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A B S T R A C T

Underground hydrogen (H2) storage in saline aquifers is a viable solution for large-scale H2 storage. Due to its
remarkably low viscosity and density, the flow of H2 within saline aquifers exhibits strong instability, which
needs to be thoroughly investigated to ensure safe operations at the storage site. For the first time, we develop
a lattice Boltzmann model tailored for pore-scale simulations of the H2-brine system under typical subsurface
storage conditions. The model captures the significant contrast of fluid properties between H2 and brine, and it
offers the flexibility to adjust the contact angle to suit varying wetting conditions. We show that the snap-off is
enhanced in a system with a high capillary number and a small contact angle. These conditions lead to a low
recovery factor, which is unfavorable for H2 production from the aquifer. Moreover, the relative permeability
curves, computed from the simulation results, exhibit distinct behaviors for H2 and brine. In the case of the
wetting phase, the relative permeability can be quantified using the quadratic expression, whereas for the
non-wetting phase, the relative permeability exhibits a nearly linear behavior, and saturation alone appears
insufficient to characterize the relative permeability at large saturations of non-wetting phase. This implies
that different formula for liquid and gas phases may be employed for continuum-scale simulations.
1. Introduction

Underground hydrogen storage (UHS) has emerged as a promis-
ing strategy to effectively address the intermittency nature of renew-
able energy within a zero-carbon energy economy (Gahleitner, 2013;
Tarkowski, 2019; Hematpur et al., 2023; Krevor et al., 2023). By
utilizing the ample volume offered by geological formations, UHS
enables the storage of H2 at significant capacities for extended dura-
tions (Lord et al., 2014; Heinemann et al., 2021; Zivar et al., 2021).
Three major geological structures are considered for UHS: salt caverns,
depleted gas reservoirs, and saline aquifers. Among these options, UHS
in saline aquifers exhibits the most intricate flow behavior as it involves
multiphase flow with a large contrast of fluid properties.

The migration and distribution of H2 in the saline aquifer depend
on the interactions of H2, brine and rock. These interactions can be
characterized using pore-scale parameters, i.e., interfacial tension and
contact angle. Experimental studies have been conducted to measure
the contact angle for the H2-brine system, and hydrophilic wetting
conditions are consistently observed (Yekta et al., 2018; Hashemi et al.,
2021b; Iglauer et al., 2021; Higgs et al., 2022; van Rooijen et al.,
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2022). The contact angle is higher in rock samples with higher con-
centrations of organic materials in their composition. Furthermore, the
static contact angle remains unaffected by various physical parameters
such as pressure, temperature and salinity. However, the interfacial
tension exhibits a negative/positive linear relation with temperature
and salinity, respectively (Hosseini et al., 2022).

With the measured pore-scale parameters, one can perform numeri-
cal simulations to predict the dynamics of flow for the H2-brine system
at pore-scale, and further derive constitutive relations, i.e., relative per-
meability and capillary pressure, which are indispensable for field-scale
predictions (Pfeiffer and Bauer, 2015; Luboń and Tarkowski, 2020;
Eller et al., 2022; Bo et al., 2023; Chai et al., 2023; Pan et al., 2023;
Zhao et al., 2023). Traditionally, constitutive relations are measured
from core-flood experiments (Yekta et al., 2018; Boon and Hajibeygi,
2022), which can be time-consuming and expensive (Berg et al., 2016;
Blunt, 2017). Pore-scale simulation techniques have emerged as effi-
cient alternatives to predict multiphase flow parameters. These meth-
ods can be classified into two main categories: pore network modeling
(PNM) and computational fluid dynamics (CFD) method (Meakin and
Tartakovsky, 2009; Joekar-Niasar and Hassanizadeh, 2012). In PNM,
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the simulation is performed based on a pore network extracted from
the pore space of a rock sample, where larger pore volumes are repre-
sented by interconnected pores linked through throats (Piri and Blunt,
2005; Blunt, 2017). CFD simulations are conducted in a more explicit
manner by using the pore structure obtained from either experimental
characterization or numerical reconstruction directly. Traditional CFD
methods, such as the volume-of-fluid (Raeini et al., 2012) or the level-
set (Prodanović and Bryant, 2006) ones, are established based on
the Navier–Stokes equations. These methods rely on the use of an
auxiliary algorithm to track the movement of the interface besides
solving flow equations. The lattice Boltzmann method (LBM), alterna-
tively, describes multiphase flow using a more fundamental Boltzmann
equation, which captures the essential physics at mesoscopic level with-
out incorporating molecular interactions explicitly. Compared to the
traditional methods, LBM offers compelling advantages. Firstly, LBM is
inherently parallelizable, allowing for efficient computation on parallel
computing architectures. Secondly, LBM simplifies the handling of
complex geometries and boundary conditions, making it well-suited for
simulating flow in porous media with nontrivial fluid–fluid and fluid-
solid interactions (Huang et al., 2009; Ramstad et al., 2012; Chen et al.,
2014).

Different LBM models have been developed to simulate multiphase
flow, including the pseudopotential model (Shan and Chen, 1993),
the color-gradient model (Gunstensen et al., 1991), the free-energy
model (Swift et al., 1995), and the mean-field theory model (He et al.,
1999). Notably, the first two models are widely used for two-phase flow
problems in porous media. One of the major limitations encountered
by those two models is the numerical instability, which arises in
systems exhibiting a substantial contrast of physical properties, such
as density and viscosity between the two fluids (Liu et al., 2016).
Efforts have been made to address this limitation; however, they may
compromise the simplicity of LBM and results in increased computa-
tional costs (Chen et al., 2014). This work focuses on the application
of the pseudopotential model, in which the separation of phases is
achieved automatically via interparticle forces. Additionally, it provides
the flexibility to incorporate different forms of equation of state (EOS).
In contrast to the previous works that utilized cubic EOS for pore-scale
simulations (Huang et al., 2009; Son et al., 2016; Liu et al., 2021; Qin
et al., 2021; Zhang et al., 2022), a piece-wise linear EOS (Colosqui
et al., 2012) is selected to manage the fluids with significant contrast
in their physical properties.

Due to the potential numerical instability, few works have investi-
gated H2-brine system using pore-scale simulation techniques. Hashemi
et al. (2021a) used the quasi-static PNM to simulate fluid flow rele-
vant for UHS, and quantified the relative permeability and capillary
pressure, as well as their dependencies on wettability and rock types.
Note that the quasi-static PNM is particularly suitable for the capill-
ary-dominated flow regime (Valvatne and Blunt, 2004, Gong et al.,
2021a,b). In other words, the capillary pressure acts as the primary
driving force determining the evolution of fluid distribution. As a result,
only the connected flow pathways are captured (Berg et al., 2016).
However, pore-scale experiments have shown that the snap-off events,
causing the H2 to be disconnected and trapped, play an important role
in the distribution of non-wetting phase (Jangda et al., 2023). This
implies that both connected flow pathways and ganglion dynamics exist
and should be accounted for in the model. Wang et al. (2023) employed
the OpenFOAM platform to study the impact of wettability on the
flow behavior of H2-brine system. Results showed that the snap-off
ominates the flow in both drainage (injection) and imbibition (repro-
uction) processes, which leads to a low recovery factor. To the best of
ur knowledge, there exists no detailed work in literature examining
he H2-brine system using LBM from a pore-scale perspective. As such,
he primary objective of this work is to present a newly developed LBM
odel that is able to capture pore-scale dynamics of flow for H2 and
2

brine.
In the remainder of this paper, we first describe the governing
equation for the single-component, multiphase (SCMP) pseudopotential
LBM. The fluid–fluid and fluid–solid interactions are calculated using
the pseudopotential functions, which are derived based on a piecewise
linear EOS to achieve a robust numerical stability. We validate the
developed model via (a) the static Laplace law, and (b) the dynamic
capillary intrusion test. In both tests, the contrast of fluid properties
are set such that it is representative for the UHS system. The developed
model is then used to simulate two-phase flow of H2 and brine in
a synthetic porous medium at varying flow conditions. We quantify
the relative permeabilities based on the simulation results, and further
analyze the correlation between the relative permeability of each phase
and state parameters. We close with a discussion of key findings and
possible directions for future work.

2. Methods

2.1. Governing equation

We implement the pseudopotential LBM for a single-component,
multiphase system. Two immiscible fluids, i.e., H2 and brine, are de-
scribed by a single set of distribution functions, with their respective
physical properties defined independently. The evolution equation of
the distribution function is given by (He and Luo, 1997)

𝑓𝛼
(

𝐱 + 𝐞𝛼𝛿𝑡, 𝑡 + 𝛿𝑡
)

− 𝑓𝛼 (𝐱, 𝑡) = 𝛺𝛼 (𝑓 (𝐱, 𝑡)) + 𝐹𝛼 (𝐱, 𝑡) , (2.1)

where 𝑓𝛼(𝐱, 𝑡) is the distribution function along 𝛼-direction at time
𝑡 and position vector 𝐱, 𝛿𝑡 is the time step, and 𝐞𝛼 is a vector of
discrete velocities. The two-dimensional, nine-velocity (D2Q9) lattice
model is used, in which the discrete velocities are given by 𝐞0 = (0, 0),
𝐞1 = −𝐞3 = (1, 0), 𝐞2 = −𝐞4 = (0, 1), 𝐞5 = −𝐞7 = (1, 1), and 𝐞6 =
𝐞8 = (−1, 1). 𝛺𝛼 (𝑓 (𝐱, 𝑡)) is the collision operator describing the rate
f change of 𝑓𝛼 (𝐱, 𝑡) resulting from collision, and 𝐹𝛼 (𝐱, 𝑡) is the forcing
erm accounting for external forces.

The MRT collision operator is given by (Lallemand and Luo, 2000;
’Humières, 2002)

𝛼 (𝑓 ) = −
∑

𝛽

(

𝐌−1𝐒𝐌
)

𝛼𝛽

(

𝑓𝛽 − 𝑓
eq
𝛽

)

, (2.2)

here 𝐌 is the transformation matrix that projects the distribution
unctions and their equilibrium ones onto the moment space, i.e., 𝐦 =
𝐟 and 𝐦eq = 𝐌𝐟eq. 𝐦 (and 𝐦eq) denotes macroscopic physical

uantities, namely,

=
(

𝜌, 𝑒, 𝜀, 𝑗𝑥, 𝑞𝑥, 𝑗𝑦, 𝑞𝑦, 𝑝𝑥𝑥, 𝑝𝑥𝑦
)𝑇 , (2.3)

here 𝜌 is density, 𝑒 is internal energy, 𝜀 is the square of internal
nergy, 𝑗𝑥 and 𝑗𝑦 are the momentum in 𝑥 and 𝑦 directions, 𝑞𝑥 and 𝑞𝑦
re energy fluxes, and 𝑝𝑥𝑥 and 𝑝𝑥𝑦 are diagonal and off-diagonal com-

ponents of the stress tensor. MRT operator allows different moments to
relax at their own rates, which are stored in a diagonal matrix given
by

𝐒 = diag
(

𝜏𝜌, 𝜏𝑒, 𝜏𝜀, 𝜏𝑗 , 𝜏𝑞 , 𝜏𝑗 , 𝜏𝑞 , 𝜏𝑠, 𝜏𝑠
)−1 , (2.4)

with 𝜏𝑖 denoting the relaxation time for the 𝑖th moment in Eq. (2.3).
alues of 𝜏𝑖 are chosen as follows (Li et al., 2013; Zhao et al., 2019):
𝜌 = 𝜏𝑗 = 1, 𝜏−1𝑒 = 𝜏−1𝜀 = 0.51, 𝜏−1𝑞 = 1.1, and 𝜏𝑠 is calculated via a linear
nterpolation given by (Mukherjee and Abraham, 2007)

𝑠 = 𝜏𝑉 +
𝜌 − 𝜌𝑉
𝜌𝐿 − 𝜌𝑉

(

𝜏𝐿 − 𝜏𝑉
)

, (2.5)

where 𝜌𝐿 and 𝜌𝑉 are the prescribed densities for liquid and vapor
phases, respectively; 𝜏𝐿 and 𝜏𝑉 are relaxation times of pure phase,
which are linked to the kinematic viscosity as 𝜈 =

(

𝜏𝑠 − 0.5
)

𝑐2𝑠 𝛿𝑡 (𝑐𝑠
is the sound of speed). 𝑓 eq

𝛼 is the discrete equilibrium Maxwellian
distribution function expressed by

𝑓 eq
𝛼 = 𝑤𝛼𝜌

[

1 +
𝐞𝛼 ⋅ 𝐮 +

(𝐞𝛼 ⋅ 𝐮)2 − 𝐮 ⋅ 𝐮
]

, (2.6)

(𝑐𝑠)2 2(𝑐𝑠)4 2(𝑐𝑠)2
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where 𝑤𝛼 is the weighting factor. For the D2Q9 model, 𝑤𝛼 is given
by 𝑤0 = 4∕9, 𝑤1−4 = 1∕9, and 𝑤5−8 = 1∕36. The macroscopic density
and momentum relate to the distribution functions and the discrete
velocities via

𝜌 =
∑

𝛼
𝑓𝛼 , and 𝜌𝐮 =

∑

𝛼
𝐞𝛼𝑓𝛼 +

𝛿𝑡
2
𝐅. (2.7)

Rearranging Eq. (2.1), the streaming process can be expressed as

𝛼
(

𝐱 + 𝐞𝛼𝛿𝑡, 𝑡 + 𝛿𝑡
)

= 𝑓 ∗
𝛼 (𝐱, 𝑡) , (2.8)

where 𝑓 ∗
𝛼 = 𝐌−1𝐦∗, and 𝐦∗ is calculated algebraically given by

𝐦∗ = 𝐦 − 𝐒
(

𝐦 −𝐦eq) + 𝛿𝑡
(

𝐈 − 𝐒
2

)

�̄�. (2.9)

Here �̄� denotes the forcing term in the moment space (Yu and Fan,
010):

̄ =

⎡

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎣

0
6(𝑢𝑥𝐹𝑥 + 𝑢𝑦𝐹𝑦)
−6(𝑢𝑥𝐹𝑥 + 𝑢𝑦𝐹𝑦)

𝐹𝑥
−𝐹𝑥
𝐹𝑦
−𝐹𝑦

2(𝑢𝑥𝐹𝑥 − 𝑢𝑦𝐹𝑦)
(𝑢𝑥𝐹𝑦 − 𝑢𝑦𝐹𝑥)

⎤

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎦

. (2.10)

2.2. Interparticle interactions

The interparticle interactions are accounted for using the pseu-
dopotential model (Shan and Chen, 1993). For the single-component
multiphase LBM, the force acting on a fluid node due to non-ideal inter-
actions with its surroundings can be expressed as pair-wise interactions,
given as (Shan and Chen, 1993; Shan, 2008)

𝐅ff (𝒙, 𝑡) = −𝐺ff𝜓 (𝒙, 𝑡)
∑

𝛼
𝑤′
𝛼𝜓

(

𝒙 + 𝒆𝛼𝛿𝑡, 𝑡
)

𝒆𝛼 , (2.11)

where 𝐺ff is the fluid–fluid interaction strength, 𝑤′
𝛼 is the weighting

factor with 𝑤′
0 = 0, 𝑤′

1−4 = 1∕3, and 𝑤′
5−8 = 1∕12, and 𝜓 (𝒙, 𝑡) is the

pseudopotential. To be consistent with the EOS, the pseudopotential is
taken as (Yuan and Schaefer, 2006)

𝜓 =

√

2
(

𝑝EOS − 𝜌𝑐2𝑠
)

𝐺ff𝑐2
. (2.12)

Here the value of 𝐺ff is determined such that the whole term inside
he square root is positive, i.e., 𝐺ff = −1. 𝑝EOS denotes a prescribed non-

ideal EOS. Even though a non-ideal EOS is incorporated, simulation
results of the liquid–vapor coexistence curves (phase diagram) may not
follow the theoretical predictions obtained from the Maxwell equal-
area construction, especially for the vapor branch (Kupershtokh et al.,
2009; Chen et al., 2014). To alleviate the thermodynamic inconsistency
caused by the use of the pseudopotential model, the improved force
scheme is implemented given by (Li et al., 2013)

�̄� =

⎡

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎣

0
6(𝑢𝑥𝐹𝑥 + 𝑢𝑦𝐹𝑦) +

12𝛾|𝐅|2
𝜓2𝛿𝑡(𝜏𝑒−0.5)

−6(𝑢𝑥𝐹𝑥 + 𝑢𝑦𝐹𝑦) −
12𝛾|𝐅|2

𝜓2𝛿𝑡(𝜏𝜀−0.5)
𝐹𝑥
−𝐹𝑥
𝐹𝑦
−𝐹𝑦

2(𝑢𝑥𝐹𝑥 − 𝑢𝑦𝐹𝑦)
(𝑢𝑥𝐹𝑦 − 𝑢𝑦𝐹𝑥)

⎤

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎦

, (2.13)

where |𝐅|2 =
(

F2𝑥 + F2𝑦
)

, and 𝛾 is a tuning parameter used to adjust
the mechanical stability condition. Eq. (2.13), instead of Eq. (2.10), is
employed to calculate the forcing term in Eq. (2.9).
3

For 𝑝EOS, we consider a piecewise linear EOS (Colosqui et al., 2012)

𝑝EOS =

⎧

⎪

⎨

⎪

⎩

𝜌𝜃𝑉 , if 𝜌 ≤ 𝜌1
𝜌1𝜃𝑉 +

(

𝜌 − 𝜌1
)

𝜃𝑀 , if 𝜌1 < 𝜌 ≤ 𝜌2
𝜌1𝜃𝑉 +

(

𝜌2 − 𝜌1
)

𝜃𝑀 +
(

𝜌 − 𝜌2
)

𝜃𝐿, if 𝜌 > 𝜌2

(2.14)

where 𝜃𝑉 , 𝜃𝐿, and 𝜃𝑀 denote the slope of 𝑝(𝜌), i.e., 𝜕𝑝∕𝜕𝜌, in vapor-
phase region, liquid-phase region, and the unstable branch (𝜕𝑝∕𝜕𝜌 < 0),
respectively. The two unknowns 𝜌1 and 𝜌2, which specify the spinodal
points, are obtained by solving a system of two equations (Colosqui
et al., 2012) that describe (a) the mechanical equilibrium

∫

𝜌𝐿

𝜌𝑉
d𝑝 =

(

𝜌1 − 𝜌𝑉
)

𝜃𝑉 +
(

𝜌2 − 𝜌1
)

𝜃𝑀 +
(

𝜌𝐿 − 𝜌2
)

𝜃𝐿 = 0, (2.15)

and (b) the chemical equilibrium

∫

𝜌𝐿

𝜌𝑉

1
𝜌

d𝑝 = log
(

𝜌1
𝜌𝑉

)

𝜃𝑉 + log
(

𝜌2
𝜌1

)

𝜃𝑀 + log
(

𝜌𝐿
𝜌2

)

𝜃𝐿 = 0. (2.16)

Compared to the classical EOS, this piecewise linear EOS provides
the flexibility to adjust 𝜕𝑝∕𝜕𝜌 in different regions, and by setting
appropriate values the resulting LBM model gives a better stability. In
this work these parameters are set to be 𝜃𝑉 = 0.64𝑐2𝑠 , 𝜃𝐿 = 𝑐2𝑠 , and
𝜃𝑀 = −0.08𝑐2𝑠 (Li and Luo, 2014). Moreover, the desired density, as
well as the density ratio between liquid and vapor phases, can be set
directly without the need to run additional simulations (e.g., stationary
droplet test) (Yuan and Schaefer, 2006).

2.3. Fluid-solid interactions

To be consistent with the interactions between fluid particles, the
fluid-solid interaction is formulated in a similar manner as follows:

𝐅fw (𝒙, 𝑡) = −𝐺fw𝜓 (𝒙, 𝑡)
∑

𝛼
𝑤′
𝛼𝑆

(

𝒙 + 𝒆𝛼𝛿𝑡, 𝑡
)

𝒆𝛼 , (2.17)

where 𝐺fw is a free parameter to tune the adsorptive strength of
fluid to the solid (𝐺fw = −1), and 𝑆

(

𝒙 + 𝒆𝛼𝛿𝑡, 𝑡
)

is the switch function
given by

𝑆
(

𝒙 + 𝒆𝛼𝛿𝑡, 𝑡
)

= 𝜙 (𝒙, 𝑡) 𝑠
(

𝒙 + 𝒆𝛼𝛿𝑡, 𝑡
)

. (2.18)

Note that apart from the conventional switch function 𝑠
(

𝒙 + 𝒆𝛼𝛿𝑡, 𝑡
)

,
which is equal to 1 for a solid and 0 if otherwise, an additional term,
𝜙 (𝒙, 𝑡), is introduced to be an analog of 𝜓

(

𝒙 + 𝒆𝛼𝛿𝑡, 𝑡
)

in Eq. (2.11),
.e., we take 𝜙 (𝒙, 𝑡) = 𝜓 (𝒙, 𝑡). With this choice, 𝑆

(

𝒙 + 𝒆𝛼𝛿𝑡, 𝑡
)

is com-
parable in magnitude to 𝜓

(

𝒙 + 𝒆𝛼𝛿𝑡, 𝑡
)

when 𝑠
(

𝒙 + 𝒆𝛼𝛿𝑡, 𝑡
)

= 1 (Sukop
nd Thorne, 2006).

Following Li et al. (2019), an improved virtual-density scheme is
sed to calculate the density for the solid phase. This approach is
onsidered superior as it retains relatively simple implementation for
omplex geometries, and overcomes unphysical mass transfer near the
olid boundary that are commonly observed when using the virtual-
ensity scheme (Leclaire et al., 2016; Akai et al., 2018). The formula
s given by

𝑤 (𝒙) =

{

𝜅�̂� (𝒙) , 𝜅 ≥ 1, for decreasing 𝜃,
�̂� (𝒙) − 𝛥𝜌, 𝛥𝜌 ≥ 0, for increasing 𝜃,

(2.19)

here 𝜅 and 𝛥𝜌 are constants (note that 𝛥𝜌 is not the density difference
etween the two phases) which can be tuned to achieve different
ontact angles, and �̂� (𝒙) is given by

�̂� (𝒙) =
∑

𝛼 𝑤
′
𝛼𝜌

(

𝒙 + 𝒆𝛼𝛿𝑡
) (

1 − 𝑠
(

𝒙 + 𝒆𝛼𝛿𝑡
))

∑

𝛼 𝑤′
𝛼
(

1 − 𝑠
(

𝒙 + 𝒆𝛼𝛿𝑡
)) . (2.20)

No-slip boundary condition is imposed at the solid wall by applying
the bounce-back scheme (Succi, 2001; Nie et al., 2002): fluid particle
colliding with a wall is reversed and streamed in the opposite direction.
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Table 1
Physical properties of liquid and vapor phases used in numerical simulations.

Parameter Value

physical unit lattice unit

Liquid density, 𝜌𝐿 994.5 kg/m3 130.0
Vapor density, 𝜌𝑉 7.2 kg/m3 0.9
Liquid kinematic viscosity, 𝜈𝐿 0.6 × 10−6 m2/s 0.25
Vapor kinematic viscosity, 𝜈𝑉 1.3 × 10−6 m2/s 0.5

Table 2
Coexistence densities and pressure difference between liquid and vapor
phases at different radii (in lattice units).
𝑟0 𝜌𝐿 𝜌𝑉 𝛥𝑝 (𝑝𝑉 − 𝑝𝐿)

15 129.20 0.85 0.18
20 129.47 0.86 0.14
25 129.60 0.89 0.11
30 129.70 0.90 0.09
35 129.70 0.90 0.08

3. Validation

To verify the developed LBM model, two numerical tests are con-
ducted, i.e., Laplace law and capillary intrusion. Physical properties
of fluid phases are set to be representative for UHS in saline aquifers,
with pressure and temperature given by 10 MPa and 45 ◦C, respec-
tively (Yekta et al., 2018; Hashemi et al., 2021a). The resulting density
and kinematic viscosity ratios for brine and H2, i.e., 𝜌𝐿∕𝜌𝑉 and 𝜈𝐿∕𝜈𝑉 ,
are approximately 140 and 0.5. Table 1 lists physical parameters which
are mutually used in the following simulations unless otherwise spec-
ified. ‘‘Liquid’’ and ‘‘Vapor’’ refer to brine and H2, respectively. Note
that the values are given in both physical and lattice units.

3.1. Laplace law

We start with the static test of Laplace law, which states that the
pressure difference across the interface of a droplet is proportional to
the inverse of the radius of the droplet, namely,

𝛥𝑝 = 𝜎
𝑟
, (3.1)

where 𝜎 is the surface tension. Simulations are performed in a square
domain of 101 × 101 lattices. In each run, a bubble at a given radius
𝑟0 is placed in the center surrounded by the liquid phase. The domain
is fully periodic (in both 𝑥 and 𝑦 directions) and no external force is
applied. Initial distribution of fluid density is given by (Huang et al.,
2011)

𝜌 (𝑥, 𝑦) =
𝜌𝐿 + 𝜌𝑉

2
+
𝜌𝐿 − 𝜌𝑉

2
tanh

[

2(𝑟 − 𝑟0)
𝑊

]

, (3.2)

where 𝑊 = 5, and 𝑟 =
√

(

𝑥 − 𝑥0
)2 +

(

𝑦 − 𝑦0
)2 with

(

𝑥0, 𝑦0
)

being the
centroid of the domain.

Five simulation runs are conducted with the initial radius of 15, 20,
25, 30, and 35 lattices. The parameter in Eq. (2.13), i.e., 𝛾, is tuned
to be 0.072 to meet the thermodynamic consistency. Density of both
phases are recorded after reaching the steady state — see Table 2. As
shown, 𝜌𝐿 and 𝜌𝑉 remain nearly constant at different radii, and are
equal to the initial values shown in Table 1. This ensures the desired
density contrast holds even if the interface exhibits varying curvatures
in complex pore space. Pressure differences are further computed based
on the density map, which are plotted as a function of the inverse of
the radius shown in Fig. 1. It is observed that 𝛥𝑝 is proportional to 1∕𝑟,
and the results fit well with the linear relation (dashed line) as expected
by the Laplace law from Eq. (3.1). The slope indicates that the surface
tension is 2.75.
4

Fig. 1. Validation of Laplace law. Circles denote results obtained from LBM simulation,
and the linear fit is depicted as a dashed line.

Fig. 2. Density distributions at steady-state with varying wettabilities.

Table 3
Values of tuning parameters for different contact
angles.
𝜃∕◦ 𝜅 𝛥𝜌

30 1.88 0
60 1.50 0
90 1.05 0
120 1.05 5.0
150 1.05 13.0

3.2. Capillary intrusion

Experimental observations have shown that the H2-brine-rock sys-
tem is in general water wet, i.e., the contact angle between the wetting
(liquid) phase and the solid wall, 𝜃, is smaller than 90◦. To set a proper
contact angle for the capillary intrusion test that involves fluid-solid in-
teractions, we first establish the correlation between the wettability and
tuning parameters (𝜅 and 𝛥𝜌 in Eq. (2.19)). The density distribution of
liquid and vapor phases on a flat solid surface is examined. The domain
consists of 101 × 51 lattices with the bottom and top boundaries being
solid walls, and the left and right boundaries being periodic. Simulation
is initiated by placing a semi-circular liquid droplet with a radius of 20
on the bottom surface. Fig. 2 shows the density configurations at steady
state. Different contact angles are achieved by tuning 𝜅 and 𝛥𝜌; their
values of each case are listed in Table 3. As shown, a smaller contact
angle is achieved by increasing 𝜅, and a larger contact angle can be
obtained by increasing 𝛥𝜌 meanwhile keeping 𝜅 to be equal to 1.05.
For neutral wettability, 𝜅 = 1.05 (𝛥𝜌 = 0).

The capillary intrusion test is performed in a 2D capillary tube that
has a hydrophilic inner surface. As shown in Fig. 3, the wetting liquid
penetrates the tube that initially contains the non-wetting vapor phase.
Movement of the interface is governed by the balance between capillary
and viscous forces, which can be expressed as (Pooley et al., 2009; Liu
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Fig. 3. Schematic of capillary intrusion test.

Fig. 4. Interface advancement in capillary intrusion test: comparisons between LBM
results and theoretical predictions.

et al., 2014)

𝜎 cos (𝜃) = 6
ℎ
[

𝜇𝐿𝑥 + 𝜇𝑉 (𝐿 − 𝑥)
] d𝑥

d𝑡 , (3.3)

where 𝐿 and ℎ are the length and width of the capillary tube, respec-
tively; 𝑥(𝑡) is the position of the interface as a function of time, 𝜇𝐿 and
𝑉 are dynamic viscosities of liquid and vapor phases. The domain is
iscretized into 400 × 35 lattice points with 𝐿 = 200 and ℎ = 15 for the

capillary tube. Periodic boundary conditions are imposed on the region
occupied by fluid.

We consider two scenarios with the contact angle given by 𝜃 =
30◦ and 60◦, both of which are water wet conditions. Origin of 𝑥-
axis is set such that 𝑥 = 0 at 𝑡 = 0. Fig. 4 presents comparisons
of interface advancement predicted from LBM simulations and the
numerical solution of Eq. (3.3). It is observed that for the investigated
cases, results obtained from the developed LBM model agree well with
the theoretical predictions.

4. Simulation setup and pore-scale characterization

We investigate the H2-brine system in a 2D porous medium with
complex geometries. The porous medium is constructed by placing
grains of varying radii on a square. These grains represent solid phase,
and the remaining area are pore phase. The discrete domain consists
of 601 × 601 lattice nodes, which are considered sufficiently large to
derive meaningful constitutive relations (Li et al., 2018; Zhao et al.,
2018; Nemer et al., 2020; Ji et al., 2022). As shown in Fig. 5a, nodes in
gray and light blue denote solid and pore phases, respectively. The pore
size of each node in the pore phase is calculated based on the medial
axis of the porous medium (Zhao et al., 2016; Wang and Aryana, 2020),
and the resulting distribution is presented in Fig. 5b. In this case, the
pore size distribution has a mean value of 21.1 𝑙𝑢.

Fluid flow is driven by a constant body force in 𝑥 direction, and a
periodic boundary condition is imposed by adding five extra columns of
pore nodes to both the inlet and outlet. No flow boundary condition is
applied at the top and bottom boundaries. Fluids of different phases are
initialized using the approach proposed by Li et al. (2018). We conduct
simulations at two capillary numbers (Ca) by varying the body force
F. Note that the standard definition of Ca is expressed as Ca = 𝜇𝑣∕𝜎,
where 𝑣 is the characteristic velocity which is often determined by the
5

t

injection rate. As the fluid is driven by the body force, here a modified
Ca is used, which is given by Ca = F∕𝜎 (Yiotis et al., 2007). Two contact
angles are considered to account for different wettability conditions.
The investigated capillary number (Ca = 3.6 × 10−5 and 1.5 × 10−4)
nd contact angle (𝜃 = 30◦ and 60◦) fall within the reasonable range
ncountered in the UHS (Hashemi et al., 2021b; Higgs et al., 2022;
ysyy et al., 2023).

Flow simulation is performed for each case to examine the relative
ermeability of the H2-brine system. The flux of each phase is cal-
ulated based on the velocity distribution in the entire domain given
y (Zhao et al., 2018)

𝛼 =
∑

𝑢𝑥𝛼𝛿𝑥𝛿𝑦
𝐿𝑥

, (4.1)

here 𝛿𝑥 and 𝛿𝑦 are the size of a lattice cell, 𝐿𝑥 is the length of the
medium, 𝑢𝑥𝛼 and 𝑄𝛼 are the local velocity and the total flux of phase 𝛼
in 𝑥 direction, respectively. The relative permeability (𝑘𝑟𝛼) at a given
saturation (𝑆𝛼) is then calculated via:

𝑟𝛼
(

𝑆𝛼
)

=
𝑄𝛼

(

𝑆𝛼
)

𝑄𝛼
(

𝑆𝛼 = 1
) . (4.2)

Strictly speaking, 𝑄𝛼 is calculated after the system reaches the
steady-state. However, given that the snap-off and bubble coalescence
events persistently occur in this unstable system, determining the pre-
cise moment of reaching a steady state is a challenging task. Therefore,
the mean value of 𝑄𝛼 , computed within a relatively narrow range of
luctuations at the late stage, is adopted in Eq. (4.2).

To better understand the fluid configuration from a pore-scale per-
pective, the Euler number and the interfacial area between the two
hases are computed based on the fluid distribution at steady state.
he Euler number is used to characterize the connectivity of one fluid
hase (Herring et al., 2013; Rücker et al., 2015; Schlüter et al., 2016;
hang et al., 2022) . For the 2D system, it is given by

𝛼 = 𝛽0 − 𝛽1, (4.3)

here 𝛽0 is the number of discrete elements of phase 𝛼, and 𝛽1 is the
umber of redundant loops presented in the fluid phase. Consider the
orous medium (shown in Fig. 5a) is fully saturated with a single fluid
hase 𝛼. In this case, 𝛽0 = 1 and 𝛽1 is equal to the total number of
rains within the inner region of the domain, i.e., 𝛽1 = 121, and the
esulting 𝜒𝛼 = 1 − 121 = −120. Following (Herring et al., 2013), the
ormalized Euler number, �̂�𝛼 , defined as the ratio between the Euler
umber of a given fluid distribution and the Euler number at the fully
aturated scenario (𝜒𝛼 = −120), is used in the following discussions.
his definition indicates that �̂�𝛼 approaches 1.0 as the targeting phase
eaches its maximum connectivity. Conversely, a more negative value
uggests the presence of a larger number of disconnected clusters.

The fluid–fluid interfacial area, 𝐴𝑤𝑛, is calculated using the follow-
ng equation (Porter et al., 2010):

𝑤𝑛 =
1
2
(

𝐴𝑤 + 𝐴𝑛 − 𝐴𝑠
)

, (4.4)

here 𝐴𝑤, 𝐴𝑛, and 𝐴𝑠 denote the interfacial area for the wetting,
on-wetting, and solid phases, respectively. They are evaluated by
enerating contours between phases, based on a single value chosen
o separate one phase from the other ones.

. Results and discussions

.1. Fluid distribution at different saturations

The steady-state fluid distribution at three saturations (𝑆𝑤 = 0.2,
0.5, and 0.8) is presented in Fig. 6. At small 𝑆𝑤 (𝑆𝑤 = 0.2), the

etting phase (brine) spreads along the surface of solid grains with
iffering behaviors. In Fig. 6(a), the liquid tends to fill pores and throats
n both 𝑥 and 𝑦 directions. As Ca increases, the liquid film becomes
hinner and it coats a larger number of solid grains, leading to a
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Fig. 5. The synthetic porous medium used in flow simulation. (a) pore geometry and (b) pore size distribution.
𝜒

𝜒

more tortuous configuration of interconnected coated grains (Fig. 6(d)).
This results in an improved fluid connectivity for the liquid phase
(�̂�𝑤), along with an increase in interfacial area (𝐴𝑤𝑛) (Figs. 8(a) and
8(b)). Simultaneously, �̂�𝑛 decreases because the snap-off becomes more
frequent (Tsai and Miksis, 1994; Roman et al., 2017). When 𝜃 increases
from 30◦ to 60◦, the number of liquid films, which bridge the solid
grains in the direction perpendicular to the main flow, is reduced due
to the weakened affinity of the medium to the wetting phase (Fig. 6(g)).
As a result, the liquid phase prefers to coat the solid grains along the
𝑥 direction. We also observe that the surfaces of some solid grains are
partially covered by the liquid, rather than being fully immersed in the
wetting phase.

For intermediate 𝑆𝑤 (𝑆𝑤 = 0.5), the gas occupies the flow paths
with wide pore throats, while the liquid flows through the narrower
ones. Note that regardless of varying flow conditions, fluid distributions
exhibit a similar pattern: the vapor phase forms large clusters in the
upper half of the domain characterized by a relatively large and uni-
form pore size, whereas in the lower half of the domain, vapor phase
tends to disperse into disconnected ganglia due to a more divergent
pore size distribution (Figs. 6(b), 6(e), 6(h)). This observation is also
quantitatively evident in the connectivity measurement of both phases,
i.e., �̂�𝑤 and �̂�𝑛 at 𝑆𝑤 = 0.4 and 0.6 shown in Fig. 8(a). Eventually at
large 𝑆𝑤 (𝑆𝑤 = 0.8), the vapor phase remains in the large pore space,
gathered in the upper half of the domain (Figs. 6(d), (h), and (l)).

5.2. Relative permeability: pore-scale analysis

The total flux of each phase is recorded to determine if the system
reaches steady-state. For example, Fig. 7 shows the temporal evolution
of total fluxes in the case of Ca = 3.6 × 10−5 and 𝜃 = 30◦. In each
plot, the dashed line indicates the 𝑄𝛼 that will be used to compute
relative permeability. The resulting curves are shown in Fig. 8(c). We
observe that at a given 𝑆𝑤, the wetting phase curves demonstrate
slight variations compared to those of the nonwetting phase. 𝑘𝑟𝑤 in-
creases monotonically along with 𝑆𝑤. It is worth mentioning that a
larger 𝜃 leads to a higher 𝑘𝑟𝑤, especially within the range of small
to intermediate values of 𝑆𝑤. Mechanistically speaking, a stronger
wettability enhances the interactions between the wetting phase and
the solid surface. On one hand, a stronger adsorptive force hinders
fluid detachment from the surface, thereby impeding the flow. On the
other hand, it promotes the connectivity of wetting phase (Li et al.,
2005). At the same Ca (Ca = 1.5 × 10−4), a smaller 𝜃 gives a better
connectivity (Fig. 8(a)). Nevertheless, 𝑘𝑟𝑤 is higher at 𝜃 = 60◦. This
indicates the former mechanism dominants in the investigated case.
One may expect the relative permeability of both phases increase with
Ca, as demonstrated in previous work where both fluids are assumed
to have equal density and viscosity (Li et al., 2005; Zhao et al., 2017).
6

However, this is not what we observe as Ca increases from 3.6 × 10−5

to 1.5 × 10−4 with 𝜃 = 30◦. Instead, 𝑘𝑟𝑛 decreases at a higher Ca. In the
simulated UHS system, there is a notable contrast in physical properties
between H2 and brine. Due to its considerably lower dynamic viscosity,
the non-wetting phase demonstrates higher mobility which facilitates
the fluid–fluid interactions between the phases at a higher Ca, as shown
in Fig. 8(b), leading to a more curved (and reduced) 𝑘𝑟𝑛 (Bachu and
Bennion, 2008).

As mentioned earlier, the relative permeability of wetting phase
increases along with the phase saturation in a nearly quadratic manner;
in contrast, the relative permeability of non-wetting phase exhibits
pronounced variations under different settings. To further quantify the
strength of correlation between relative permeability and saturation, as
well as the pore-scale parameters, the Pearson correlation coefficient,
𝜌(𝑋, 𝑌 ) (𝑋 and 𝑌 are random variables) (Cohen et al., 2009) is com-
puted and the results are presented in Fig. 9. The values range from
−1 to 1 with 1 indicating a perfect linear positive relation, and vice
versa for -1. A small absolute value implies a weak linear dependency
between the variables.

In the case of wetting phase, we observe a strong correlation be-
tween the relative permeability and phase saturation, i.e., 𝜌(𝑘𝑟𝑤, 𝑆𝑤) =
0.99. Besides, there is an observable dependency between 𝑘𝑟𝑤 and the
Euler number of the wetting phase, as well as the interfacial area of
two fluids: 𝜌(𝑘𝑟𝑤, �̂�𝑤) = 0.74, and 𝜌(𝑘𝑟𝑤, 𝐴𝑤𝑛) = −0.79. Nevertheless,
̂𝑤 and 𝐴𝑤𝑛 are fairly correlated with 𝑆𝑤. This suggests that 𝑘𝑟𝑤 can
be described based on 𝑆𝑤 solely. In the non-wetting case, 𝑆𝑛, �̂�𝑛, and
𝐴𝑤𝑛 are all positively correlated with 𝑘𝑟𝑛: 𝜌(𝑘𝑟𝑛, 𝑆𝑛) = 0.89, 𝜌(𝑘𝑟𝑛, �̂�𝑛) =
0.59, and 𝜌(𝑘𝑟𝑛, 𝐴𝑤𝑛) = 0.52. Similar to the wetting phase, 𝑘𝑟𝑛 shows
a stronger dependency on the phase saturation compared to the pore-
scale parameters, i.e., �̂�𝑛 and 𝐴𝑤𝑛, which are also moderately correlated
with 𝑆𝑛. However, 𝑘𝑟𝑛 exhibits more variations at large 𝑆𝑛 (shown in
Fig. 8(c)), indicating saturation alone is insufficient to characterize 𝑘𝑟𝑛;
̂𝑛, which acts more independently than 𝐴𝑤𝑛, appears to be another
state parameter that should be taken into account.

5.3. Relative permeability: quantitative descriptions

Motivated by the correlation matrix between relative permeabil-
ity and state variables, we propose the following formulations for
calculating the relative permeability:

𝐾𝑟𝑤 = 𝑎𝑤𝑆
2
𝑤, and𝐾𝑟𝑛 = 𝑎𝑛𝑆

𝑏𝑛+|�̂�𝑛|
𝑛 . (5.1)

Here 𝑎𝑤, 𝑎𝑛 and 𝑏𝑛 are fitting parameters and their values are
optimized using the least squares method. Fig. 10 shows the comparison
of relative permeability values calculated based on simulation results
and those predicted by the proposed formulations. The coefficients of
determination for the wetting and non-wetting phases are given by
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Fig. 6. Fluid distribution at steady-state for different capillary numbers and contact angles. The three maps in each column have identical wetting phase saturation.
Fig. 7. The total flux of each phase in the case of Ca = 3.6 × 10−5 and 𝜃 = 30◦ at three saturation (𝑆𝑤) values: (a) 0.2, (b) 0.5, and (c) 0.8.
0.989 and 0.974, respectively, indicating the proposed formulations
offer favorable approximations of the data obtained from numerical
simulations. Specifically, a good agreement between computed 𝐾𝑟𝑤 and
𝑎𝑤𝑆2

𝑤 validates our hypothesis that 𝐾𝑟𝑤 is proportional to 𝑆2
𝑤. As for

the non-wetting phase, we observe that the discrepancy increases at
𝑆𝑛 = 0.8. This could potentially be attributed to a stronger interference
between the two phases, which deserves a further investigation.

Our observations are consistent with the results from both experi-
mental and numerical efforts reported in literature (Oak et al., 1990;
Nguyen et al., 2006; Picchi and Battiato, 2019; Hashemi et al., 2021a):
in a water-wet system, the gas and liquid phases demonstrate differing
characteristics in their relative permeability curves. 𝐾𝑟𝑤 has a concave
curve which is described using the quadratic form of 𝑆𝑤. However, 𝐾𝑟𝑛
tends to have a linear or convex shape. Note that recent experimental
measurements show that the relative permeability curve for H2 in the
H2-brine system also exhibits a concave shape (Lysyy et al., 2022; Higgs
et al., 2024). The concave shape usually indicates the rock samples
7

have a relatively uniform pore throat size (Wan et al., 2019). That is to
say, the pore geometry plays a role in shaping the relative permeability
curves, which highlights the need for a further exploration as well.

We design our numerical simulations to mimic steady-state experi-
ments in which both fluids move simultaneously (Aryana and Kovscek,
2013; Berg et al., 2016). Therefore, the descriptions of relative perme-
ability are established under steady-state conditions without specifying
the process (drainage or imbibition). In UHS, however, H2 is injected
and reproduced cyclically, leading to a path-dependent behavior of con-
stitutive relations, i.e., hysteresis (Juanes et al., 2006; Khorsandi et al.,
2017; Wang et al., 2022; Boon and Hajibeygi, 2022; Lysyy et al., 2022).
To properly capture hysteretic effect in LBM simulations, Ramstad et al.
(2012) suggests to establish new phase saturations by injecting the
fluid into the model according to the previously established steady-
state fluid configuration. This ensures that the saturation changes in
accordance with the desired path. Impacts of the flow path on the
relative permeability for the UHS system will be investigated in the
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Fig. 8. Pore-scale parameters and relative permeability curves as functions of 𝑆𝑤.
Fig. 9. Pearson correlation coefficients between relative permeability and state
variables for the (a) wetting and (b) non-wetting phase.

next step. The gained insight from this work motivates us to derive
simplified models based on the primary influential state parameters.

It should be noted that for the SCMP pseudopotential model, the
two phases are treated as an immiscible pair: we focus on quantifying
the two-phase flow interactions, i.e., relative permeability, between H2
and brine. Therefore, the interphase mass transfer of H2 in brine is
not considered. Nevertheless, H2 has a relatively high diffusivity that
affects the pore-scale flow and transport processes, such as Ostwald
Ripening (Mehmani and Xu, 2022; Zhang et al., 2023; Goodarzi et al.,
2024). A possible direction for future development is to extend the
current model to a multi-component and multiphase (MCMP) system.
This affords the capability to incorporate diffusion/dissolution for more
practical applications.
8

6. Conclusion

In this work, a physically-validated LBM model is developed to
investigate the pore-scale dynamics of immiscible two-fluid system
relevant for UHS. To capture the significant contrast of fluid proper-
ties commonly encountered in the UHS system, we utilize a single-
component, two-phase pseudopotential model. This model incorporates
an improved force scheme to ensure thermodynamic consistency. Fur-
thermore, a piecewise linear EOS is used to provide local control of
pressure derivatives with respect to the density, thereby achieving a
superior stability. To verify the developed numerical model, we first
conduct the static Laplace test, where the contrast of fluid properties
are set to represent a typical UHS system. Results show that the pressure
differences across the interface, obtained from varying radii of the
liquid droplet, comply with the Laplace law. Next we examine the
dynamic process of capillary intrusion under a wetting condition at
two contact angles. The numerical model captures the movement of
the interface predicted from theoretical solutions.

The developed model is then used to simulate the two phase flow of
H2-brine within a synthetic porous medium. Fluid distribution patterns
at steady-state are characterized using the Euler number and the inter-
facial area between two fluids. A higher capillary number and a smaller
contact angle promote the snap-off of the non-wetting phase, leading to
reduced connectivity. The corresponding relative permeability of each
phase is computed as a function of phase saturation. H2 and brine
demonstrate distinct behaviors in the investigated scenarios. In the case
of brine, the relative permeability is adequately characterized by the
quadratic expression of phase saturation. However, for H2, its relative
permeability depends on both phase saturation and the Euler number.
Quantitative descriptions are finally established to evaluate the relative
permeability given a fluid distribution. The developed model provides



Advances in Water Resources 190 (2024) 104756Y. Wang et al.

a
l
–
R
F

D

c
i

D

A

t
s
2
e
(

R

A

A

B

B

B

B

Fig. 10. Comparison of relative permeability values obtained from simulation results and the proposed formulations for the (a) wetting and (b) non-wetting phase.
an efficient alternative to laboratory experiments, enabling direct sim-
ulations of two-phase flow that involves a significant contrast of fluid
properties.
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