Exp 3 with wider fractures, < b > = 450 µm, as shown

in Figure 8 (bottom). This suggests that gas recovery is more di�cult in

wider aperture fractures. In these fractures, brine tends to �ow along the

fracture walls as a thin �lm, while larger gas bubbles remain trapped in the

center of the fracture, making it harder to displace the gas. After drainage

in Exp 3, sample with a wider fracture, achieves a signi�cantly higher gas

saturation of Sg = 0.98 for hydrogen compared to Exp 2, Sg = 0.27 (Figure

9a). However, following imbibition, Sample 2 exhibits better gas recovery

of 44% compared to 37% Sample i3 as shown in Figure 9b. Consequently,
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the residual gas saturation remains signi�cantly higher in the larger aperture

fracture, at Sg = 0.6. compared to just Sg = 0.15 in the narrower fracture.

This disparity may also be in�uenced by fracture roughness.

Figure 10 (bottom) illustrates the trapped methane ganglia after imbibi-

tion for the three samples. Sample 2, with the highest roughness, has the

most and smallest methane ganglia. Sample 1 shows fewer, less connected

ganglia, while sample C has the least fragmented clusters. The aperture size

also in�uences gas trapping, with larger apertures leading to higher residual

gas saturation. However, the fewer connected ganglia in sample 1, despite its

narrower aperture, indicate that fracture roughness plays a signi�cant role in

disconnection during imbibition. It could also be possible that Ostwald ripen-

ing plays a bigger role in this smaller sample, because length scale is smaller

and maybe also because there's less brine so the dissolved concentration is

in�uenced more easily. This e�ect is re�ected in gas recovery e�ciencies:

sample 3 achieves 38%, sample 1 50%, and sample 2 the highest at 70%. No-

tably, imbibition for sample 1 was performed at an order of magnitude higher

capillary number, resulting in 100% recovery for hydrogen. Direct compari-

son and decoupling of roughness e�ects are therefore challenging. However,

the lower recovery for sample 1, even at higher Ca (where higher Ca typically

improves recovery), underscores the critical in�uence of fracture roughness

on gas trapping and disconnection.

4. Conclusions and implications

This study provides fundamental insights into the pore-scale two-phase

�ow dynamics of hydrogen (H2), methane (CH4), and their mixtures dur-
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ing drainage (injection) and imbibition (withdrawal) in fractured rocks, with

particular relevance to converting the existing natural gas facility at Loen-

hout to hydrogen storage. We conducted controlled drainage and imbibi-

tion core-�ood experiments for these gases at reservoir pressure (10 MPa)

and temperature (65◦C) on three fractured rocks with varying aperture and

roughness.

Overall, our paper establishes the following key conclusions:

1. H2 and the H2 - CH4 mixture, as well as CH4, exhibit fairly similar

�uid distribution and saturation pro�les after drainage in the capillary-

dominated �ow regime. Methane achieves slightly higher gas saturation

during drainage compared to hydrogen, likely due to its higher viscosity.

The displacement mechanism reveals that gas invades in disconnected

clusters due to snap-o� events, which are more pronounced for hydro-

gen compared to methane, likely due to methane's higher viscosity as

reported by previous studies [50, 28].

2. For imbibition, at a higher capillary number (Ca = 10−5) in smaller

sample 6mm hydrogen shows 100% gas recovery, in contrast to signif-

icant residual gas trapping observed in the 50:50 H2 and CH4 mixture

(Sg = 0.16) and CH4 (Sg = 0.27). 100% recovery in case of hydro-

gen could be dissolution e�ect as observed in previous studies [18, 53].

Whereas in larger diameter samples 25mm where experiments are per-

formed at slightly lower capillary number (Ca = 10−6), hydrogen and

methane exhibit similar fracture-speci�c behavior. However, methane

forms more fragmented and smaller size ganglia than hydrogen.
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3. Fracture aperture in�uences both gas saturation after drainage and im-

bibition. Wider fractures exhibit higher gas saturations during drainage

but lower recovery e�ciencies during imbibition, as gas remains con-

nected and brine �ows along the fracture wall surrounding the large

gas clusters.

4. Fractures with higher roughness show more disconnected gas clusters

during both drainage and imbibition, which a�ects the �nal gas satu-

ration pro�les.

These �ndings provide important insights into gas �ow mechanisms in

fractured reservoirs, underscoring the importance of considering gas type,

fracture geometry, capillary number, and snap-o� dynamics when designing

e�cient underground hydrogen storage systems. The observed similarities

between hydrogen and methane indicate that converting existing natural gas

storage facilities to hydrogen storage would require minimal adjustments for

�ow properties. However, further research is needed to address upscaling

in larger fracture networks. A key consideration is the impact of fracture

aperture and roughness. Wider fractures with less variability in aperture

distribution achieve higher gas saturation during drainage, potentially indi-

cating greater storage capacity. However, this can be misleading, as these

fractures exhibit signi�cantly lower recovery e�ciency. Consequently, both

fracture aperture and roughness must be carefully incorporated into �eld-

scale models to optimize storage capacity and recovery processes

In the recovery cycle, our experiments show that at higher capillary num-

bers and a smaller sample size of 6mm, which are associated with increased
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recovery rates, hydrogen achieves nearly 100% recovery. This could be at-

tributed to the smaller scale of the samples, suggesting potential experimental

e�ects in�uencing the results.

In conclusion, our �ndings emphasize the importance of studying hydrogen-

brine �ow through rough fractures, as the �ow dynamics are critically in-

�uenced by both fracture geometry and �uid properties. The time scales

associated with dissolution and Ostwald ripening need further exploration to

better understand the pore-scale dynamics of disconnected ganglia. These in-

sights are crucial for improving upscaled models of permeability and trapping,

which are essential for optimizing underground hydrogen storage (UHS).
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� Section S7: Disconnected gas ganglia after imbibition in Exp 3

1. Section 1: Flow parameters

The �ow parameters Capillary number and viscosity ratio or all the ex-

periments performed in this study.

Figure S1: Capillary number (Ca) and viscosity ratio (M) for drainage studied in this paper
overlayed on phase diagram for porous media [1]. The �lled markers represent drainage
experiments, while the empty markers correspond to imbibition experiments. Red circles
indicate Exp 1, green diamonds represent Exp 2, and blue squares denote Exp 3.



2. Section 2: Theory and de�nitions

Fractures are mechanical discontinuities in rocks that consist of two rough

surfaces in partial contact. Subsurface rocks are subjected to stresses arising

from gravity, tectonic activity, uplift, and folding, commonly resulting in a

multi-scale fracture network [2]. The gap between the two fractured surfaces,

referred to as the �aperture", provides a path for �uid �ow and transport,

which is typically complex and heterogeneous. Fluid �ow within a single

fracture is given by a simpli�ed reduced form of Navier-Stokes equation as

described by cubic law, as given by Equation 3.

Q = −D< b >3

12µ

dP

L
(1)

where, Q is the volumetric �ow rate, D is diameter of sample, < b >

is fracture aperture, µ is viscosity of �uid, dP is pressure drop in the �ow

direction and L is the fracture length over which pressure drops takes place

[3, 4, 5]. Comparing this with Darcy-like linear behavior for single-phase �ow,

Q = −kA(dP/dx), the fracture permeability can be de�ned by equation 4.

kf =
< b >2

12
(2)

However, in the case of two-phase �ow, the e�ective permeability cannot

be described by simple equations due to phase interference. It depends on

the saturation fraction of each phase within the fracture. This permeability

is typically expressed as relative permeability, which is strongly in�uenced

by invasion displacement patterns. These patterns can range from capillary

�ngering to viscous �ngering, depending on the �uid properties and fracture



characteristics. Fracture properties, such as mean aperture size and surface

roughness, play a critical role in determining �ow behavior. Natural frac-

tures often exhibit highly rough surfaces and variable aperture distributions,

further complicating the displacement dynamics. Fracture roughness can be

quanti�ed using various approaches [6, 7, 8]. For two-phase �ow, an em-

pirical parameter, the relative roughness index, λb is often used to assess

the impact of roughness. It is de�ned as <b>σ

<b>m
, where < b >m represents

the mean aperture, and < b >σ is the standard deviation of the aperture

[9, 10, 11, 12, 13]. The relative roughness index values for these samples are

0.72, 0.65, and 0.95, respectively.

3. Section 3: Experimental detailed procedure

The detailed procedure for the experiments is described as follows:

1. The sample was vacuum-dried overnight, wrapped with Te�on tape and

aluminum foil to prevent gas leakage, placed inside a Viton sleeve, and

subsequently loaded into the core holder.

2. A con�ning pressure of 1.5 MPa was applied to the sample using deion-

ized water and the Reaxus pump, after which the core holder was

mounted vertically on the stage of the X-ray CT scanner.

3. A dry scan was performed along the entire length of the sample.

4. The absolute permeability was determined by plotting q/A against

∆P/L, with the slope corresponding to k/µ in Darcy's law. Frac-

ture permeability was calculated using the local cubic law, shown in



equation 3. The fracture permeabilities of samples from Exp 1, 2 and

3 were 38 mD, 79 mD, and 298 mD, respectively.

Q = −D< b >3

12µ

dP

L
(3)

where, Q is the volumetric �ow rate, D is diameter of sample, < b >

is fracture aperture, µ is viscosity of �uid, dP is pressure drop in the

�ow direction and L is the fracture length over which pressure drops

takes place [3, 4, 5]. Comparing this with Darcy-like linear behavior for

single-phase �ow, Q = −kfA(dP/dx), the fracture permeability can be

de�ned by equation 4.

kf =
< b >2

12
(4)

5. The water was displaced by non-H2-equilibrated KI brine to achieve a

fully brine-saturated fracture. The core was gradually heated to 65◦C

within one hour using heating tape wrapped around the core holder.

6. The �ow system was pressurized with brine in 1 MPa increments, main-

taining a 1.5-MPa di�erence between the con�ning and fracture pres-

sures until reaching a fracture pressure of 10 MPa and a con�ning

pressure of 11.5 MPa.

7. 10 mL of equilibrated brine from the reactor was pulled through the

fractured sample using the ISCO pump, displacing the non-H2-equilibrated

brine from the fracture.



8. Equilibrated gas from the reactor was pulled through rock samples at

the desired �ow rate (as speci�ed in Table 3 1). A high-quality scan

was captured at the end of the drainage.

9. Equilibrated brine was re-injected to displace the gas and measure gas

trapping. A high-quality scan was obtained at the end of the imbibition

process.

For Exp 1 and 2 gas/brine are injected from the bottom injection port

whereas for Exp 3 gas/brine are injected from the top of the sample.

4. Section 4: Fluid occupancy for large samples from Exp 2 and 3

The gas and brine distribution in the fracture a a function of distance.

The distance is calculated as twice the maximum distance from the center of

the aperture to the nearest wall of the fracture.



(a) (b)

(c)

Figure S2: Fluid phase occupancy in Exp 2, D = 25mm , < b > = 255 µm (a) H2 (b) H2

- CH4 (5 : 95) (c) CH4. The distance is calculated as twice the maximum distance from
the center of the aperture to the nearest wall of the fracture.



(a) (b)

(c)

Figure S3: Fluid phase occupancy in Exp 3, D = 25mm , < b > = 450 µm (a) H2 (b) H2

- CH4 (50 : 50) (c) CH4. The distance is calculated as twice the maximum distance from
the center of the aperture to the nearest wall of the fracture.

5. Section 5: E�ect of aperture for CH4 - brine distribution after

drainage

CH4 - brine distribution for Exp 2 and 3. The trend is similar to H2 -

brine distribution.



Figure S4: (3-D volume rendering of CH4 - brine distribution after drainage (a) Exp 2:
< b > = 255 µm. (b) Exp 3: < b > = 450 µm. The red color denotes gas and blue color
denotes brine phase.

6. Section 6: Saturation for Exp 3 after imbibition

1-D slice averaged gas saturation after imbibition for Exp 3.



Figure S5: 1-D slice-averaged of gas saturation after imbibition for Exp 3 : < b > = 450
µm.



7. Section 7: Disconnected gas ganglia after imbibition in Exp 3

Disconnected ganglia of gas after imbibition in Exp 3 with < b > = 450

µm.

Figure S6: 3-D volume rendering of gas after imbibition for Exp 3: < b > = 450 µm. (a)
H2 (b) CH4. Each color represents a connected gas ganglia.
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