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Abstract

Understanding the influence of pore structure and wettability on fluid displacement is critical for optimizing enhanced oil
recovery and carbon dioxide sequestration. This study investigates the impact of porous media structure and wettability on
carbon dioxide-water displacement and relative permeability at the pore scale. Three digital porous media models—real (derived
from CT scans), simplified (spherical grains), and homogeneous (uniform grains)—were simulated using COMSOL
Multiphysics. Carbon dioxide was injected at 0.001m/s into water-saturated models with wettability angles of 30< 60< and 75°
in a water-wet system. The Level Set method coupled with Navier-Stokes equations modeled two-phase flow, and relative
permeability was calculated using a modified JBN approach. Results revealed that homogeneous models exhibited the shortest
breakthrough time and highest water recovery, while complex real models showed the longest breakthrough time and lowest
recovery. Increasing wettability delayed breakthrough, increased water relative permeability, and decreased gas permeability,
though differences across models were modest due to the water-wet condition. The homogeneous model displayed
near-piston-like displacement, contrasting with the complex flow paths in the real model. These findings underscore the critical
role of pore structure in fluid recovery and inform strategies for carbon dioxide injection. Future research should explore
dynamic wettability changes and three-dimensional modeling to enhance predictive accuracy for reservoir-scale applications.
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1. Introduction

The global demand for energy and the urgent need to mit-
igate climate change have intensified research into enhanced
oil recovery (EOR) and carbon dioxide (CO,) sequestration,
both of which rely heavily on understanding fluid dynamics
within porous media. In 2019, global oil production reached
approximately 95 million barrels per day, underscoring the
economic importance of maximizing recovery from existing
reservoirs [1]. Simultaneously, CO, injection serves as a

dual-purpose strategy, enhancing oil recovery while seques-
tering greenhouse gases to reduce atmospheric emissions [2].
The efficiency of these processes depends on the complex
interplay of reservoir properties, such as pore structure and
wettability, which govern fluid displacement at the pore scale.
These factors influence critical outcomes like relative per-
meability and fluid recovery, which are essential for opti-
mizing EOR and ensuring effective CO, storage. Pore-scale
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modeling offers a powerful approach to simulate and analyze
two-phase flow, providing insights into fluid behavior that are
challenging to capture through laboratory experiments alone
[3]. This study investigates how pore structure and wettability
affect CO,-water displacement in porous media, contributing
to improved reservoir management and environmental sus-
tainability.

Pore structure, the primary independent variable in this
study, refers to the geometric arrangement of pores and grains
within a porous medium, which significantly influences fluid
flow and recovery efficiency. This Worl examines three dis-
tinct pore structures—real (derived from CT scans), simpli-
fied (spherical grains), and homogeneous (uniform
grains)—to capture a range of complexities observed in nat-
ural reservoirs. Prior research has established that pore
structure affects fluid displacement patterns and permeability,
with complex geometries often leading to increased trapping
of fluids due to higher capillary pressures Top of the Docu-
ment [4, 11]. For instance, studies using pore-scale simula-
tions have shown that heterogeneous pore networks reduce
displacement efficiency compared to homogeneous ones [5,
11]. In This Work we build on these findings by employing
COMSOL Multiphysics to model two-phase flow, allowing
precise analysis of how structural variations impact
CO,-water interactions. Wettability, another key independent
variable, modulates fluid behavior within these structures,
further complicating flow dynamics [6, 12]. Understanding
these interactions is critical for predicting reservoir perfor-
mance and optimizing CO, injection strategies.

Relative permeability, the primary dependent variable,
quantifies the ability of two fluids (e.g., water and CO,) to
flow simultaneously through a porous medium, serving as a
critical indicator of recovery efficiency in EOR and CO,
sequestration. Defined as the ratio of effective permeability of
a phase to the absolute permeability, relative permeability is
influenced by factors such as pore structure, wettability, and
fluid saturation [7, 13]. Previous studies have demonstrated
that relative permeability curves vary significantly with pore
geometry and wettability, with water-wet systems typically
exhibiting higher water permeability at lower saturations [8,
14]. This Work leverages a modified JBN method to compute
relative permeability, offering a robust approach to capture
spatial variations across different pore structures. Research by
Ayatollahi et al. [9] highlights that homogeneous media yield
higher recovery rates due to reduced capillary trapping. By
quantifying relative permeability at the pore scale, this study
provides valuable data for scaling up to reservoir-level pre-
dictions.

Despite advances in pore-scale modeling, significant gaps
remain in understanding how specific pore structures and
wettability conditions interact to influence relative permea-
bility and fluid recovery. While prior studies have explored
the effects of wettability [6, 11] and pore geometry [4, 11]
separately, few have systematically compared multiple pore
structures under varying wettability conditions within a single
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framework, as done in this study. We note that laboratory
experiments, while valuable, are often costly and
time-consuming, limiting their ability to explore a wide range
of structural and wettability scenarios [10, 15]. Furthermore,
existing simulations frequently rely on simplified models that
may not fully capture the complexity of real reservoir rocks,
leading to discrepancies in predicted recovery rates [5]. in
This Work we gap by simulating CO, injection into three
distinct pore structures at wettability angles of 30< 60< and
75< providing a comprehensive analysis of their combined
effects on fluid displacement and permeability. This approach
fills a critical void in the literature, offering new insights into
optimizing EOR and CO, storage.

This study aims to elucidate the combined effects of pore
structure and wettability on CO,-water displacement and
relative permeability in porous media, addressing the research
question: How do variations in pore structure and wettability
influence breakthrough time, fluid recovery, and relative
permeability at the pore scale? To achieve this, we employ
pore-scale simulations in COMSOL Multiphysics, using the
Level Set method to model two-phase flow across three po-
rous media models. The experimental design tests wettability
angles of 30< 60< and 75<in a water-wet system, with out-
comes quantified through breakthrough time, recovery rates,
and relative permeability curves. The paper is structured as
follows: the Methods section details the simulation setup,
model designs, and data analysis techniques; the Results sec-
tion presents findings on fluid displacement patterns, recovery
rates, and permeability trends; the Discussion interprets these
results in the context of prior studies and identifies limitations;
and the Conclusion summarizes key insights and proposes
future research directions. This framework aims to advance
the understanding of fluid dynamics in porous media, with
practical implications for EOR and CO, sequestration.

2. Materials and Methods

This study employed a controlled experimental design to
investigate the effects of pore structure and wettability on
CO,-water displacement in porous media at the pore scale,
conducted within a computational simulation environment
using COMSOL Multiphysics. The research utilized a quan-
titative approach, focusing on numerical simulations to collect
data on fluid displacement, breakthrough time, and relative
permeability. The experimental framework was guided by the
Navier-Stokes equations coupled with the Level Set method,

as described in equation 1, 2, which p as kyg ,u as fy
m S

tastime, PasPa, 4 asPasand F; asN tomodel two-phase

flow accurately. Three porous media models—real, simplified,
and homogeneous—were tested under varying wettability
conditions (30< 60< and 75°contact angles) to ensure a sys-
tematic evaluation. Data were analyzed using a modified JBN
method to compute relative permeability, with results vali-
dated against a simulated oil droplet rise to confirm mass
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The experimental samples consisted of three digital porous
media models, each with dimensions of 640 um > 320 um,
designed to represent different levels of structural complexity.
The real model was derived from microscopic images of a
reservoir rock sample, capturing intricate pore geometries
which described in figure 1. The simplified model replaced
complex grains with spherical ones, maintaining equivalent
porosity which described in figure 2. while the homogeneous
model featured uniform spherical grains to minimize struc-
tural variability which described in figure 3. Porosity in all
models are quite Similar but absolute permeability are cal-
culated from Darcy's Law which described in Table 1. These
models were purposively selected to reflect a spectrum of
reservoir conditions, with no human subjects involved. The
Fluid and Rock properties Showed in Table 2.

Figure 2. The simplified model.
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Figure 3. Homogeneous model.

Table 1. Absolute Permeability of Models.

Model Absolute Permeability (Darcy)
Real 10/245
Simplified 26/35
Homogeneous 21/38
Table 2. Rock and Fluid properties for Simulation.
Property amount
IFT 72e-3 N/m
Porosity 0/55
Water Viscosity 0/001Pa.s
Gas Viscosity 0/001Pa..s
Water Density 1000kg/m3
Gas Density 1/872kg/m3
Injection Velocity 0/001m/s

The primary tool for this study was COMSOL Multiphysics,
a finite element analysis software employing the Level Set
module to simulate two-phase flow. The software was con-
figured to solve the coupled Navier-Stokes and Level Set
equations, with a coarse mesh (maximum element size: 20 um)
applied to balance computational efficiency and accuracy.
Computational resources included high-performance work-
stations to support simulations lasting 3-8 days per model.
MATLAB and Excel were used to fit power-law curves for
relative permeability calculations. The simulation setup as-
sumed no gravitational effects and incompressible fluids,
ensuring model reliability.

Data collection involved simulating CO, injection into
water-saturated porous media models at a constant inlet ve-
locity of 0.001m/s, with the outlet maintained at atmospheric
pressure (0 Pa gauge). Boundary conditions included no-slip
walls and symmetry at the top and bottom edges, with initial
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conditions setting the medium as fully water-saturated. Fluid
displacement was recorded at time steps of 0.006ms, captur-
ing breakthrough time and volume fractions. Relative per-
meability was calculated using the modified JBN method,
integrating volume fraction and pressure drop data processed
in Excel and MATLAB. Data analysis focused on quantitative
metrics, including breakthrough time, recovery rates, and
permeability curves, ensuring robust evaluation of the re-
search variables.

The experimental process integrated the digital models,
COMSOL simulations, and analytical tools to address the
research question of how pore structure and wettability in-
fluence CO,-water displacement. The controlled design al-
lowed systematic variation of pore geometry and wettability,
with standardized fluid properties and boundary conditions
ensuring reproducibility. Simulations were executed sequen-
tially for each model and wettability angle, followed by data
extraction and analysis to quantify fluid dynamics. The ap-
proach was designed to be replicable, with clear specifications
for model construction, simulation parameters, and data pro-
cessing steps, providing a robust framework for future
pore-scale studies.

3. Results

The experimental simulations conducted in COMSOL
Multiphysics revealed distinct effects of pore structure and
wettability on CO,-water displacement and relative permea-
bility in three porous media models: real, simplified and ho-
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mogeneous. Across all models, the homogeneous structure
exhibited the highest water recovery and shortest break-
through time, while the real model showed the lowest recov-
ery and longest breakthrough time. Increasing wettability
angles from 30<to 75<consistently delayed breakthrough and
altered fluid displacement patterns, with more pronounced
effects in complex pore structures. Relative permeability
curves for water and gas varied across models, with differ-
ences most evident in water-wet conditions. Visualizations of
fluid movement highlighted structural influences on flow
paths, with quantitative data supporting these observations
across all experimental conditions.

For the research question examining the influence of pore
structure on breakthrough time and water recovery, simula-
tions demonstrated significant variations across the three
models. In the real model, breakthrough times were 14.346ms,
17.262ms, and 19.875ms for wettability angles of 30< 60<
and 75< respectively, with water recovery rates of approxi-
mately 60-65% at breakthrough (Figures 4-6). The simplified
model showed shorter breakthrough times of 12.875ms,
15.432ms, and 17.987ms for the same angles, with recovery
rates ranging from 65-70%, though unexpectedly higher at 60
and 75°(70-72%) (Figures 7-9). The homogeneous model
yielded the shortest breakthrough times (10.234ms, 12.567ms,
and 14.789ms) and highest recovery rates (75-80%), with
near-piston-like displacement (Figures 10-12). These results,
derived from volume fraction data, indicate a clear trend of
decreasing breakthrough time and increasing recovery with
structural homogeneity.
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Figure 4. Fluid Displacement for Real Model at contact angle 30.
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Figure 8. Fluid Displacement for Simplified Model at contact angle 60.
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Figure 12. Fluid Displacement for homogeneous Model at contact angle 75.
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Regarding the impact of wettability on relative permeabil-
ity, the modified JBN method provided detailed permeability
curves for water and gas across all models. As evident from
the figures (Figures 13-15), as the structure of the pores be-
comes more complex, the relative permeability of water in-
creases, while the relative permeability of gas decreases.
However, the relative permeability of gas does not exhibit
significant changes, and the difference in relative permeabil-
ity of gas is the same across all three models. Additionally, the
graphs indicate that with increasing wettability, the relative
permeability of water increases, and the relative permeability
of gas decreases, which aligns with findings from previous
studies. Specifically, the relative permeability of water in the

realistic model at a wettability of 30 degrees and water satu-
ration of 0.7 is 0.3623, while at the same saturation and a
wettability of 75 degrees, it is 0.4156. The small variation in
the relative permeability changes of gas and water may be
attributed to the assumption of a water-wet medium and the
relatively small differences in wettability, which result in
minimal differences in the relative permeability of water and
gas across the models. Furthermore, due to the ease of
movement of carbon dioxide gas in all three structures, the
relative permeability curve of gas appears nearly linear.
However, since not all fluid is displaced from the medium, the
sum of the relative permeabilities of gas and water at any
saturation does not equal 1.

rel perm curve ( contact angel =30)
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Figure 13. Relative Permeability of Three Models at contact angle 30.
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Figure 14. Relative Permeability of Three Models at contact angle 60.
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Figure 15. Relative Permeability of Three Models at contact angle 75.

4. Discussion

The findings of this study illuminate the critical roles of
pore structure and wettability in governing CO,-water dis-
placement and relative permeability in porous media, ad-
dressing the research question of how these factors influence
fluid dynamics at the pore scale. The observed trend of in-
creasing breakthrough time and decreasing water recovery
with greater pore complexity underscores the impact of
structural heterogeneity on fluid trapping, likely due to ele-
vated capillary pressures in intricate pore networks. Con-
versely, the homogeneous model’s near-piston-like dis-
placement suggests that uniform pore structures facilitate
more efficient fluid flow, enhancing recovery efficiency. The
increase in water relative permeability with higher wetta-
bility angles indicates that water-wet conditions promote
water mobility, while reducing gas permeability, which
aligns with (Green & Willhite, 2018). These results high-
light the practical importance of tailoring CO; injection
strategies to reservoir-specific pore characteristics, offering
theoretical insights into optimizing enhanced oil recovery
(EOR) and CO, sequestration by accounting for microscale
fluid behavior.

The study’s findings both corroborate and diverge from
existing literature, enriching the understanding of two-phase
flow in porous media. The higher water recovery in homo-
geneous models aligns with Ayatollahi et al. (2016), who
reported reduced capillary trapping in uniform pore structures,
suggesting that simplified geometries enhance displacement
efficiency. Similarly, the increase in water relative permea-
bility with wettability is consistent with Di et al. (2018), who
found that water-wet systems favor water flow at higher
contact angles. However, the unexpectedly higher recovery in
the simplified model at 60°and 75°wettability angles devi-
ates from Basirat et al. (2017), who noted consistent recovery
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declines with increasing wettability in complex media. This
discrepancy may stem from the two-dimensional nature of the
simulations could misrepresent three-dimensional flow dy-
namics. By systematically comparing three pore structures,
this study extends prior research by Rokhforouz et al. (2019),
offering a nuanced perspective on how structural complexity
interacts with wettability to shape permeability and recovery,
thus refining models used in reservoir simulations.

The study’s reliance on two-dimensional pore-scale simula-
tions presents a notable limitation that three-dimensional mod-
els would better capture the spatial complexity of real reser-
voirs, potentially altering recovery and permeability outcomes.
The assumption of constant wettability throughout the simula-
tions oversimplifies real-world conditions, where wettability
may vary dynamically during CO, injection (Maaref et al.,
2017). Additionally, the limited range of wettability angles
(30759 restricts insights into oil-wet systems, which are
prevalent in some reservoirs. The potential numerical errors in
the Level Set method, particularly affecting the simplified
model’s recovery trends, further highlight the need for robust
computational validation. Future research should prioritize
three-dimensional simulations to enhance accuracy and incor-
porate dynamic wettability models to reflect reservoir condi-
tions more realistically. Exploring a broader range of wettabil-
ity angles and grain shapes could further elucidate their impacts
on fluid dynamics, advancing the predictive capabilities for
EOR and CO, sequestration strategies.

5. Conclusions

This study successfully addressed the research question of
how pore structure and wettability influence CO,-water dis-
placement and relative permeability in porous media at the
pore scale. The simulations revealed that homogeneous pore
structures yield the highest water recovery and shortest
breakthrough times, while complex real models exhibit the
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lowest recovery and longest breakthrough times. Increasing
wettability angles from 30° to 75< consistently delayed
breakthrough and enhanced water relative permeability, with
minimal impact on gas permeability across all models. The
modified JBN method effectively quantified relative perme-
ability, providing robust data on fluid dynamics in varied pore
configurations. These findings confirm the significant role of
structural complexity and wettability in governing two-phase
flow, offering a clear empirical foundation for understanding
fluid behavior in reservoir systems.

The outcomes of this research hold substantial implications
for optimizing enhanced oil recovery (EOR) and CO, seques-
tration strategies, as they highlight the need to account for
pore-scale characteristics in reservoir management. Practically,
the higher recovery rates in homogeneous structures suggest
that reservoirs with uniform pore networks may be prioritized
for efficient CO, injection, potentially reducing operational
costs and enhancing carbon storage efficiency. Theoretically,
the study advances pore-scale modeling by demonstrating the
utility of COMSOL Multiphysics in capturing nuanced fluid
interactions, contributing to more accurate predictive models
for reservoir performance. Future research should focus on
three-dimensional simulations to better replicate real-world
reservoir conditions and explore dynamic wettability changes
to enhance applicability to diverse reservoir types (Jia et al.,
2019). Investigating a wider range of wettability conditions,
including oil-wet systems, and incorporating varied grain
shapes could further refine these insights, paving the way for
more sustainable and effective EOR and CO, storage practices.
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