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Abstract: Large-scale underground hydrogen storage (UHS) is a critical component in the emerg-
ing hydrogen economy. Knowledge of multiphase flow behavior involving hydrogen in storage
reservoir formations is crucial to characterizing hydrogen transport properties and essential for
the deliverability and storage operations of UHS. There are still many gaps in fully understanding
hydrogen–methane–brine multiphase phase flow that require further investigation. In this work,
H2 and CH4 were injected through brine-saturated sandstone cores using a tri-axial core holder
system fitted with flow rate meters and pressure transducers, while the effluent gas concentrations
were analyzed using an online micro gas chromatograph. Brine displacement, permeability, and gas
breakthrough curves were measured. We studied the flow behavior of hydrogen and methane in
sandstone cores through testing brine displacement by gas injection and comparing the hydrogen
displacement of methane with the methane displacement of hydrogen. We also tested the differ-
ences between horizontal and vertical flow in brine displacement. The results showed that brine
displacement was more efficient in a core with higher permeability and porosity, resulting in a higher
initial gas saturation. A higher gas injection rate brought about faster gas breakthrough measured
by pore volume and sharper concentration curves. Hydrogen did not exhibit abnormal flow in the
sandstone when the flow was horizontal and downward vertical. Gas overriding was observed
in brine displacements when the flow was horizontal, with hydrogen showing this behavior more
profoundly compared to methane. Downward vertical gas injection induced higher efficiency brine
displacement compared to horizontal displacement and resulted in a higher initial gas saturation
in the sandstone cores. These findings address critical knowledge gaps regarding gas flow patterns
and displacement behaviors during hydrogen injection and recovery phases in UHS facilities using
methane as the cushion gas. The insights from this research offer valuable guidance for optimiz-
ing UHS systems, ensuring operational efficiency, and advancing sustainable energy solutions in
alignment with decarbonization goals.

Keywords: underground hydrogen storage; brine displacement; hydrogen and methane displacement;
gravity overriding

1. Introduction

The negative climate effects of accumulating greenhouse gasses, such as methane and
carbon dioxide, in our atmosphere has spurred large-scale efforts to reduce emissions and
limit global warming to 1.5 ◦C above pre-industrial levels by 2050 [1]. In response, there
has been a notable surge in the exploration of renewable energy sources such as geothermal
energy, solar energy, and wind power [2]. These alternatives offer a sustainable pathway
for energy production, significantly reducing reliance on fossil fuels and their associated
carbon emissions [3].

In this transition, hydrogen has emerged as a promising energy carrier, drawing inter-
national attention for its clean, carbon-free attributes and high mass energy density [4–8].
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Hydrogen’s versatility is further enhanced by its production potential from both conven-
tional and renewable energy sources through various processes such as steam methane
reforming and electrolysis [9]. While this dual-source capability improves the economic
and operational flexibility of hydrogen production, the versatile usage for transportation
fuel, industrial feedstock, residential heating fuel, and fuel for electricity generation po-
sitions hydrogen as a pivotal player in reducing pollutant emissions and facilitating the
decarbonization of the power sector [3,5]. Putting the roles hydrogen can play alongside
renewable energy for decarbonization has brought about the emergence of the hydro-
gen economy [10].

There are challenges to integrating hydrogen produced from renewable energy sources
into the energy system, primarily due to a mismatch between supply and demand. This
imbalance is exacerbated by the seasonal nature of some renewable sources, such as
wind energy, which could lead to fluctuating hydrogen production levels when energy
demand requires a constant supply, such as during winter [1,11,12]. Moreover, the inherent
characteristics of hydrogen, being a gas at ambient conditions with a large volume-to-
mass ratio, further complicate its storage, necessitating innovative solutions to address
discrepancies in supply and demand [1].

Comparing the established practices and infrastructure used for underground natural
gas storage can offer valuable insights into potential underground hydrogen storage solu-
tions. Underground hydrogen storage shows great potential for storing large amounts of
hydrogen, produced from not only electrolysis and renewable energy, at various time scales
for the medium and long term. This offers several advantages [11,12], including reduced
surface infrastructure, minimized human exposure to risks, the use of natural storage
formations (e.g., porous media), and increased storage density due to higher subsurface
pressures. In general, two primary configurations for underground storage are consid-
ered [1]: engineered subsurface structures, such as salt caverns and solution-mined rocks,
and natural porous rock, including depleted oil and gas reservoirs and saline aquifers. Both
configurations have unique benefits and limitations, influencing their suitability based on
specific use cases and making them focal points for ongoing research [12].

Leveraging decades of industry experience from underground natural gas storage,
similar principles can be applied to hydrogen storage. For example, cushion gas, assumed
to stay permanently in the storage reservoir to maintain minimum pressure levels, ensures a
consistent supply rate [1,13]. Methane, the primary constituent of natural gas, is considered
a viable candidate for cushion gas [1]. Thus, understanding the behavior of gas mixtures
(e.g., hydrogen and methane) and multiphase fluids (e.g., the gas mixture and formation
water) is key to designing underground hydrogen storage systems and optimizing an oper-
ational strategy. Factors influencing hydrogen transport behavior in geological materials
include formation properties like porosity, permeability, and heterogeneity; fluid properties
like viscosity, density, and buoyance; and mixed properties like dispersity and component
fractionation. Core-scale flow behavior directly influences the displacement of the fluids
at the reservoir scale and provides inputs needed for accurate simulations and prediction.
Further, knowledge of fluid displacement in the hydrogen storage reservoir during H2
injection and recovery is critical in the design and operation of an underground storage
facility. However, while studies have explored important parameters and flow behaviors of
multiphase flow in porous media relevant to hydrogen—such as wettability [14], capillary
pressure [15], interfacial tension [16], the contact angle [17], relative permeability [15],
viscous fingering [18], and gravity overriding [19]—there is scarce research on the behavior
of gas mixtures pertinent to underground hydrogen storage. Hence, there are gaps in
comprehending the flow behavior of hydrogen gas in the presence of other gas compo-
nents, such as methane (referred to as cushion gas), and formation water, which necessitate
further investigation.

In this research, we studied the flow behavior of hydrogen and methane in sandstone
rock cores, tested brine displacement by gas injection, and compared the performance of
hydrogen displacing methane with methane displacing hydrogen. The influences of the
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rock core and gas injection rate were evaluated. The flow and brine displacement behavior
in horizontal and downward vertical directions was compared. This was the first time
the characteristics of flushing a methane-filled core with hydrogen (and vice versa) were
revealed while measuring the effluent breakthrough concentrations for both gasses. The
insights gained from these gas displacement experiments bridge existing knowledge gaps
regarding gas flow patterns and displacement behaviors during hydrogen injection and
withdrawal phases in storage facilities using methane as the cushion gas.

2. Materials and Methods
2.1. Materials

Ultra-high-purity hydrogen (99.9999%) and pure methane (99.99%) were the testing
gasses. Nitrogen (99.99%) was used to flush the lines before switching gasses. Ultra-high-
purity argon was the carrier gas for the inline micro gas chromatograph (micro-GC).

A low-salinity brine was used to saturate the core before gas injection. The composition
of the brine was NaCl: 2390 mg/L; CaCl2·2H2O: 1100 mg/L; MgCl2·6H2O: 520 mg/L;
KCl: 100 mg/L; Na2SO4: 70 mg/L; NH4Cl: 30 mg/L; and NaHCO3: 140 mg/L.

Berea sandstone and Bentheimer sandstone cores 2.54 cm (1 inch) in diameter and
30.48 cm (12 inches) long were the porous media applied in the tests. The measured water
permeabilities for the Berea and Bentheimer sandstone cores were 41.93 and 945.06 mD,
respectively, and the porosities were 18.08% and 23.78%, respectively.

2.2. Experimental Setup and Test Procedures
2.2.1. Experimental Setup

A multiphase flow testing system was built for this study. H2 and CH4 were injected
through sandstone cores using a tri-axial core holder system fitted with flow rate meters and
pressure transducers, while the effluent gas concentrations were analyzed using an inline
micro-GC (Figure 1). This experimental system was used to measure core permeabilities,
test brine displacement by gas, and measure gas breakthrough curves during the gas
displacement of brine and the gas displacement of gas as a function of the flow rate. In this
setup, the core holder could be set in horizontal and vertical orientations. The effluent of
the core holder was open to the atmosphere during testing. All injections were conducted
with a constant flow rate mode; therefore, the injection pressure was varied as defined by
the injection rate, ranging from a few psig to 50 psig (344.8 kPa). All tests were conducted
at room temperature.
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2.2.2. Test Procedures
Permeability Tests

First, we pre-saturated the sandstone core to be tested with the low-salinity brine using
a vacuum saturation system. The core was then inserted into a Viton sleeve inside the core
holder. A confining pressure was applied by pumping water into the confining fluid space
with a hand pump. The confining pressure applied was 200 psi (1379.0 kPa) higher than the
testing pressure to make sure no flow passed through the gaps between the core and the
sleeve. This pressure was kept constant during the test duration. The confining pressure
was at least 100 psig higher than the injection pressure to prevent bypassing flow. The brine
was injected at different flow rates using an ISCO pump, the pressure was measured at the
inflow and effluent ends of the core at each flow rate, and the permeability was calculated.

Brine Displacement Tests

After the core was saturated with brine, hydrogen or methane was injected through
the core to displace the brine. Methane or hydrogen injection was started at a desired flow
rate controlled by flow controllers to displace brine from the core. Pressures at the inflow
and effluent ends of the core holder were recorded and the brine recovery volume in the
gas–liquid separator was measured. H2 and CH4 concentrations were analyzed using the
online micro-GC with the measurement starting at the same time as the gas injection. The
micro-GC sampling frequency was 2.25 min per sample.

Gas Displacement Tests

After brine displacement, the pore space in the sandstone core inside the holder was
filled with the displacing gas and brine at the residual saturation. The gas in the core
was either hydrogen or methane. The other gas was used to displace the current resident
gas. The upstream lines were purged with the flushing gas so that a pure gas filled the
tubing before the gas displacement was performed. When the flushing gas injection was
started, the pressures and the effluent gas concentrations were measured. Gas injection
was stopped when the displacing gas concentration in the effluent reached around 100%.

Prior to multiphase flow testing with sandstone cores, baseline testing was performed
to verify operational dead volumes and evaluate component influences on the flow and
mixing behavior of gasses. In the baseline tests, the core holder was bypassed using
stainless steel tubing. This tubing was filled with methane. Hydrogen was then injected
into the tubing to displace the methane. Gas compositions were measured with the online
micro-GC. Shakedown testing of the experimental system was conducted to quantify the
operational range of the gas analyzer and verify data acquisition.

2.3. Test Layout

Besides the baseline tests, eight core flow-through tests were conducted. Table 1
summarizes the tests.

Table 1. List of tests and summary of parameters *.

Test Name Rock Core Q (mL/m) CH.dis.
B

H.dis.
CH

CH.dis.
H

H.dis.
B Flow Hori. Flow Vert.

Test-01 Berea SS 2.0 x x x
Test-02 Bent. SS 2.0 x x x
Test-03 Berea SS 2.0 x x
Test-04 Berea SS 3.0 x x x x
Test-05 Bent. SS 3.0 x x x x
Test-06 Berea SS 3.0 x x x x
Test-07 Berea SS 3.0 x x x
Test-08 Berea SS 3.0 x x x

* The effluent of the core holder was open to the atmosphere during tests. The injection pressure was varied
as defined by the injection rate, ranging from a few psig to 50 psig (344.8 kPa). All tests were conducted at
room temperature. SS = sandstone; CH = CH4; H = H2; B = brine; dis. = displacing; Bent = Bentheimer;
Hori. = horizontal; Vert. = vertical.
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3. Results and Discussion

First, baseline testing results are presented to demonstrate the readiness of the ex-
perimental system and testing procedures for core flow-through experiments. Second,
the initial gas saturation and injection pressure during brine displacement by methane
from Berea and Bentheimer sandstone cores in horizontal flow are reported. Third, the
breakthrough curves for gas displacing gas from the sandstone cores are compared. Last,
the performance of hydrogen displacing brine from sandstone cores in the horizontal and
downward vertical flow directions is compared and the resulting H2 saturation values
are reported.

3.1. Gas Recovery Volume in Baseline Testing

It is essential to demonstrate that the testing system is ready for experiments before
conducting gas flow-through core tests. When no rock core was inserted into the core
holder setup, the volume in the system was fully filled with the initial gas, H2 or CH4, with
a known volume. In the baseline tests, when H2 was injected to displace CH4 or vice versa,
the recovery of the initial gas was calculated based on the gas breakthrough curves used to
determine the effluent gas concentrations and flow rates.

Figure 2 shows the breakthrough curves for both the H2 and CH4 gasses when H2 was
used to displace CH4 from the core holder system. The known volume of CH4 in the system
was 23.34 mL and the recovered volume was 22.8 mL, with a −2.34% difference. In another
baseline test, CH4 was used to displace H2 (data shown in Supporting Results, Figure S1).
Gas breakthrough curves were compared between the baseline system (i.e., empty core
holder) and the system when a sandstone core was installed in the holder. The gas disper-
sion caused by the core was clearly visible (Figure S2). The difference between the known
H2 volume and the recovery volume was 4.84%. Overall, a good agreement between the
operational volume of the experimental system and the calculated displacement volume of
effluent gas measurements demonstrates system readiness.
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Figure 2. Gas breakthrough curves obtained from H2 displacing CH4 in baseline testing. The measured
volume of the space filled with CH4 was 23.34 mL. Based on the effluent CH4 concentration and flow
rate, the calculated CH4 volume was 22.80 mL.
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3.2. Brine Displacement by Methane and the Initial CH4 Saturation in Sandstone Cores

Figure 3 displays the volume of effluent brine displaced by methane injection and the
calculated effluent flow rates for both Berea (left column) and Bentheimer (right column)
sandstones and CH4 injection rates of 2.0 mL/min (top row) and 3.0 mL/min (bottom
row). The initial CH4 saturation in the core was calculated based on the volume of brine
displaced from the core by the gas.
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Figure 3. Displaced brine volume, flow rate, and initial CH4 saturation in sandstone cores. The
influence of the gas injection rate and core is compared. PV = pore volume. (A) Test-01, (B) Test-02,
(C) Test-04, (D) Test-05.

A higher gas injection rate resulted in a larger volume of displaced brine and thus a
higher initial gas saturation (Figure 3A vs. Figure 3C and Figure 3B vs. Figure 3D). The
peak brine-displacing flow rate was higher at a higher gas injection rate. With the same
sandstone core, a higher injection rate induces a higher pore velocity of gas and a greater
pressure drop through the core, and thus displaces more fluid filling the pore spaces. Boon
and Hajibeygi (2022) [19] reported similar observations when using hydrogen to displace
brine from Berea sandstone cores.

At the same gas injection rate, Bentheimer sandstone showed higher initial gas satura-
tions and a higher peak brine displacement rate compared to Berea sandstone (Figure 3A
vs. Figure 3B, Figure 3C vs. Figure 3D). The higher gas saturation was attributed to the
higher porosity of Bentheimer sandstone. Liu et al. (2017) [20] and Wang et al. (2023) [21]
reported similar observations from a set of multiphase core-flooding tests that applied
micro-computed tomography scanning systems to monitor fluid saturations in the cores.
When the gas injection rates were increased in the same sandstone core, the brine displace-
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ment rates and the initial gas saturation were increased (Figure 3A vs. Figure 3C, Figure 3B
vs. Figure 3D). The higher flow rates induced higher displacement pressure (Figure 4) and
thus improved the brine displacement.
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Figure 4. Pressure drops across the sandstone core during gas injection. Methane was injected
through Berea sandstone and Bentheimer sandstone cores at a flow rate of 2.0 or 3.0 mL/min.
(A) CH4 displacing brine—Berea SS, 2.0 mL/min (Test-01); (B) CH4 displacing brine—Bentheimer SS,
2.0 mL/min (Test-02); (C) CH4 displacing brine—Berea SS, 3.0 mL/min (Test-04); (D) CH4 displacing
brine—Bentheimer SS, 3.0 mL/min (Test-05).

3.3. Injection Pressure

Pressure was also measured during brine displacement by methane and the results
are shown in Figure 4. The injection pressure is a function of the injection rate, the viscosity
of the injectate, and the permeability of the porous medium. When methane was injected
into brine-saturated cores, the injection pressure was higher when the injection rate was
higher (Figure 4A vs. Figure 4C, Figure 4B vs. Figure 4D). When the gas was injected
through the cores at the same flow rate, the Bentheimer sandstone core exhibited lower
peak pressure compared to the Berea sandstone. After the gas broke through the core and
the pressure drop approached a steady state, Bentheimer sandstone also showed a lower
pressure (Figure 4A vs. Figure 4B; Figure 4C vs. Figure 4D) than Berea.

Bentheimer sandstone lost pressure faster than Berea sandstone after the peak pressure,
and it took less gas injection for the pressure drop to approach a steady state (Figure 4A vs.
Figure 4B; Figure 4C vs. Figure 4D). The characteristic behavior of a faster approaching
steady state for Bentheimer sandstone compared to the Berea sandstone was also observed
in the brine-displacing process, as exhibited by the accumulative brine volume curves
(Figure 3A vs. Figure 3B; Figure 3C vs. Figure 3D).
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The differences in permeability and porosity between these two sandstones are behind
the observed diversities in pressure behavior. Bentheimer sandstone is more than 10 times
more permeable than Berea sandstone, and the porosities are 18.08% and 23.78% for Berea
sandstone and Bentheimer sandstone, respectively. Based on Darcy’s law for the gas
phase [22], a lower gas injection pressure can be obtained when a gas is injected through a
higher permeability rock at a fixed flow rate. The higher porosity of Bentheimer sandstone
lets the gas flow through the core more easily. Gheshmi et al. (2018) [23] reported that an
increase in porosity reduced injection pressure when nitrogen was injected through oil
reservoirs. Higher porosity also allows for the quick displacement of brine from the cores
(Figure 3) and thus a more rapid decrease in the injection pressure after reaching the peak
pressure (Figure 4).

3.4. Hydrogen Displacing Methane—Influence of Flow Rate and Sandstone Core

Figure 5 shows breakthrough curves for gas displacement experiments for both
Berea (left column) and Bentheimer (right column) sandstones at different injection rates,
2.0 mL/min (top row) and 3.0 mL/min (middle and bottom rows). The breakthrough
curves for H2 and CH4 cross at concentrations of about 49% for the tests where hydro-
gen was used to displace methane (Figure 5A–D). The gas injection rate and the type of
sandstone core had minimal influence on the cross-point concentration.

For the same sandstone core, a higher gas injection rate resulted in a faster gas break-
through in the injected pore volume (PV), as is clearly indicated by the cross-points in the
curves (Figure 5A vs. Figure 5C; Figure 5C vs. Figure 5D). As an example, the cross-point
of the test with Berea sandstone at a flow rate of 2.0 mL/min was at 1.01 PV and the
cross-point of the same core at 3.0 mL/min was at 0.80 PV.

In the test procedure, a constant flow rate was set during gas injection. The inlet
pressure increased over time when more gas was injected into the inlet of the core holder.
The methane gas saturating the pore space in the core after displacing brine was pushed
out when hydrogen injection was started. When the rock core properties were the same,
i.e., when injection was applied to the same core, the hydrogen injection rate controlled
the change in injection pressure. A higher injection rate not only shortened the time for
the pressure to reach the peak value, but also reduced the injected gas volume needed
for the pressure to reach this value. Figure 6 shows that when hydrogen was injected to
displace methane at flow rates of 2.0 and 3.0 mL/min, the injection pressure peaked at
0.5 and 0.1 PV, respectively. According to Darcy’s law for gas phase [22], higher pressure
induces a higher flow rate through the core; thus, the pressure data qualitatively explain
the earlier breakthrough of the injected gas.

At the same injection rate, Bentheimer sandstone showed earlier gas breakthrough
compared to Berea sandstone (Figure 5A vs. Figure 5B; Figure 5C vs. Figure 5D). Because
Bentheimer sandstone is more than 10 times more permeable than Berea sandstone, the
pressure required to displace gas from the core is much lower based on Darcy’s law. The
pressure peaked much earlier as shown in the results from the test using hydrogen to
displace methane at a flow rate of 3.0 mL/min (Figure 6).

In the experiments using one gas to displace another, the dispersion of one gas into
another is revealed by the shape of the breakthrough curves. In the tests presented here with
relatively higher flow rates, the dispersion was dominated by the flow velocity [24]. When
the gas flow rate was higher, the time available for dispersion in the core was reduced, as
observed in the sharper breakthrough curves at higher flow rates (Figure 5A vs. Figure 5C;
Figure 5B vs. Figure 5D).
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Figure 5. Gas breakthrough curves. (A) H2 displacing CH4, Berea SS. Q = 2.0 mL/min (Test-01).
(B) H2 displacing CH4, Bentheimer SS. Q = 2.0 mL/min (Test-02). (C) H2 displacing CH4, Berea
SS. Q = 3.0 mL/min (Test-04). (D) H2 displacing CH4, Bentheimer SS. Q = 3.0 mL/min (Test-05).
(E) CH4 displacing H2, Berea SS. Q = 3.0 mL/min (Test-04). (F) CH4 displacing H2, Bentheimer SS.
Q = 3.0 mL/min (Test-05).
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3.5. Methane Displacing Hydrogen vs. Hydrogen Displacing Methane

Figure 5E,F present the breakthrough curves for tests when methane was applied to
displace hydrogen. Comparing Figure 5C with Figure 5E and Figure 5D with Figure 5F,
one can see that CH4 displacing H2 and H2 displacing CH4 exhibited very similar behavior.
Breakthrough was earlier for Bentheimer sandstone than Berea sandstone in both processes
(i.e., CH4 displacing H2 and H2 displacing CH4).

The viscosities of H2 and CH4 at ambient pressure and room temperature were
0.88 × 10−5 and 1.10 × 10−5 Pa·s, respectively. The densities under the same conditions
for H2 and CH4 were 0.0899 and 0.717 kg/m3, respectively. These differences did not cause
significant differences in the displacement behavior using either gas to displace the other
when the flows were horizontal.

To the best of our knowledge, no studies have been reported in the open literature on
using one gas to displace another in porous media while both gas breakthrough curves
are recorded. Costanza-Robinson and Brusseau (2002) [25] compared the dispersity of
reactive gasses (difluoromethane CH2F2 and trichloroethene CHCl3) with a nonreactive
gas (methane) in column experiments in which nitrogen was applied as the displacing gas
for all the nonreactive and reactive gasses. The effluent concentrations of the displaced
gasses were measured but the nitrogen concentration was not recorded. Li et al. (2020) [26]
studied gas displacement in sandstone and carbonate cores involving CH4, CO2, N2, N2O,
and He gasses, with a focus on the pore occupancy of these gasses during displacement,
but effluent gas concentrations were not measured.

The density, viscosity, and diffusivity of hydrogen are very different compared to other
geologically stored gasses such as CO2, CH4, and air. Hydrogen’s unique properties may
result in very special flow behavior in porous media, such as high mobility and increased
viscous fingering [27]. Compared to methane and the other nonreactive and reactive gasses
tested by Costanza-Robinson and Brusseau (2002) [25], however, hydrogen did not exhibit
abnormal flow performance in the sandstone cores as observed in this study when the flow
was horizontal.
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3.6. Gas Flow Through Brine-Saturated Core: CH4 vs. H2

Figure 7 compares the concentrations of the effluent methane and hydrogen gasses
during vertical and horizontal brine displacement by these gasses. Berea sandstone was
used, and the injection rate was 3.0 mL/min for the experiment. When hydrogen and
methane were injected individually to displace brine from sandstone cores in the horizontal
flow direction, H2 breakthrough was earlier compared to CH4 (Figure 7A). When the
displacement was in the downward vertical flow direction, the two gasses had very similar
breakthrough times (Figure 7B).
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When a gas is applied to displace liquid from a porous medium, gravity overriding
occurs due to the high-density contrast between the gas and liquid phases, in which the
injected gas rises to the top of the formation while the fluid stays at the bottom [19,28,29].
Boon and Hajibeygi (2022) [19] reported gravity segregation when H2 was applied to
displace water from sandstone cores. Gravity overriding causes the by-passing of the fluid
being displaced and results in less oil recovery [30] and low sweep efficiency, and thus the
low usage of the gas storage formation [31].

The results for the effluent gas concentration showed that H2 exhibited a higher
degree of gravity overriding in horizontal flow compared to CH4, as evidenced by the
earlier breakthrough of the gas (Figure 7). The differences in the viscosity, mass density,
and buoyancy force of these two gasses might have caused the observed differences in the
flow and brine-displacing behavior. Because H2 is far less dense than CH4, the influence
of buoyancy will be more pronounced for hydrogen storage than methane storage. The
buoyancy driving force that drives gravity override flow for pure hydrogen storage was
calculated as 8.4 to 10.3 times greater than that for pure methane storage [31].

The gravity number, Ng = ∆ρg/∇P, defines the ratio between viscous and gravity
forces. Here, ∇P (Pa/m) is the pressure gradient, ∆ρ (kg/m3) is the density difference
between fluids, and g (m/s2) is the gravity acceleration. A higher gravity value pro-
motes gravity segregation in the surfactant-alternating gas injection process [30], as shown
in Figure 8.
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The calculated Ng values were 1.58 × 10−2 and 1.43 × 10−2 for hydrogen and methane
injection, respectively. These values are higher than 1.0 × 10−2, indicating high gravity
segregation during brine displacement in porous media [29].

Figure 9 compares the effluent gas concentration in the horizontal flow vs. vertical
downward flow directions. Breakthrough for both CH4 and H2 occurred slightly earlier
in horizontal flow compared to vertical flow. Gas concentrations increased faster after
breakthrough in the vertical flow tests as revealed by the slopes of the breakthrough curves.

In horizontal gas injections, the gas overrides brine or other fluids and thus induces
a wedge-shaped displacing front as in Figure 8A, resulting in earlier breakthrough. In
vertical downward gas injection, a flatter displacing front is formed, inducing sharper
breakthrough curves. The differences in displacing behavior are also illustrated in the
effluent brine flow and volume accumulations (Figure 10).
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3.7. Vertical and Horizontal Flow Comparison

Downward vertical gas injection through brine-saturated sandstone cores resulted
in more efficient brine displacement from the cores compared to horizontal injections for
both CH4 and H2 gasses (Figure 10). Vertical injection thus produced higher initial gas
saturations in the cores. In methane injection, the initial gas saturations were 35.40% and
39.70% for horizontal and vertical injection, respectively. For hydrogen injection, the values
were 32.71% and 37.19%, respectively (Figure 10). The brine displacement results clearly
indicated that gravity overriding gas flow occurred in the horizontal flow, which induced
lower brine displacement from the core. Upward vertical gas injection to displace brine
was not tested in this study. Previous work reported lower brine production at the effluent
in upward vertical brine displacement compared to horizontal displacement [33].

Fingering is an important factor in hydrogen storage and recovery. Two basic forces,
viscosity and gravity, are responsible for fingering in porous media [34]. In horizontal
displacement, the gravity force does not affect fingering. When a gas is used to displace
brine, gravity is a stabilizing force in downward flow while it is a destabilizing force in
upward flow [34]. Thus, upward displacement induces the most profound fingering and
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the least efficient brine displacement. In the hydrogen storage process, the downward
vertical displacement of brine is strongly recommended.

Initial saturations were higher for methane than hydrogen after brine displacement.
The differences might be attributed to the variations in viscosity and density between these
two gasses [27].

3.8. Initial Hydrogen Saturation

The initial hydrogen gas saturation, i.e., the percentage of the PV occupied by H2
after brine displacement by the gas, is an important parameter for underground hydrogen
storage since it defines the efficiency of the reservoir usage. A set of values for H2 saturation
in sandstone cores was obtained from recent laboratory studies. Table 2 compares the
measured gas saturations obtained in this work with the values reported in the literature.

Table 2. Comparison of the initial hydrogen saturation in sandstone cores between the literature and
this study.

Porous Media Flow Direction; Flow Rate;
Injected PV Saturation Values (%) References

Berea sandstone (SS)
ϕ = 18.08%
k = 41.93 × 10−15 m2

Surface area (SA) = 0.93 m2/g
(7.5 PV injection)

Horizontal; 2 mL/min
(Test-01)
Horizontal; 3 mL/min
(Test-04)
Vertical (downward); 3 mL/min
(Test-07)
Eff. at ambient conditions

25.80

32.71

37.19

This study

Fontainebleau SS
ϕ = 10.2%
k = 200 × 10−15 m2

SA = 0.11 m2/g (10 PV injection)

Vertical (upward)
Under 58 psig pressure

4.5 Al-Yaseri et al., 2022 [35]

Bentheimer SS
ϕ = 23–27%
k = 1480 × 10−15 m2

SA = 0.45 m2/g.

Vertical (downward)
Under 1450 psig pressure

~36 Jangda et al., 2023 [36]
Peksa et al., 2015 [37]

Gosford SS
ϕ = 5%
k (unknown)
SA (unknown)

Orientation and flow direction not
reported;
0.01 mL/min 5 PV
Ambient conditions

~65 Jha et al., 2021 [17]
Roshan et al., 2016 [38]

Berea SS core
ϕ = 19.7%
k = 203 × 10−15 m2

Horizontal;
5 mL/min;
7 mL/min;
10 mL/min;
15 mL/min;
20 mL/min;
30 mL/min

P = 100 bar
3.8 cm core diameter

34
35
36
40
43
46

Boon and Hajibeygi, 2022 [19]

Doddington sandstone
k = 170 × 10−15 m2

Vertical (downward);
5 mL/h

20–45 Shahrokhi et al., 2022 [39]

Many factors influence gas saturation, including rock porosity, permeability, the gas
injection rate, the gas flow direction in brine displacement, the volume of gas flow through
the core, and others. The vertical upward injection of hydrogen displacing brine resulted
in the lowest reported H2 saturation due to the gas flow fingering through the core [35].
Higher gas injection rates resulted in a higher initial gas saturation as shown by Boon and
Hajibeygi (2022) [19], consistent with the results of this study (Table 2). The initial methane
saturation was also higher at a higher gas injection rate (Figure 3). Vertical downward
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displacement resulted in a higher gas saturation than horizontal displacement (Figure 11).
Jha et al. (2021) [17] reported an initial hydrogen saturation of ~65%, much higher compared
to other studies even though the gas flow rate applied was lower in comparison. The very
small core size (5 mm in diameter and 15 mm in length) applied in this core-flooding study
might be the cause of the high H2 saturation [17].
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Berea sandstone cores were used in Boon and Hajibeygi (2022) [19] and this study,
and both studies used horizontal H2 flow at comparable rates to displace brine (Table 2).
Figure 10 compares the initial saturation values for hydrogen obtained in these two studies
after converting the gas flow rates into pore velocities. The results of these two studies
follow the same trend in the relationship between the flow rate and initial gas saturation.

4. Conclusions

To study the flow behavior of hydrogen and methane gasses in sandstone stone cores
and their brine displacement performance, multiphase flow experiments were conducted
using a tri-axial core holder setup equipped with an online micro-GC system to analyze
the effluent gas concentration. Based on the results of the experiments, we can draw the
following conclusions:

• Higher permeability and porosity rock showed quicker breakthrough in brine dis-
placement and a higher initial gas saturation.

• A higher gas injection rate resulted in faster gas breakthrough measured by PV and
sharper concentration curves.

• Hydrogen showed similar flow behavior and performance to those of methane in the
sandstone cores when the flow was in the horizontal and downward vertical directions.

• Overriding was observed in brine displacements by gasses when the flow was hori-
zontal; hydrogen showed a higher degree of overriding than methane.

• Downward vertical gas injection induced a higher efficiency of brine displacement
compared to horizontal displacement, resulting in a higher initial gas saturation in the
sandstone cores.
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Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/en17225800/s1, Figure S1: CH4 displacing H2: tubing + gas separator
vol. = 23.34 mL. H2 vol. recovery = 24.47 mL. (off by 4.84%).; Figure S2: Comparison of gas
breakthrough concentrations between baseline (BL) and core testing when H2 was used to displace
CH4. The dispersion caused by the presence of core is clearly observed.
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