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ABSTRACT

The design of sustainable large-scale underground energy storage systems relies on accurate reservoir dynamic
modelling. Key macroscopic parameters, such as critical saturations, capillary pressure, and relative perme-
abilities, are strongly influenced by pore-scale multiphase flow phenomena and trapping mechanisms. The
analysis of multiphase flow behavior at the pore scale can therefore improve reservoir characterization and
support engineering applications, including underground storage of natural gas (UGS), hydrogen (UHS), and
carbon dioxide.

This study investigates numerical modelling of imbibition and drainage processes, representative of with-
drawal and injection scenarios, using the Lattice Boltzmann Method (LBM). Owing to its inherent parallel
structure and flexibility in handling complex geometries, LBM provides an efficient framework for simulating
multiphase flow in porous media. However, previous studies have often applied LBM to simplified porous ge-
ometries or relied on boundary conditions that were not designed to handle phase transitions at the outflow
boundary in evolving multiphase systems.

In this work, the open-source parallel library OpenLB is tailored and adapted to simulate two-phase flows
governed by the Allen—Cahn equation in two-dimensional porous domains. The proposed developments over-
come previous limitations by enabling the simulation of more realistic geometries and by implementing outflow
boundary conditions that allow phase interfaces to dynamically cross the outlet.

The simulated domains were designed to reproduce physical 2D micromodels (Rock-on-a-Chip) representative
of reservoir rocks, focusing on Hz, CHy4, and COx-brine systems, with brine representing formation water. After
validation against laboratory experiments, the numerical framework is intended to extend the analysis to
reservoir conditions that are difficult to reproduce experimentally.

1. Introduction

reservoir modelling, such as residual and critical saturations, capillary
forces, and relative permeabilities, are strongly related to the fluid's
dynamic behavior at the pore scale [4-7]. It follows that their proper
characterization and understanding have a significant impact on

The investigation of multiphase flow phenomena at the pore scale
[1,2] is fundamental in several applications of geo-energy engineering
and environmental science [3]. Important examples are underground
storage of natural gas (UGS), hydrogen (UHS), and carbon dioxide in
which the definition of the reservoir management strategy requires a
thorough analysis and understanding of fluid flow phenomena, partic-
ularly when a non-native fluid is injected in a fully saturated geological
formation (e.g., hydrogen and carbon dioxide in saline aquifers and/or
depleted gas reservoirs). Several crucial parameters adopted in full-field
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defining an optimized management strategy for underground energy
storage systems.

This work aims to simulate two-phase imbibition and drainage pro-
cesses in 2D synthetic physical micromodels designed to be represen-
tative of real or realistic pore structures [8,9]. The focus is placed on 2D
micromodels because our purpose is to validate the simulations against
experimental results obtained under laboratory conditions, in order to
provide reliable numerical simulations under reservoir conditions,
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Nomenclature
dx Space step
dt Time step
v Kinematic viscosity
u,um,u”  Velocity / mean / Darcy
p Density
o Interfacial tension
K Permeability
Hinj Dynamic viscosity injected fluid
Be Dynamic viscosity resident fluid
P Pressure
De Capillary Pressure
Sw Water saturation
[ Contact angle
¢ Phase order parameter

which are difficult to reproduce experimentally. The final target is the
characterization of displacement regimes and phenomena (trapping
mechanism, viscous and capillary fingering) for a given set of pore ge-
ometries and different fluid combinations. This study examines how
differences in the composition of the injected fluid (pure CO2, CHa, and
Hz) influence the equilibrium between capillary and viscous forces, and
hence the resulting flow behavior.

The lattice Boltzmann method (LBM) has emerged as a powerful
alternative to traditional Computational Fluid Dynamics (CFD) tech-
niques, such as Finite Volume Method (FVM), which is used here for
comparison. Its popularity derives from its computational efficiency,
straightforward implementation, and natural suitability for massively
parallel architectures such as GPUs [10-13]. LBM has been extensively
applied to pore scale simulation [14-17], allowing the direct simulation
of drainage and imbibition processes on geometries reconstructed from
micro-CT or generated synthetically. Early studies, such as [18], estab-
lished the potential of LBM for simulating multiphase displacement in
digitized sandstone. Colour-gradient approach and its recent de-
velopments were applied to porous media micro-CT simulation
[17,19,20], EOR optimization [21], and three-phases simulation for CO5
enhanced oil recovery and storage [21]. [22] proposed a coupled
pseudopotential plus colour-gradient LBM to simulate three-phase
immiscible flow with phase change and applied it to porous media
displacement problems. In [23] phase-field LBM was validated against
2D micromodel experiments for the investigation of COy sequestration
at the pore scale, while [24,25] examined capillary effects at the outlet
boundary in LBM application and proposed a phase-field local hybrid
Allen-Cahn model with constant pressure inlet boundary conditions
distributed in several injection holes. Recently, [26] adopted a phase-
field approach to model multiphase flow in presence of large density
ratios, whereas [27] applied the phase-field method to simulate multi-
phase flow in a 3D rough fracture.

Despite the significant advances achieved by these studies, several
limitations can still be identified. All the cited approaches employ
porous media with porosity values typically above 0.3, which do not
fully represent the low-porosity and irregular morphologies often found
in natural reservoir rocks, where complex pore connectivity and narrow
throats strongly influence multiphase flow dynamics. The tested geom-
etries are characterized by round-shaped grains, often homogeneous and
regularly packed, limiting the representativeness of the pore-scale
micromodels. Moreover, most published investigations focus on either
drainage or imbibition separately and/or do not explicitly address the
post-outflow regime, resulting in incomplete descriptions of phase
redistribution once the displacement front reaches the outlet. Further-
more, viscosity and density ratios remain constrained to moderate
ranges, far from those encountered in realistic reservoir conditions.
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Comprehensive open-source implementations that are optimized for
realistic rock morphologies, parallelized for high-performance
computing (HPC) architectures, and validated against experimental
micromodels remain uncommon, due to challenges related to interface
stability, computational scalability, and the physical parameterization
required for reservoir-relevant conditions.

In the current research, pseudo-real rock 2D micromodels were
considered. Two micromodels were generated by manipulating sections
of Micro Computed Tomography (Micro-CT) images available in literature
[7,28-32], thus yielding realistic irregular porous patterns. In addition,
a 2D domain was obtained using Voronoi tessellation [33-35] to pro-
duce very thin channels and, consequently, very low porosity and
permeability, mimicking conditions typical of geological formations
relevant for energy storage. The permeability of each micromodel was
evaluated through single-phase simulations, in which water was used as
both saturating and injected fluid.

Monophase LBM solver results were compared at different resolu-
tions and with the proposed multiphase approach, considering the
injected and the resident fluid as the same fluid, for validation purposes.
A comparison with permeability values obtained using the OpenFOAM
CFD solver was also provided.

For each geometry, both drainage and imbibition scenarios were
simulated under reservoir conditions, where brine was the wetting fluid
and gas (either CO,, CH4, or Hy) was the non-wetting fluid. The fluid was
injected by controlling the pressure gradient, simulating pressure-driven
flows; the current setup can cover a broad spectrum of flow scenarios
[25,36]. The simulations covered the entire displacing process,
including the outflow of the injected fluid. For one of the imbibition
scenarios, a comparison with OpenFOAM results was also provided.

A parallel and efficient open source LBM implementation was used:
the latest release of the open-source OpenLB library [37,38]. Among its
various applications in CFD problems, this library can handle very large-
scale fluid flow simulations in porous media with complex geometries.
Previous release of the code have mainly included three multi-phase
LBM approaches: the Shan-Chen model, the Cahn-Hilliard free-energy
model [13,24,39-43], and the Allen-Cahn phase-field model
[24,41,44-48]. The Allen-Cahn model was chosen in this work for its
numerical stability when handling large density ratios between fluids
[26,47,49,50]. However, several modifications were required to adapt
the methodology to the considered scenarios, which involve several
numerical challenges such as irregular patterns, numerous corners, and
high density and viscosity ratios between fluids. In particular, the
pressure boundary conditions for the multiphase flow were optimized to
mitigate numerical instabilities occurring when the outgoing fluid
changes; furthermore, the Smagorinsky constant, which introduces
adaptive diffusion in regions with strong gradients, was tuned to stabi-
lize the numerical solution efficiently under the demanding conditions
of the considered scenarios.

The current OpenLB release includes an example of a multiphase
porous media application based on the optimized phase-field solver
developed according to the analysis presented in this work; the example
is provided as a ready-to-run case starting from a VTI file. Additional
optimizations are currently in development.

Micro-scale porous media analysis requires fine spatial resolution to
accurately capture the geometry of the pore space. Standard LBM ap-
proaches rely on uniform meshes; adaptive mesh or local grid refine-
ment strategies are still under development and not yet mature for
multiphase applications. Increasing spatial resolution leads to very small
time steps to ensure numerical convergence and stability according to
the CFL condition [51,52].

Due to these requirements, the code was executed on the bwU-
niCluster 3.0 cluster architecture, consisting of machines equipped with
Intel Xeon Platinum 8358 CPUs, which support large-scale simulations.
Between 256 and 768 cores were used on average for the simulations
presented in this work.

The novelty of this study lies in the development and implementation
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of a customized multiphase LBM solver within the open-source frame-
work OpenLB [38,53], specifically designed for pore-scale simulations
in pseudo-realistic micromodels. The solver, based on the Allen-Cahn
phase-field formulation, has been extended and optimized ad hoc to
ensure stability at high density and viscosity ratios and to enhance
interface tracking and boundary condition treatment on irregular ge-
ometries. These developments address two major limitations commonly
encountered in previous studies: the reliance on overly simplified
geometrical configurations and the lack of a robust outflow treatment.

The enhanced implementation enables simulations in complex and
heterogeneous rock structures, characterized by porosity values ranging
from 0.12 to 0.28 and significant variations in channel width. Such
geometrical features lead to local flow trapping regions, affecting both
the internal pressure distribution and displacement efficiency, thereby
allowing for a more realistic characterization of multiphase flow
mechanisms. In addition, consistent treatment of the outflow is ensured
up to steady-state conditions, enabling stable and accurate handling of
changes in the outgoing phase, an aspect that is often oversimplified or
neglected in existing literature.

Overall, this study represents a significant step forward in the
application of open-source LBM frameworks to realistic pore-scale
problems, introducing a custom multiphase Allen—Cahn solver specif-
ically tailored for complex pore geometries and equipped with a robust
strategy for outflow and saturation management. Together, these de-
velopments bridge the gap between idealized LBM studies and the
inherent complexity of natural porous media, providing a reproducible
and physically consistent framework for the numerical investigation of
underground gas storage processes.

The paper is organized as follows. Section 2.1 presents the designed
2D micromodels, and the workflow adopted to generate them from
micro-CT image. In Section 2.2, the multiphase LBM approach is
detailed, and some improvements that have been implemented for this
work are presented. Boundary conditions are described in Section 2.3.
The characterization and discretization of the considered monophase
and multiphase scenarios are reported in Section 2.4. Results and dis-
cussion are given in Section 3 for monophase (Section 3.1) and multi-
phase (Section 3.2) simulations, respectively, along with comparisons
with CFD simulations. Main conclusions are drawn in Section 4.

2. Materials and methods

2.1. Generation of micromodels for underground porous media
investigation

Three micromodels representative of different pore space geometries
(in terms of porosity, tortuosity, equivalent pore radius, etc.) were
generated for this work.

The first two devices presented here are Rock-on-a Chip, designed
from binarized micro-CT images of two real rock samples (Fig. 1): Ketton
carbonate [29,31,32] and Sandstone S2 [28,30]. The image resolution
for Ketton and S2 was 3 pm/px and 5 pm/px, respectively. The resulting
sample size had to be compatible with the microfluidic chips that are
commonly used in laboratory tests [8,9,54]. The micromodels' di-
mensions were 2 cm and 1 ¢cm (x and y directions), while the available
micro-CT samples spanned only a few millimeters. Consequently,
several horizontal sections were extracted and assembled. Each section
consisted of binarized data (0 = grains, 1 = pores), as shown in Fig. 2 (a-
b). To avoid bias, 80-100 horizontal sections (Fig. 2c) were uniformly
sampled from 3D micro-CT dataset. For the Ketton case, surfaces were
cut because the bottom part of the sample was very poorly connected
(Fig. 2a).

The obtained sections were placed side by side, to create a contin-
uous porous path; to avoid the repetition of regular patterns, the sections
were randomly shuffled. To ensure 2D connectivity, the sections were
linked together as follows (Fig. 3):
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Fig. 1. Binarized micro-CT samples of (a) Ketton carbonate and (b) S2 sand-
stone (grains in black, pores in white).

1. Insert non-porous spacing of several pixels between adjacent sections

(Fig. 3a).

2. Extract and process a subsection across each interface:

a. Apply dilation with a line kernel along the direction orthogonal to
the interface and erosion with a round kernel.

b. Apply a Gaussian filter to smooth.

c. Apply a high-pass filter with a threshold of 0.5 to maintain
binarization.

3. Improve 2D connectivity:

a. The skeleton of the porous structure is extracted.

b. The skeleton is dilated several times to improve connectivity and
subsequently thinned out again.

c. Isolated sections of the skeleton are removed.

d. The skeleton is dilated to reach the desired minimum channel
dimension (Fig. 3b) (45 pm and 15 pm in the Ketton and S2 sce-
nario, respectively).

e. The skeleton is superimposed on the porous image (Fig. 3c).

4. Remove unconnected pixels.

. Apply a Gaussian filter to smooth.

6. Apply a high-pass filter with a threshold of 0.5 to binarize the final
image (Fig. 3d).

7. Cut the final image to the desired dimension (2 cm x 1 cm).

(9]

The resulting geometries used in the simulations are depicted in
Fig. 4 for Ketton (a) and S2 (b) scenarios, respectively.

The third device designed and analyzed in this work is a simulated
porous rock with a homogeneously distributed pore space generated
using a Voronoi tessellation [33]. The Voronoi test case, shown in
Fig. 4c, is composed of a regular pattern; however, it presents several
criticalities. Because the domain contains narrow channels of approxi-
mately 10um a resolution finer than 4um is employed in the presented
tests. Furthermore, these thin channels yield high capillary pressures
(over 8500 Pa, as in [46,55]).

Compared to the other considered devices, the Voronoi geometry is
characterized by a relatively low permeability and contains a large
number of convex corners, i.e. points where two straight surfaces
intersect with a convex angle in the fluid domain. Although the Lattice
Boltzmann method is well known for its suitability in handling complex
geometries, the accurate treatment of corner points remains non-trivial.
These locations introduce ambiguities in the enforcement of fluid-solid
boundary conditions, which may affect local momentum exchange, mass
conservation, and overall numerical stability [56].

Table 1 summarizes the porosity values of the obtained 2D samples
and compares them with the porosity of the corresponding 3D original
samples. We remark that the porosity of the 2D micromodels is higher
than the 3D samples, especially in the Ketton case, due to the applied 2D
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Fig. 2. Example of horizontal sections of (a) Ketton carbonate and (b) S2 sandstone (grains in black, pores in white). Horizontal slices extraction for S2 scenario (c).

connectivity enhancements required for microfluidic device design.
Literature permeability values for the considered 3D samples are also
reported.

In summary, the three different micromodels analyzed (Fig. 4)
exhibit a larger porosity for the Ketton and the S2 test cases, as depicted
in Table 1. Differences in tortuosity and pore space geometry affect the
flow behavior, and result in different absolute permeability values.
These aspects are detailed in Section 3.1, where the permeability values
computed through monophase simulation are compared and analyzed.

2.2. Numerical approach using LBM

The numerical approach adopted in this work is the Lattice Boltz-
mann Method (LBM) [14,56,57], a family of mesoscopic methods that
mimic fluid behavior at an intermediate scale between particle-based
approaches and macroscopic continuum equations. In LBM, the fluid
is represented as a collection of fictitious particles moving on a regular
discrete domain, composed of elements called lattices. The flow physics
is defined on these lattices [53,58] through a purely local operator that
simulates the collision phase of the particles; the choice of an appro-
priate collision operator depends on the specific flow problem, such as
single or multiphase simulations, and plays a crucial role in numerical
stability [1,59,60]. After the collision step, the particles propagate
during the so-called streaming phase to neighboring lattice cells along a
set of predefined velocity directions. This set defines the different nu-
merical schemes used in the literature, denoted by DdQq, where d =
{2, 3} indicates the spatial dimension, and g the number of velocity
directions. The scheme applied in this work is D2Q9, one of the most
widely used [6,56].

Over the years, several multiphase LBM formulations have been
proposed, and are still under active development, including the pseu-
dopotential model [42,61-63], colour-gradient model [64-66], free-
energy model [41,67], and phase-field model [49,68-71]. Each formu-
lation offers specific advantages and challenges. Phase-field LBM
models, based on Allen-Cahn and Cahn-Hilliard equations, have
received increasing attention due to their improved numerical stability
at high viscosity and density ratios, and their ability to reproduce real-
istic interface dynamics [26,41,48,49].

The phase-field LBM belongs to the class of diffuse-interface ap-
proaches [72], in which the physical properties of the fluid vary
smoothly across the interface between phases. The interface has a finite
thickness W, and the phases distribution is described by an order
parameter ¢ that ranges between 0 and 1, with ¢ = 0 and ¢ = 1 corre-
sponding to the two bulk phases. The evolution of ¢ is modeled using
either the Cahn-Hilliard or the Allen-Cahn equation [73]. In recent LBM
studies, the Allen-Cahn [74-76] formulation has become the preferred
alternative, as it provides enhanced numerical stability and robustness,
particularly in simulations involving high density ratios. The Allen-Cahn
equation [77] can be expressed as:

‘;—Z’+V~(¢u) =V M(V¢$—In)], (@D)]
where M is the mobility governing the diffusivity of the phase-function,
n is the unit vector normal to the interface, and 1 = 4¢(1 — ¢)/W rules
the contraction in space of the interface.

In addition to the Allen-Cahn equation, the conservation equations of
mass and momentum are solved to describe the fluid dynamics. A single
set of equations is employed for the mixture, with the different phases
distinguished by the order parameter ¢. The governing equations can be
expressed as:

Vau=0,
d:(pu) 4+ V-(puu) = — Vp+ V-[pv(Vu+ Vu') | +Fs +Fy, 2

where p is the fluid density, p the hydrodynamic pressure, 4 the dynamic
viscosity, Fs the surface tension force, and F; a possible external body
force. The surface tension force is modeled as Fs = V¢, where y is the
chemical potential y = 4p¢(¢p — 1)(¢p — 0.5) — kV2¢. Here, # and « are
parameters that depend on the interface thickness W and surface tension
cas: f=120/Wand k = 1.56W.

In the present approach, two coupled LBEs are employed: one to
solve the Allen-Cahn equation for the order parameter ¢, and another to
recover the conservation equations of mass and momentum. The LBE
corresponding to the Allen-Cahn dynamics can be written as [49]:

fix+ede, t+6) —fi(x, t) = = [fi(x, ) — f{1(x, 1) | + 8Fi(x,1), 3)

1
P
where f; is the distribution function for the momentum equation, £/ its
equilibrium counterpart, 7y is the relaxation time and F; is the forcing
scheme responsible for adding the external forces to the method. The
variables t and x are the time and space coordinates, respectively. Each
index i corresponds to a propagation direction associated with a discrete
velocity vector c;. In this work, these directions are defined according to
the D2Q9 lattice [56,57,78]:

(0,0), 120‘
) (O,C),(fC,O), (0,7C), i=1,....4,
(7670)7 (7(:776)7 (C,*C), i=5,..,8,

where c is the lattice speed defined as ¢ = /8. The parameters &, and 6;
are the space and time steps.

The equilibrium distribution function and the forcing term in the
Allen-Cahn LBE are defined as follows [49]:

cielu
ﬁq:Wi¢<l+ 2 )7

s
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Fig. 3. Workflow from linked sections to final connected image (Ketton scenario; grains in black, pores in white): (a) linked sections (porosity 0.147), (b) connected
skeleton, (c) superposition of image and connected skeleton, (d) binarization after Gaussian smoothing (porosity 0.28).

= (1 _i) wic; o [0,(¢u) +cf/1n]7 @1
2Tf CS2

where w; are the weights associated with each velocity c;. Considering

the D2Q9 lattice, these weights are wy = 4/9, w1234 = 1/9, and

Ws678 = 1/36. The order parameter is computed from the distribution

function:

$=2f @

The mixed fluid density and kinematic viscosity are related to the
properties of the two phases and the order parameter:

P =d(p1—pg) +0y

v=(v—vg) +1, )
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Fig. 4. Ketton (a), S2 (b) and Voronoi (c) 2D micromodels. Black pixels represent the rock pores.

Table 1
Permeability and porosity of the original 3D samples [29,30] compared with the
generated 2D geometries.

Permeability micro-CT Porosity micro-CT Porosity 2D

3D (D) 3D (-) geometry (—)
Ketton 5 0.13 0.28
S2 4 0.25 0.27
Voronoi - - 0.12

The Navier-Stokes LBE is here based on the formulation proposed by
[49]. In the present work, this formulation is adapted to incorporate the
regularized collision operator of [79], which is known to provide
enhanced numerical stability. It can be written as:

1
&@+q@¢+&):§%x0+(17;>§”+&Q@JL 6)
&

with:
S, cioF cic; —c?1
(1) t t i
o = - Fue w3 TS S e o) )

(6.1)

where : indicates the double dot product, g is the distribution function
for the momentum equation, g its equilibrium counterpart, 7, is the
relaxation time and G; is a source term. They are defined as (Liang et al.
2018):

%m7U+m@,ﬁQ

=9 (6.2)
v + psi(u), i#0,

with

__|cieu (c;eu)® ueu
si(w) = ’{ c2 2¢4 2¢2 } (6.3)
and
1 cioF uVp: (¢ —c)
Gi:(l—z—Tg)wi e Vp+ g | (6.4)

The macroscopic quantities are computed by (Liang et al. 2018)

c2 Fy
pu = Zicigi +0.56.F,p = 1——Swo [Zifogi +§tu.vp +pso(u)} ) 170

To further enhance the stability of the method, we adopted the same
procedure as in the Smagorinsky LBM [48], where the relaxation time is
increased based on the magnitude of the local stress tensor. Smagorinsky
method, often used in turbulent flow conditions [48], serve as a general
stabilization. It introduces adaptive diffusion in regions characterized by
large gradients, thereby increasing dissipation where the flow is under-
resolved, thus effectively compensating for insufficient spatial resolu-
tion. Standard value for Smagorinsky constant is Cs = 0.14 [48]. In this
work, a Smagorinsky constant of Cs = 0.03 is employed, which was
calibrated for the studied geometries and fluids as a tradeoff between
stability and introduced diffusion.

All simulations were implemented and executed using the open-
source framework OpenLB [38], which was adapted to support the
present phase-field formulation.

2.3. Boundary and initial conditions

Due to the significant number of simulations and the heavy
computational time, numerical investigations have been carried out
adopting 2D geometries, where the third not-described dimension rep-
resents the thickness.

No-slip boundary conditions are imposed at the pore walls
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(represented in pink in Fig. 5a) and at the external walls (represented in
green in Fig. 5a).

Constant pressure boundary conditions are imposed at the inlet (blue
left points in Fig. 5) and outlet (yellow right points in Fig. 5a), using the
classical Zou-He scheme [80]. Flow direction, highlighted by black ar-
rows in Fig. 5a, is the same for drainage and imbibition simulations. In
all cases, the imposed pressure difference has to overcome the expected
capillary pressure, which can be calculated for the smaller channel as
[55]:

1 1
Pc = — 20co0s0 {H + W} 8)

where p, is the capillary pressure, o is the surface interfacial tension, the

contact angle 6 is supposed to be the same for all the walls, h and w are

respectively the height and the width of the microchannel. The values

presented in Table 5 correspond to the 2D simplified equation:
cosd

Phutciid

DPc= — 2 (9)

Constant inlet pressure boundary conditions could induce a signifi-
cant discontinuity between the lattice cells at the inlet and the adjacent
ones; once converted into lattice units, these terms can introduce nu-
merical errors in the calculation of the gradients and the distribution
functions described in Section 2.2. For this reason, the target inlet
pressure is imposed gradually within several computing collision/
streaming steps corresponding to a physical elapsed time shorter than
one millisecond.

For the Navier-Stokes LBM, fixed pressure boundary conditions were
imposed at the inlet and outlet using the classical Zou-He scheme [80].
For the Allen-Cahn LBM, a constant value of the order parameter (¢)
was prescribed at the inlet, also using the Zou-He approach, while a
convective boundary condition was applied at the outlet.

When the convective boundary is adopted, it is assumed that the
variable of interest (here, ¢) is advected towards the outflow boundary
according to the local fluid velocity. Following [81] formulation,
different definitions for the characteristic velocity in the convective term
have been investigated. Among these, the use of the mean velocity has
been found to yield a good compromise between numerical stability and
accuracy. Numerically, the value of ¢ at the outlet boundary node,
denoted ¢, is computed from the value at the adjacent inner layer ¢,,,
according to:

U O¢
Ox

qﬁout(t+ 5t) = ¢out(t) + (¢out(t) - ¢in (t) ) (10)

where u;, represents the mean velocity at the outlet. This formulation
effectively allows the order parameter (or any advected scalar) to exit
the computational domain smoothly, minimizing reflections and
ensuring stable convergence.

An artificial buffer zone is introduced at the inlet, filled with the

injected fluid at the beginning of the simulation (blue vertical band-
width in Fig. 5b, representing water for an imbibition scenario). This
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assumption mimics laboratory pumps injecting fluid into the micro-
model. The resident fluid (hydrogen in Fig. 5b, represented in red)
covers the rest of the micromodel.

For numerical stability, a buffer zone is also implemented at the
outlet (red vertical bandwidth in Fig. 5b), as the fluid outflowing from
the pore structure generates vortices and bubbles that can affect the
numerical method if the numerical domain stops immediately after the
pore geometry. In this area, the fluid viscosity is gradually increased,
and the surface tension force is reduced. This strategy improves the
numerical stability when bubbles leave the computational domain, as it
prevents spurious disturbances from re-entering and affecting the flow
field inside the domain.

2.4. Scenarios

2.4.1. Single-phase

The single-phase simulations presented in this work aim to charac-
terize the absolute permeability through the estimated velocities of the
fluid flow. The micromodels were considered fully saturated with water
under standard conditions. The fluid was characterized by a density of p
= 1000 kg/m® and a kinematic viscosity v=1e—6 m?/s. A fixed pressure
difference Ap was imposed between inlet and outlet boundaries, corre-
sponding to a pressure gradient of 50 Pa/cm.

The domain discretization represented a compromise between
computational cost and the solution accuracy, requiring a sufficient
number of fluid cells along the channel section (6 to 10). A comparison
with a finer grid resolution was also carried out to verify that the pre-
sented results are independent of mesh resolution. Mesh discretization
details are summarized in Table 2, while time discretization and
computational resources are listed in Table 3. For each geometry, the
total number of cells of the computational domain (N,) is listed together
with the number of cells occupied by fluid (N), i.e. the porous domain
and the artificial buffer zones introduced next to the inlet and the outlet,
the number of fluid cells of the porous domain only (N,), the number of
wall nodes (Ny), i.e. cells at the grain-pore interface or at the pore-
external wall interface where bounce-back was applied, and the sum
of input and output cells (Nj,), where pressure boundary conditions were
applied. The extent of the inlet and outlet bandwidth can be quantified
as N— N, lattice cells. The refined meshes naturally required a

Table 2
Mesh discretization adopted in the monophase simulations.
Scenario Ly dx (pm)
(cm)

OpenFOAM OpenLB monophase OpenLB
refined baseline multiphase
mesh mesh

Voronoi 1 1.99 - 1.67 1.67
S2 2 4.79 1.88 3.76 3.76
Ketton 2 4.67 2.08 4.17 4.17

Fig. 5. (a) Boundary condition sketch: external walls (green points) and rock walls (pink points) are considered no-slip; at the inlet (blue points) and the outlet
(yellow points), a fixed pressure condition is imposed. Flow direction, which is the same for drainage and imbibition simulations, is highlighted by black arrows. (b)
Initial distributions of fluids (¢): resident fluid (red, ¢ = 1) and injected fluid (blue, ¢ = 0). (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)
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Table 3
OpenLB discretization computational resources for the monophase simulations.
Voronoi S2 Ketton
refined baseline refined baseline
mesh mesh mesh mesh
N, 4.36e+06 2.40e+07 6.43e+06 1.67e+07 4.36e+06
N, 2.27e+06 1.79e+07 4.48e+06 1.29e+07 3.27e+06
N 3.55e+06 2.22e+07 5.57e+06 1.60e+07 4.03e+06
Ny, 8.04e+05 1.74e+06 8.54e+05 6.44e+05 3.21e+05
N; 6e+3 1.12e+4 5.6e+3 9.6e+3 4.8e+3
Threads 384-512 768 768 768 384
dt (s) 1.85e-09 2.35e-09 9.42e-09 2.9e-09 1.16e-08

significantly larger number of lattice cells compared to the baseline
grids, resulting in increased memory usage, smaller time steps according
to Eq. (15) and greater computational effort. Parallel computations were
performed using from 384 up to 768 threads for the most demanding
cases; details are reported in Table 3.

For the Voronoi scenario, due to the reduced channel size, the
resulting cell length was less than 2 um (see Table 2), which corre-
sponded to over 7 million cells. Considering the high computational cost
on one hand and the regularity of the pattern on the other, only a sub-
section of ¥ of the full domain (1 cm x 0.5 cm) was simulated for this
scenario. Furthermore, the refined mesh was not applied to this domain.

For validation purposes, the monophase LBM results were compared
to both the OpenFOAM CFD and to the multiphase LBM simulation re-
sults, where the injected fluid was set equal to the resident fluid. To
ensure fair comparison, very similar discretization between LBM and
OpenFOAM were adopted. Unfortunately, we did not have the possi-
bility to run the OpenFOAM simulations on the same cluster used for
LBM; therefore, a slightly larger OpenFOAM cell size was adopted to
meet memory and computational constraints. Mesh discretization de-
tails are compared in Table 2.

The OpenFOAM discretization process of the porous area involved
three main steps. First, the block mesh was defined, specifying the
investigation area (Table 2) and the hexahedral cell sizes. Then, the
castellated mesh was generated using an STL file of the porous structure,
which was derived from the binary image of the porous area. No
refinement was applied. Finally, a linear extrusion along the z-direction
was performed to match the cell height with that of the real microchip.
The porous area was connected to two fictitious reservoirs at the inlet
and the outlet, each 540 pm in length. At the inlet and outlet boundaries,
a fixed pressure value was imposed, and a zero gradient condition was
set for the velocity field. No pressure flux and no slip velocity conditions
were imposed on the pore walls. The front and back patches on the z axes
were set as “empty”, resulting in a 2D simulation in the xy-plane.

Simulations were performed under incompressible conditions using
the SIMPLE (Semi-Implicit Method for Pressure Linked Equations) al-
gorithm to solve the Navier-Stokes equations. Pressure and its correction
were computed through the GAMG (Geometric-Algebraic Multi-Grid),
and Gauss-Seidel was selected as a smoother (sparse linear solver) for
both the pressure and velocity fields.

Once the steady state was reached, the permeability was assessed
from both LBM and OpenFOAM velocity maps by applying Darcy's law:
K:%”—;:u*%. an
where u'is the Darcy's velocity, u is the dynamic viscosity, L is the total
length of the sample along the x-axis, and Ap is the pressure gap between
the inlet and the outlet of the chip.

Darcy velocity was estimated as follows:

1. N; = 1000 equispaced domain slices, orthogonal to the flux direction
(along the x-axis), were selected.
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2. For the i-th slice S; identified by x = x; and area A;, the local rate was
approximated as

g = / w(xi, ) dA 12)

Si

and the Darcy velocity u” was estimated as

1\~

U= . 13)
N, 24

3. Given the uniform discretization, A; = Nj; dA, thus Eq. (13) corre-
sponds to computing the average of the point-wise velocity values in
the pore domain

Ns
- Z%Zux(xhy) 14)
— pi Ty

=X
where N; is the number of pore cells in the slice S;

2.4.2. Two-phase

In the two-phase scenarios, drainage and imbibition tests were
simulated for each of the three considered geometries. The wetting fluid
was brine, while the non-wetting fluid was gas, either hydrogen,
methane, or carbon dioxide. For validation purposes, results of the
imbibition scenario in the hydrogen-saturated Ketton scenario were
compared with the corresponding multiphase OpenFOAM CFD
simulation.

All the scenarios considered were simulated at reservoir conditions,
with a pressure of 100 bar and at a temperature of 50 °C. The fluid
properties are summarized in Table 4, while the gas interactions with
brine are reported in Table 5. Surface tension values were based on
experimental results from [82]. The physical range for the contact an-
gles for the studied cases is between 30° and 40° [83]; here, a value of
40° was imposed for all the cases. The expected capillary pressures were
analytically calculated from Eq. (9), considering the smallest capillary
radius in the domain. p. values were used to set a feasible pressure
difference between inlet and outlet. It is worth noting that the density
ratio between hydrogen and brine exceeds two orders of magnitude
(Table 4); therefore, this work falls within the category of studies
addressing multiphase flow problems involving fluids with large density
ratios [45,47,49,84].

Computational time for the multiphase simulations was significantly
higher for both CFD and LBM approaches. In addition, the monophase
simulations proved that Voronoi permeability is significantly lower than
that of the other designs (see Section 3.1). Consequently, only a sub-
section corresponding to 1/16 of the original Voronoi domain (0.5 cm x
0.25 cm) was simulated; this subsection is depicted in Fig. 6. Therefore,
the horizontal lengths of the simulated domains were L, = 0.5 cm for
Voronoi and L, = 2 cm for both S2 and Ketton. Nevertheless, due to its
regular pattern, we assumed that the saturation results in Section 3.2
were representative of the entire Voronoi domain and that the outflow
time could be reasonably scaled by considering the fourfold increase in
length. A mesh coarsening was applied for the multiphase simulations
for all scenarios (Table 6). The adopted spatial resolutions, ranging from
2.5um for Voronoi scenarios to 6.25um for Ketton scenarios,

Table 4
Fluid properties in reservoir conditions (p = 100 bar, T = 50 °C).

Density (kg/ms) Viscosity (Pa s) Kinematic viscosity (mz/s)

Hy 7.1 9.50e-06 1.34e-06
CO, 384.33 2.78e-05 7.24e-08
CH4 66.596 1.41e-05 2.12e-07
H,0 (brine) 992.31 5.49e-04 5.53e-07




A. Raeli et al.

Table 5
Brine-gas fluid interactions under reservoir conditions (p = 100 bar, T = 50 °C).

Contact Interfacial Capillary pressure (Pa)
le (° tension (N,
angle () :l?smn N/ Voronoi S2 Ketton
(Wmin~10 (Wmin~30 (Wmin~32
pm) pm) pm)
H, 40° 0.0595 9115.93 3038.64 1519.32
CO, 40° 0.0435 6664.59 2221.53 1110.76
CH;  40° 0.0568 8702.26 2900.75 1450.38

corresponded to pore cells in the range N, = 2.6e+5 — 4.4e+-6. The total
number of simulated cells (N;), the number of active fluid cells including
the lateral buffers (N), the wall nodes (N,,) and the inlet/outlet boundary
nodes (N,,;,) are detailed in Table 7.

The timestep length was constrained by the CFL condition [51] to
ensure convergence and accurate tracking of the advancing interface
between the two fluids. In the case of OpenFOAM, an adaptive time step
length, ranging from 10e-9 s to 10e-6 s, was used, ensuring a maximum
CFL number less than 0.2. LBM simulations employed a fixed time step
length, expressed in lattice units as:

2

dt = ¢2(n — 0.5)-% .¢;% = 3 for D2Q9 (15)
1

where dx is the spatial resolution, v; is the kinematic viscosity of the
liquid, c,? is the sound speed and 7; is the relaxation parameter of the
collisional operator. Spatial and temporal discretization were tuned to
satisfy a maximum CFL number of 0.3 [51], obtaining 7; = 0.502 for
Ketton geometry and 7; = 0.504 for both the Voronoi and S2 geometries.
Space and time discretization details are summarized in Table 6.

For the two-phase OpenFOAM simulation, the incompressible Vol-
ume of fluid (VoF) method was applied, solving the phase fraction
equation in each computational cell to determine the local relative
volume fraction of the two phases. The PIMPLE algorithm was applied to
solve the Navier-Stokes equations. Pressure and its correction were
again computed through the GAMG solver associated with a Gauss-
Seidel smoother. Velocity and phase fraction were calculated through
a symmetric Gauss-Seidel smoother.

Due to the complexity of the domain, the multiphase computational
effort required on each lattice cell, and the high contrast between fluid
properties, the computational cost was significant, and an efficient
parallel distribution was essential. For the LBM simulations, we used the
bwUniCluster 3.0 architecture, consisting of machines equipped with
Intel Xeon Platinum 8358 CPUs capable of supporting large-scale sim-
ulations. On average, between 384 and 512 physical cores were
employed, with each core corresponding to a separate computational
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process (Table 7). As an example, a distribution among 512 processes for
the Ketton domain is shown in Fig. 7.

The computation was stopped when the distribution of the two fluids
no longer changed significantly over successive timesteps.

The number of cells occupied by the injected fluid Ny was computed
to evaluate the saturation of the injected fluid as:

S = Ni/N, 16)
where N, is the number of porous cells.
3. Results and discussion

In this section, the results of the simulations performed on the
micromodels are presented and discussed. Section 3.1 details the results
of the single-phase simulations, which were analyzed to assess the ab-
solute permeability of each scenario, and compared with the values
estimated from OpenFOAM velocity fields. Section 3.2 presents the two-
phase OpenLB simulations of drainage and imbibition tests, considering
brine and three different gases: hydrogen, methane, and carbon dioxide.
A comparison with OpenFOAM results for the imbibition scenario of the
hydrogen-saturated Ketton domain is also provided.

Table 6
Discretization parameters and imposed pressure drop (inlet-outlet) for the two-
phase scenarios.

Voronoi S2 Ketton
OpenLB OpenFOAM
Ly (cm) 0.5 2 2 2
dx (pm) 2.5 3.76 6.25 9.33
N, 2.6e+5 4.4e+6 1.4e+6 7.5e+5
dt (s) 1.51e-8 3.41e-8 4.71e-8 10e-9 to 10e-6
Ap (Pa) 4e+4 Se+4 8.5e+3 8.5e+3
Table 7
Computational details for the two-phase OpenLB simulations.
Voronoi S2 Ketton
N, 6.78e+05 7.57e+06 3.66e+06
N 5.43e+05 6.71e+06 3.44e+06
N, 1.33e+05 8.55e+05 2.16e+05
N; 2e+3 5.6e+3 3.2e+3
Threads 384 512 512

Fig. 6. Voronoi subset (black) used as porous domain in two-phase flow simulation. The porous area simulated in the monophase scenario shown in light grey.
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Fig. 7. Ketton domain distribution among 512 cores, adopted for multiphase simulation. The domain subset assigned to each core is represented by a

colored rectangle.

3.1. Single-phase simulations

Comparison of permeability estimates among OpenFOAM and
OpenlB simulations, considering single-phase vs. multiphase ap-
proaches and different meshes (Section 2.4.1), is summarized in Table 8.
A good level of consistency is observed between the single-phase LMB
solver and the multiphase LBM solver for all considered scenarios.
Furthermore, the results obtained using the baseline and refined meshes
were in agreement, confirming that the presented LBM results were not
biased by the discretization length.

The permeability values obtained from the OpenFOAM solver were
systematically higher, but in the same order of magnitude, than those
obtained using the single-phase LBM approach, with discrepancies
increasing for narrower-channel geometries such as the Voronoi sce-
nario. These differences may primarily arise from the different approx-
imations of the original domain image adopted by the two approaches,
as their meshing routines differ, and the imposed cell size in the Open-
FOAM simulations was slightly larger (Table 2). As a consequence, the
OpenFOAM meshes were characterized by slightly wider channels,
corresponding to a small increase in porosity, an effect that becomes
non-negligible in low porosity scenarios. The relative discrepancy
ranged from 0.05% for the Ketton scenario, to 8.6% for the S2 scenario
and 16% for the Voronoi domain. Differences arising from adaptive vs.
fixed time discretization may also have an impact. Nevertheless, both
methods yielded permeability estimates of the same order of magnitude.

It is worth noting that, compared with the original 3D micro-CT
samples (Table 1), the 2D geometry generated from Ketton was char-
acterized by higher permeability values, while the 2D geometry based
on Sandstone S2 did not show significant changes. The Voronoi geom-
etry, instead, exhibited a relatively low permeability (Table 8).

3.2. Two-phase simulations

Preliminary, a validation through the comparison between the
OpenFOAM CFD simulation and the multiphase OpenLB LBM model is
provided for the imbibition scenario of the Ketton geometry filled with
hydrogen. The focus is placed on the fluid distribution obtained at three
different time frames: the stationary time, (i.e. the time after which the
fluid distribution does not change anymore), the outflow time, (i.e. the

Table 8
Comparison of estimated permeabilities (D).
Scenario  OpenFOAM single- OpenLB single-phase OpenLB two-
h: h:
phase refined baseline phase
mesh mesh
Voronoi 0.83 - 0.28 0.26
S2 16.9 7.6 7.2 5.1
Ketton 33 24 24 20

10

time the injected fluid reaches the right end of the porous domain and
enter the right artificial buffer zone, represented by a vertical band with
¢ = 1), and an intermediate time during the simulation (approximately
0.04 s). The effect of flow velocity was not investigated and will be
addressed in future work. Fig. 8 compares the evolution of the fluid
distribution at intermediate, outflow, and stationary times. The water
distributions are comparable, and the same preferential paths are
observed. The corresponding physical times and water saturation values
are compared in Table 9. The OpenFOAM simulation shows a slightly
faster flow, reaching the outflow approximately 0.04 s earlier, and
exhibiting a more significant fingering. Minor local discrepancies are
observed in the final saturation, see Fig. 9, with some pore regions
intruded only in OpenFOAM and others only in OpenLB. These dis-
crepancies can be attributed to differences in time discretization
(Table 6), as well as to minor differences in domain meshing (Table 6),
which results in a relative porosity discrepancy of 0.25%, in addition to
the distinct numerical approaches applied. Nevertheless, the saturation
evolution remains consistent between the two simulations.

Results of all the considered multiphase scenarios for the different
geometries and brine-gas systems are summarized in Table 11 in terms
of outflow time and stationary time, while the final saturations are re-
ported in Table 10. For each scenario, a set of images illustrating the
temporal evolution of the saturation maps is reported in the Supple-
mentary Materials. Phase distributions for all drainage scenarios are
compared at intermediate time in Fig. 10, at the outflow time in Fig. 11,
while all the imbibition scenarios are compared at intermediate time in
Fig. 12. In addition, Table 12 reports the corresponding number of LBM
iterations associated with both the outflow and stationary times for each
geometry and displacement process (drainage and imbibition). This in-
formation provides a quantitative indication of the computational effort
required to reach these relevant physical observation times.

The results highlight clear differences in displacement behavior,
depending on the geometry and the injected/resident fluid combination
(Table 10 and Table 11). It is pointed out that, since the length of the
Voronoi domain is % of the length of the other geometries, a scaling
factor of four must be applied when comparing outflow times with larger
domains. Conversely, the saturation values can be compared directly
across all geometries because the Voronoi section is considered repre-
sentative of the whole domain due to its regularity.

Significant viscous fingering, observed during the drainage process
(Fig. 10 and Fig. 11), is more pronounced for hydrogen in all the ge-
ometries, and becomes more evident in the case characterized by smaller
capillary values (i.e., Voronoi and S2 scenarios). In these cases, the gas
moves to the outlet more rapidly by following a preferential path,
resulting in a markedly reduced fraction of displaced water. However,
the regularity of the geometry influences the final saturation more than
the gas viscosity. Despite the pronounced fingering, drainage with Hj in
the Voronoi geometry allows a considerable water displacement (final
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Fig. 8. OpenLB and OpenFOAM hydrogen imbibition fluids distribution at comparable time steps. Water (blue) and gas (red). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

Table 9
Comparison of saturation values between OpenLB and OpenFOAM at compa-
rable time steps.

OpenLB OpenFOAM

t [s] Sw t[s] Sw
Intermediate time 0.047 0.39 0.04 0.39
Outflow time 0.148 0.76 0.11 0.7
Stationary time 0.184 0.85 0.2 0.77

gas saturation of 0.799), whereas in the Ketton geometry, characterized
by highly variable channel diameters and a significant portion of
interrupted porous paths, the final gas saturation reaches only 0.492.

In the context of gas storage in aquifer, the viscous fingering
observed during drainage, especially for hydrogen, leads to limited
sweep efficiency and potentially significant hysteresis effects during
cyclic operation. Therefore, in conventional UGS, and in particular in
UHS and CO2 storage, analysis of micro-scale phenomena has to be
considered for the definition of the reservoir management strategy,
dynamic modelling, calculation of storage capacity, design of injection/
production schedule and, probably, even in storage site selection.

In contrast, the imbibition process exhibits a more piston-like
displacement across the samples in all cases (Fig. 12). The higher the
viscosity of the resident gas (e.g., CO»), the slower the imbibition of the
sample. Furthermore, for geometries characterized by small pores (i.e.,
the Voronoi and S2 scenarios) initially saturated with Hy, the advancing
water front is substantially less uniform, and the fraction of non-
displaced gas is non-negligible, resulting in reduced final water satura-
tion values (Table 10). This behavior is associated with capillary
fingering: the invading fluid does not progress continuously, but instead
‘jumps’ between larger pores, following pathways with lower capillary
entry pressure. This can lead to significant gas capillary trapping.

In the context of underground gas storage, significant capillary
fingering may reduce the volume of effectively recoverable working gas.

The described phenomena are in good agreement with the Lenor-
mand diagram, reported in Fig. 13, which shows that viscous fingering
should occur in drainage scenarios, more severely for hydrogen, that
exhibit the lowest viscosity ratio (M = pjyj/ji;). Conversely, capillary
fingering is expected to dominate the imbibition process, especially for
hydrogen and for the Voronoi scenarios.

4. Conclusions

This work focuses on the application of an Allen-Cahn LBM formu-
lation with dedicated boundary conditions, implemented in the OpenLB
library, to simulate multiphase flow at the pore scale. To ensure nu-
merical convergence, the Smagorinsky model is adopted, with the
relaxation time adjusted accordingly. A series of imbibition and
drainage simulations for water/gas systems (Hy, CH4, and CO3) on
tailored 2D micromodel (Rock-on-a-Chip) designs, with different
porosity and tortuosity values, are presented and discussed.

A preliminary single-phase validation of LBM against CFD solver
provided a characterization of absolute permeability values for the
analyzed domains. Subsequently, two-phase flow simulations demon-
strated that the proposed LBM implementation effectively captures pore-

Table 10
Injected fluid saturation at the stationary time.

Drainage Saturation of gas Imbibition Saturation of water

H, CH4 O, H, CH,4 Co,

Voronoi 0.799 0.726 0.712 0.553 0.905 0.972
2 0.448 0.611 0.613 0.645 0.880 0.982
Ketton 0.492 0.523 0.530 0.846 0.825 0.784

Fig. 9. Water map overlays: LBM (dark blue) vs. OpenFOAM (light blue) at (a) outflow time and (b) stationary time. The intermediate tone corresponds to over-
lapping. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 10. Comparison of drainage scenarios at an intermediate time (approximately t = 0.04 s). Gas (red) and water (blue). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 11. Comparison of drainage scenarios at outflow times. Gas (red) and water (blue). (For interpretation of the references to colour in this figure legend, the reader

is referred to the web version of this article.)

scale displacement dynamics. Geometry effects were clearly observed,
confirming the strong influence of pore structure on flow behavior,
trapping mechanisms, and residual saturation. The morphology of the
simulated fluid-fluid displacement patterns is consistent with the
Lenormand diagram, with pronounced viscous fingering during
drainage, especially for hydrogen scenarios, and more stable displace-
ment during imbibition, except for the Voronoi geometry in the
hydrogen case, which is more affected by capillary fingering.

A representative imbibition test was validated against OpenFOAM
CFD solver, showing overall agreement in results with only minor local

12

discrepancies. Furthermore, the tests confirmed the robustness of the
adopted computational strategy, i.e. the adaptive relaxation time and
the tailored boundary conditions, which ensured stable simulations even
under reservoir conditions and high density ratios.

Overall, this study demonstrates that the proposed implementation
can provide valuable insights into pore-scale simulation of underground
storage of hydrogen, methane, and carbon dioxide. These results have
direct implications for reservoir-scale dynamics, as pore-scale
displacement mechanisms control macroscopic parameters such as re-
sidual and critical saturations, capillary forces, and relative
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Fig. 12. Comparison of imbibition scenarios at an intermediate time (approximately t = 0.04 s). Gas (red) and water (blue). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

Table 11
Comparison of simulations relevant times.
Geometry Drainage Imbibition
Gas H, CH,4 CO, H, CH,4 CO,
Voronoi 0.042 0.051 0.081 0.065 0.087 0.106
Outflow time (s) S2 0.082 0.075 0.123 0.068 0.089 0.109
Ketton 0.135 0.151 0.169 0.148 0.160 0.227
Voronoi 0.362 0.151 0.151 0.128 0.452 0.151
Stationary time (s) S2 0.170 0.245 0.23 0.068 0.102 0.170
Ketton 0.472 0.490 0.919 0.471 0.236 0.566
Table 12
LBM iterations associated with relevant times.
Geometry Drainage Imbibition
Gas H, CH,4 Co, H, CH,4 CO,
Voronoi 2.79e+06 3.40e+06 5.40e-+06 4.30e+06 5.80e-+06 7.00e-+06
Outflow LBM iterations S2 2.00e+05 2.20e+06 7.20e+06 2.00e+06 2.60e+06 3.20e+06
Ketton 2.90e+06 3.20e+06 3.60e+06 3.00e+06 3.40e+06 4.80e+06
Voronoi 2.40e+07 1.00e+07 1.00e+07 8.50e-+06 3.00e+07 1.00e+07
Stationary LBM iterations S2 5.00e-+06 7.20e+06 13.5e+06 2.00e+06 3.00e-+06 5.00e+06
Ketton 1.00e+07 1.04e+07 1.95e+07 1.e+07 5.00e+06 1.20e+07

permeabilities, which are crucial for designing effective underground
storage management strategies.
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Code availability

The simulations in this study were carried out using the OpenLB li-
brary, an open-source framework for lattice Boltzmann simulations. The
source code and documentation are freely available at https://www.op
enlb.net/, and the latest release can be accessed at https://gitlab.
com/openlb/release.

An example code enabling full reproducibility of the tests and results
reported in this work is provided within the OpenLB distribution under
the folder: examples/porousMedia/gasStorage2d.


https://www.openlb.net/
https://www.openlb.net/
https://gitlab.com/openlb/release
https://gitlab.com/openlb/release
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Fig. 13. Lenormand diagram, where the solid lines represent the originally
proposed boundaries [85] and dashed lines are boundaries proposed by [86].
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