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Abstract:

This study developed a one-dimensional coupled model of two-phase seepage and pore
pressure diffusion wave-saturation interaction based on the theory of pore pressure diffusion
waves. Analytical solutions for fluid saturation distribution and the leading edge position
were derived, and the interaction mechanism between pore pressure and saturation fields
was systematically analyzed. The study revealed the governing law of the coupling effects
between pressure diffusion waves and two-phase seepage on fluid migration: in the short
term, the process was dominated by pressure-driven rapid migration, while in the long term,
it approached a stable diffusion equilibrium. Through a parameter sensitivity analysis, the
critical influences of the diffusion coefficient and pore pressure on the advancement of
the migration front were clarified, and the model’s applicability to CO, geological storage
was explored. The results indicate that dynamic sealing in heterogeneous reservoirs and
high permeability zones can enhance storage efficiency through a stepped injection pressure
strategy. Additionally, the proposed leakage grading evaluation method offers a theoretical
foundation for engineering risk management and control. This study provides a novel
conceptual framework and analytical tool to ensure long-term safety and optimize the design
of CO, storage projects.

1 Introduction

This theory captures the essence of dynamic pressure diffu-
sion by incorporating the effects of fluid compressibility and

The study of fluid dynamics in porous media has broad
applications in fields such as oil and gas recovery, environmen-
tal remediation and carbon dioxide (CO; ) geological storage
(Blunt and Lin, 2022; Yang et al., 2014). In global carbon
neutrality, geological carbon storage (GCS) has gained con-
siderable attention due to its substantial potential to reduce
greenhouse gas emissions (Abanades et al., 2005). A central
scientific challenge in GCS is accurately predicting the long-
term migration and storage stability of injected CO, within
subsurface formations. The theory of pore pressure diffusion
waves offers a novel approach to address this challenge by
accounting for the dynamic propagation of pressure signals
through porous media (Mandelis, 1991, 2001; Silin et al., 2003).
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medium permeability (Norris 1993), and in partially saturated
porous media, the dynamic response of pore pressure is also
significantly affected by multiphase flow characteristics such
as fluid saturation distribution and capillary pressure change
(Zhang and Ping, 2022).

Recent studies have shown that pore pressure diffusion
waves play a critical role in a variety of geophysical phenom-
ena, including microseismicity induced by underground fluid
injection (Sminchak and Gupta 2003; Lei et al. 2008; Keranen
et al. 2014), hydraulic fracturing in shale gas development
(Rasouli and Sutherland, 2014), viscous fingering triggered by
pressure fluctuations during CO; injection (Yang et al. 2011),
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Zhang and Ping by extending Biot’s theory, derived an explic-
it fundamental solution for pore pressure induced by a fluid
mass source in partially saturated porous media (Zhang and
Ping, 2022). They found that pore pressure disturbances can
propagate either as oscillatory waves or exhibit static diffusion,
and that the coexistence of these two physical processes is
closely related to the fluid injection rate and the characteristic
frequency of the medium. This research provides key theo-
retical support for understanding micro-seismic activity trig-
gered by subsurface fluid injection, indicating that the coupling
between pressure diffusion and wave processes may directly
affect reservoir stability. Furthermore, Abdullahi et al. observed
in their study on enhanced oil recovery using elastic wave
stimulation that the amplitude of the pore pressure gradient in
partially saturated reservoirs is significantly higher than that in
fully saturated reservoirs under low-frequency (3 Hz) seismic
stress (Abdullahi et al., 2024). They attributed this difference to
the regulatory effect of capillary pressure on cross-layer fluid
flow and ground deformation in saline aquifers which further
confirms the uniqueness of pore pressure dynamic responses in
multiphase flow environments (Li et al., 2014; Lei et al., 2011).
. Investigating these waves enhances our understanding of the
underlying physical mechanisms and supports risk assessment
and leakage analysis in CO; storage projects (Mandelis, 2001).

Despite its significance, conventional two-phase seepage
models- such as the Buckley-Leverett equation-typically as-
sume steady-state or quasi-steady-state flow, neglecting the
non-equilibrium effects induced by pore pressure diffusion
(Leverett and Lewis, 1941). These models simplify saturation
distributions as functions of relative permeability and Dar-
cy velocity, limiting their applicability to scenarios involving
dynamic pressure propagation (Nordbotten and Celia, 2011).
Kenzhebek et al. pointed out that standard numerical methods
for the Buckley-Leverett model (such as finite difference and
finite volume schemes) often suffer from numerical dispersion
issues (Kenzhebek et al., 2025). Although Physics-Informed
Neural Networks (PINNs) offer a new approach for solving
multiphase flow equations, they still require the introduction
of artificial diffusion terms to capture sharp saturation fronts
while balancing computational stability and physical accuracy.
This challenge fundamentally stems from the theoretical gap in
understanding the dynamic coupling mechanism between the
pressure field and the saturation field.

Current research on fluid migration in porous media gener-
ally follows two paths: numerical modeling based on Darcy’s
law and the continuity equation (Garcia and Silveira, 2024;
DiCarlo, 2004; Wang et al., 2021a), and analytical model-
ing of pressure diffusion waves for single-phase flow (Yang
et al., 2015; Thomsen, 1995). While numerical simulations
accommodate heterogeneity and complex boundary conditions,
they are computationally intensive and sensitive to meshing
strategies. Analytical methods are more efficient but are often
restricted to single-phase flow, leading to the decoupling of
pressure and saturation fields. This decoupling may be tolerable
for short-term analyzes but undermines model reliability in
long-term CO, storage assessments, which span decades to
centuries (Pruess et al., 1999).

Recent efforts have aimed to incorporate dynamic pressure
effects into multiphase flow models (Jha and Juanes, 2007; Kim
etal., 2011; Lu and Wheeler, 2020). For example, (Zhang et al.,
2020) developed a three-dimensional pore-network model for
multiphase flow that captures non-wetting phase migration but
does not account for pressure—saturation coupling. Yang et
al. investigated pore pressure wave propagation in saturated
and dual-porosity media, focusing exclusively on single-phase
systems (Yang et al., 2015, 2016). Full-wavefield simulations
based on Biot’s theory (Zhang, 2014) suggested interaction-
s between pore pressure and saturation but lacked analytical
solutions. Additionally, core-scale experiments (Zhang et al.,
2024) and reservoir studies (Li et al., 2008; Wang et al., 2021a)
have identified features such as initial pressure gradients and
gas - water interactions. Nwankwo et al. found that shale’s ultra-
low permeability (nano- to micro-darcy) and strong anisotropy
significantly alter the pressure diffusion coefficient, impacting
CO; storage efficiency. This underscores the need for research
on pressure diffusion-multiphase flow coupling in shale and
CO; sequestration contexts (Nwankwo et al., 2025). These
limitations highlight three key gaps in current research:

(1) Most existing models fail to adequately account for
the bidirectional coupling between the pressure and saturation
fields. For instance, although Zhang and Ping developed a
model describing the transition between pressure waves and
diffusion in partially saturated media, their work did not incor-
porate practical multiphase systems such as CO,-brine (Zhang
and Ping, 2022);

(2) The absence of analytical solutions with clear physical
interpretations remains a significant challenge. Although the
Physics-Informed Neural Network (PINN) model developed
by Kenzhebek et al. can simultaneously predict pressure and
saturation, it remains largely data-driven and exhibits limited
physical interpretability (Kenzhebek et al., 2025);

(3) There is insufficient validation of their applicability to
specific scenarios such as CO, geological storage. Although
the study by Abdullahi et al. addressed pore pressure responses
in partially saturated reservoirs (Abdullahi et al., 2024), it did
not specifically analyze the unique processes occurring during
CO; injection, such as gas dissolution and changes in interfacial
tension. Addressing these gaps is crucial for both theoretical
advancement and practical application.

This study develops a one-dimensional coupled model that
integrates the analytical solution for pressure diffusion waves
in saturated porous media (Yang et al., 2016) with a two-
phase flow framework. The model investigates the roles of
the diffusion coefficient and pore pressure in controlling flu-
id migration and migration front advancement and evaluates
its applicability to CO, geological storage. Furthermore, the
study elucidates a self-regulation mechanism in which pressure
diffusion waves mitigate leakage behavior, offering theoreti-
cal support for optimized storage design. These findings not
only extend the theoretical understanding of fluid migration i
n porous media but also provide a robust analytical tool for
engineering applications.
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2 Model and solution

2.1 Pore pressure diffusion wave—saturation
model of two-phase seepage

Yang et al integrated the classical diffusion equation pro-
posed by Silin and Korneev(Silin et al., 2003) (Eq. 1) with the
initial and boundary conditions specified in Eq.2 (Yang et al.,
2016). Through a series of analytical derivations, they obtained
a closed-form solution Eq. 3 describing the propagation of pore
pressure diffusion waves in a one-dimensional, semi-infinite,
homogeneous porous medium. The solution is expressed in
terms of the error function (erf), which captures the transient
behavior of pressure diffusion over time and space.

OP(x,1) _ PP.)
o 0x?

M

where P(x,t) is the pore pressure (Pa), D is the pressure
diffusion coefficient, which is defined as: D = ic where k is
the permeability of porous media [mD], ¢ is the porosity (%), 8
is the compression coefficient (1/Pa), and y is the fluid viscosity
(Pa-s).

t=0, x>0, P=P,
t>0, x=0, PO, =P, 2)
t>0, x=oc0, P(oo,t)=Py.

where Py is the initial pore pressure, P; is the inlet injection
pressure.
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The gradient of the analytical pressure solution in the x-
direction is given by:

P(x,t) = Py + (Py — Pperf(

OP(x,t Py—P X
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The analytical solution of the pore pressure diffusion wave
reveals that its propagation is primarily governed by diffusion
mechanisms, with its velocity and attenuation characteristics
strongly dependent on key properties such as permeability,
porosity, and fluid viscosity. As the frequency increases, the
diffusion wave propagates faster; however, it also undergoes
greater attenuation, demonstrating a pronounced frequency-
dependent behavior. At low frequencies, this results in sub-
stantial attenuation, where diffusion dominates-particularly un-
der low-frequency pressure perturbations (Mandelis and Hess,
1997).

2.1.1 Basic assumptions

The two-phase flow model serves as a mathematical frame-
work for investigating the simultaneous movement of two im-
miscible fluids in porous media. At its core, the model describes
the dynamic distribution, flow, and interaction of the two fluids,
as governed by mass conservation equations and Darcy’s law.
When extending the single-phase pore pressure diffusion wave
theory to two-phase flow, it is essential to clearly define the

model’s fundamental assumptions and boundary conditions.
The present model is developed under the following assump-
tions:

(1) Incompressible fluids: both fluids are assumed to be
incompressible, implying that their densities remain constant
under pressure variations;

(2) Negligible capillary, interfacial, and gravitational effects:
Capillary pressure, interfacial tension, wettability, and gravity
are not explicitly considered.These forces are considered neg-
ligible in simplified models, particularly under low-flow or ho-
mogeneous conditions. This simplification facilitates analytical
derivation, but it should be noted that in real multiphase sys-
tems, these interfacial parameters significantly influence flow
behavior by governing P.-S, (capillary pressure—saturation)
and K,-S,, (relative permeability—saturation) relationships;

(3) Homogeneous porous medium: Permeability, porosity,
and other properties are assumed to be spatially uniform;

(4) Steady-state relative permeability: Relative permeability
is considered a function of saturation that remains constant over
time.

These assumptions simplify the system and make it possible
to derive closed-form analytical solutions. In practice, neglect-
ing gravity and capillary forces can be reasonable under low-
flow or homogeneous conditions, although such effects become
more pronounced in high-flow regimes or heterogeneous media
(Leverett and Lewis, 1941). Nevertheless, interfacial parame-
ters such as interfacial tension o and wettability 6 play criti-
cal roles in controlling capillary pressure and shaping relative
permeability—saturation relationships. Excluding these effects
inevitably limits the model’s physical completeness, and future
work should incorporate calibrated Pc-Sw and K-S, curves to
better capture the complexity of CO,—water—rock interactions
in geological formations.

2.1.2 Governing equation

The governing equations of the two-phase seepage model
consist of the continuity equation and the momentum equation.
For each fluid, the continuity equation represents mass conser-
vation, while the momentum equation characterizes the flow
behavior, typically governed by Darcy’s law.

Continuity equation:

p—— = =

— =0 5
ot ox )
Momentum equation:
KK,; OP(x,t
V= i OP(x. 1) (6)
Hi Ox

where S is the fluid saturation; K,i is the relative permeabil-
ity of fluid.

2.2 Solution of saturation

The interaction between pore pressure diffusion waves and
two-phase flow involves bidirectional coupling: pore pressure
variations alter fluid saturation distribution, while fluid flow
feedback affects the pressure field. Under the assumptions of
negligible capillary forces and gravity and a non-zero initial
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pressure, the saturation coupling equation is derived by com-
bining Eq. 4 with Egs. 5 and 6:

KK, Py—P; -2
Me 4Dt | = O (7)
nDt
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The general solution of saturation, obtained by simplifying
and solving the partial differential equation, is given as:

VDKK,i(P, — Po)Erf[—=]
Six1) = — LY e,

C 8
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where C; is an integration constant. The analytical solution
for saturation can be fully determined by specifying appropriate
initial and boundary conditions.

This coupling mechanism illustrates the mutual interaction
between the pore pressure diffusion wave and two-phase seep-
age. Changes in pore pressure drive fluid flow and saturation
redistribution, while variations in fluid saturation, in turn, alter
the pressure distribution.

Based on the general solution of saturation in Eq. 8, it is
assumed that the saturation distribution of the injected fluid
satisfies the following initial and boundary conditions:

t=0,x>0,5; =8,
t>0,x=0,5/0,) =Sin ©)
t>0,x=00,5;(c0,t) = S;.

where S ;,,is the maximum saturation of the fluid and S ;. is
the irreducible (bound) saturation.

By substituting these conditions into Eq. 8, the analytical
solution for saturation becomes:

Sl
2Dt

This solution satisfies the specified initial and boundary
conditions. It is worth noting that both the maximum and
irreducible saturations are influenced by the initial pressure
distribution of the formation, with the pressure effect implicitly
embedded in the derivation of Eq. 10. This analytical solution
describes the propagation of the saturation front within the
porous medium. In reservoir engineering, this saturation front
can characterize waterfront advancement during water flooding
or the migration of the CO, plume during CO; injection.

Si(6, 1) =Sim = Sim— Siderfl (10)

2.3 Leading edge of saturation

The leading edge advance equation of saturation (also known
as the leading edge velocity equation) describes the progression
of the fluid saturation front-specifically, the position where
the saturation decreases from a higher to a lower value-within
porous media over time.

The leading edge refers to the position where the saturation
transitions from S, to S;.. A specific saturation value S ; is
defined as the leading edge threshold. Suppose S5 = S;, —
&(Sim — Sic), where is a decimal number close to 0, indicating
the position at which saturation approaches S ;..

By substituting S;(x,7) = Sy into the saturation analytical
solution in Eq. 10, we obtain:

Xf
S =Sim_(Sim_Sic)erf[ ] (11)
! 2D
By solving the leading edge position x; we obtain:
x; = 2 VDrerf™\(s) (12)

where er f~!(g) is the value of the inverse function of the error
function at .

The leading edge velocity v, is the derivative of the leading-
edge position x¢ concerning time ¢ , expressed as:

_dxy _ VDerf™\(s)
Uf - dl - \/;

The above analytical results provide a theoretical founda-
tion for investigating the migration characteristics of CO; in
porous media. To verify the model’s reliability and explore
the influence of various parameters on the migration process,
system verification, and parameter sensitivity analyses will be
conducted through numerical examples.

(13)

3 Model validation and parameter sensitivity
analysis

In this section, the fluid migration characteristics of CO,
injected into saturated porous media in a one-dimensional,
semi-infinite space are analyzed through specific examples.
The parameters used in the analysis are provided in Table 1.
First, the validity of the analytical solution is verified through
a simulation analysis of short-term, short-distance injection.
Subsequently, the long-term, long-distance migration charac-
teristics and the sensitivity of key parameters are analyzed in
detail.

3.1 Comparative analysis of analytical solution
and numerical solution

To verify the model’s accuracy, the saturation distribution
under short-term injection was simulated and analyzed. Fig.1
compares the saturation distribution curves obtained from both
the analytical and numerical solutions at various time intervals
(30, 60, and 90 seconds). At all the time points, the results
from both solutions demonstrate strong agreement in the overall
trend of saturation distribution. Although the saturation curve
from the numerical solution shows a steeper decline in regions
farther from the injection point, the analytical solution demon-
strates a more gradual attenuation. This discrepancy may arise
from discretization errors in the numerical method (e.g., grid
division, time step selection) or the approximate simplifica-
tions of the boundary conditions. Nevertheless, the numerical
solution closely follows the overall evolution predicted by the
analytical solution, confirming the theoretical robustness of the
model.

From the diagram, it is evident that in the short-term, short-
range scenario, as time progresses (from 30 seconds to 90
seconds), the downward trend of the saturation curve becomes
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Tab. 1 Comparison of Several Typical Underground Granaries
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Fig. 1 Comparison of the analytical and

more gradual and eventually levels off (with the maximum
migration distance not exceeding 0.8 meters). This suggests
that the fluid front’s advancing speed decreases over time.
During the initial injection phase, the fluid rapidly diffuses and
occupies the area near the injection point. The saturation front
advances quickly, and the saturation decreases sharply. Over
time, the diffusion effect within the porous medium smooths
the saturation curve, and the saturation change stabilizes, in-
dicating that the fluid front’s advancement reaches a dynamic
equilibrium. At this point, fluid migration effectively ceases.
From a dynamic perspective, the steep saturation drop in the
initial stage reflects the rapid advancement of the fluid front,
driven primarily by the injection pressure. The gradual attenua-
tion of the saturation distribution suggests that the resistance
of the porous media and the fluid diffusion effect become
increasingly dominant, leading to a reduction in the leading
edge’s propulsion speed and reaching dynamic equilibrium.
This phenomenon highlights the coupling mechanism between
the pressure diffusion wave and two-phase seepage: the dynam-
ic attenuation of pore pressure indirectly inhibits the continuous
expansion of the leading edge by modulating the saturation
gradient.

The results in Fig.1 demonstrate that both the analytical and
numerical solutions show good consistency in predicting sat-
uration distribution at various time points. As time progresses,
the fluid front’s advancing speed slows down, and the saturation
distribution stabilizes. These findings are crucial for under-
standing the short-term dynamic behavior of fluid migration in

numerical solutions for short-term injection

porous media, especially in engineering applications involving
rapid fluid injection.

3.2 Analysis of long-distance migration
characteristics of fluid saturation

Fig.2 illustrates the dynamic evolution of CO, fluid satu-
ration as a function of distance over various time scales (60
seconds, 1 day, 1 month, 6 months, 1 year, and 2 years) under
long-term and long-distance migration conditions. During the
initial injection stage (t = 60 seconds), the fluid exhibits strong
pressure-driven behavior, and the saturation curve displays a
sharp decline from nearly 1 to approximately 0, indicating that
the pressure diffusion wave dominates the migration dynamics
at this early stage. By 1 month, the migration front advances
to approximately 200 m, but the saturation gradient becomes
significantly attenuated, suggesting that diffusive transport be-
gins to dominate the migration process. Notably, between 6
months and 2 years, the migration front gradually progresses
to approximately 600 m. At this stage, the saturation curve
becomes nearly flat, and the saturation at 600 m stabilizes below
0.01, indicating that the CO, migration has reached a dynamic
equilibrium.

This evolution pattern reveals three key characteristics:

(1) The influence of pressure-driven flow is primarily limited
to the initial 200 m within the first month;

(2) 600 m can be regarded as the effective safe storage
boundary under the given conditions;

(3) A 2-year period is sufficient for the system to reach a
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stable state. These findings provide a crucial basis for site se-
lection and risk assessment of large-scale CO, storage projects,
particularly highlighting that natural diffusive processes can
effectively ensure storage safety over appropriate time scales.

The results presented in Fig.2 indicate that both the fluid
saturation distribution and the velocity of the advancing front
vary significantly over time. In the early stage, the fluid rapidly
diffuses and saturates the proximal region, whereas in the long
term, the diffusion rate decreases and the saturation distribution
gradually stabilizes.

3.3 Analysis of dynamic characteristics of
leading-edge propagation

Fig.3 quantitatively illustrates the time evolution of the
leading-edge advancement distance (xy) and velocity (vy). At
the early stage, the leading edge exhibits typical pressure-driven
behavior: the advancement distance increases linearly, and the
corresponding v, remains high, reflecting a strong displacement
effect dominated by injection pressure, with the fluid front dif-
fusing rapidly through the porous medium. As time progresses
(100-15,000 s), the system exhibits a distinct transition: the
growth of x follows a V7 dependence, and v, decreases rapidly
to below 4 x 10~*m/s, indicating that the advancement of the
fluid front nearly ceases, and the system gradually approaches
a dynamic equilibrium. The entire process can be divided into
three stages: (1) an initial rapid advancement stage dominated
by pressure wave propagation; (2) a transition stage charac-
terized by the balance between diffusion and resistance; (3)
a long-term equilibrium stage governed by seepage—diffusion
coupling.

The results presented in Fig. 3 demonstrate that both the
advancement distance and velocity of the fluid front vary sig-
nificantly over time. Initially, the fluid front advances rapidly;

however, over time, the propulsion velocity decreases and even-
tually approaches a steady state.

3.4 Effect of diffusion coefficient on saturation
distribution and leading edge advancement

Fig.4 illustrates the regulatory effect of different diffusion
coefficients (D, 2D, 4D) on fluid migration behavior. At a fixed
time scale (t = 1 year), an increase in the diffusion coefficient
significantly alters the saturation distribution. In all cases, satu-
ration decreases with increasing distance, although the decay
rate varies depending on the diffusion coefficient. A lower
diffusion coefficient (D) results in a rapid drop in saturation
over a short distance, whereas a higher diffusion coefficient
(4D) sustains elevated saturation levels over a longer range.
When the diffusion coefficient is increased from the baseline
value to 4D, the characteristic length scale of the saturation
profile extends from approximately 200 m to 600 m, and the
saturation gradient within the proximal region (0—100 m) de-
creases from —0.0061 m~' to —0.003 m~'. This observation
indicates that a higher diffusion coefficient promotes a more
uniform fluid distribution, resulting in a smoother and more
gradual advancement of the leading edge.

From an engineering perspective, these results imply that:

(1) accurate determination of the diffusion coefficient is
critical for predicting the storage extent, as errors in D can lead
to a VD deviation in the estimated position of the leading edge;

(2)Artificial manipulation of reservoir parameters (e.g., in-
creasing porosity ¢ or reducing fluid viscosity 1) to enhance the
effective diffusion coefficient can significantly improve CO; s-
patial distribution control. These findings provide a quantitative
foundation for storage site selection and engineering design.

Fig.5 shows the time-dependent evolution of the leading edge
position under different diffusion coefficients (D, 2D, 4D ). The



48 Hao m, et al. GeoStorage, 2025, 1(1): 42-55

I T T T T 0.7
14
LT --~Joe6
_12F TV LT -
E | -7 405 E
s 10 o2
-% /z” = 04 8
g o8} . ©
[« e ®
'g) ,/, . 03 [@))
dl) 06— P 8
(@] , I
= 04 R 402 2
4+ 4 5
o J 5
- / 401 3
02/
| |f
0.0
OO _: L 1 L | L | L 1
0 500 1000 1500 2000

Time (s)

Fig. 3 Time-dependent evolution of leading-edge advancement distance and velocity
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Fig. 4 Saturation versus distance curves under different diffusion coefficients (t = 1 year)

diffusion coefficient significantly influences the leading edge In all cases, the leading edge position increases over time,
position. As the diffusion coefficient increases, the advance- although the rate of increase varies depending on the diffusion
ment of the leading edge accelerates. This indicates that a higher  coefficient. A lower diffusion coefficient (D) results in a slower
diffusion coefficient enhances fluid migration in the porous progression of the front, while a higher coefficient (4D) yields
medium, resulting in faster advancement of the leading edge. a faster advance. This difference reflects the direct influence of
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Fig. 5 Temporal evolution of the leading edge position under different diffusion coefficients (D, 2D, 4D)

the diffusion coefficient on fluid migration dynamics.

At longer times (beyond 2000 seconds), the predicted
leading-edge positions continue to increase, although the rate
of increase gradually slows. This suggests that, over time, the
dynamic driving force of fluid migration weakens, resulting in
a slower advancement of the leading edge.

Fig.6 shows the evolution of the leading-edge velocity over
time under different diffusion coefficients (D, 2D, 4D). At the
initial moment (near 0 seconds), the leading-edge velocity in
all cases decreases rapidly and then stabilizes. This indicates
that during the early stage of fluid injection, the leading-edge
undergoes a rapid deceleration. The curve corresponding to
the highest diffusion coefficient exhibits the greatest initial
velocity, whereas the curve with the lowest diffusion coefficient
shows the smallest initial velocity. This reflects enhanced fluid
migration associated with higher diffusion coefficients.

After the initial deceleration, the leading edge velocity quick-
ly stabilizes at a very low value, approaching 0 m/s. This sug-
gests that during the later stage of migration, the front velocity
becomes negligible, indicating near cessation of movement.
This stable condition may result from the establishment of
hydrodynamic equilibrium or from limitations imposed by the
permeability of the porous medium.

Throughout the observation period, the velocity associated
with the 4D case remains higher than those of the 2D and D
cases. This indicates that a higher diffusion coefficient help-
s sustain a greater migration front velocity. However, over
time, the differences in leading edge velocity among different
diffusion coefficients diminish and eventually converge to a
common stable value.

The results in Fig.6 demonstrate that the diffusion coefficient
has a significant impact on the prediction of migration front
velocity, particularly during the early stage. A higher diffusion
coefficient results in faster initial front velocity; however, in the
long term, velocities under all conditions converge to a similar
stable value.

4 Applications and discussions

The two-phase seepage pore pressure diffusion
wave—saturation model developed in the preceding sections
serves as a quantitative framework to analyze critical challenges
in CO, geological storage engineering. This section focuses on
the complex geological conditions of real-world reservoirs,
such as heterogeneity and high-permeability zones, and
explores the model’s performance characteristics and control
strategies within practical engineering scenarios. It further
elucidates the dual effects of geological heterogeneity on both
storage efficiency and long-term safety, providing a scientific
foundation for site selection and the optimization of site-
specific injection strategies.

4.1 Dynamic sealing mechanism in
heterogeneous reservoirs and
high-permeability zones

4.1.1 Influence of reservoir heterogeneity on sealing
behavior

Fig.7 illustrates the critical role of reservoir heterogeneity in
controlling fluid migration by comparing the evolution of fluid
saturation profiles with distance in homogeneous and hetero-
geneous formations. Under homogeneous reservoir conditions
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Fig. 6 Evolution of the leading-edge velocity over time under different diffusion coefficients (D, 2D, 4D)

(D = const), the saturation curves exhibit typical exponential
decay characteristics. The saturation distributions at 1 month,
1 year, and 2 years share a similar shape, with differences
primarily in amplitude. Diffusion is largely stabilized within
100 m after one month, highlighting the intrinsic regulatory
effect of the reservoir’s physical structure on fluid migration.

At the interface (x = 100 m) where the diffusion coef-
ficient exhibits an abrupt change, the saturation distribution
in the heterogeneous reservoir shows pronounced discontinu-
ities compared to the homogeneous case. This phenomenon
demonstrates how the coupling of pressure diffusion waves
and reservoir heterogeneity leads to self-regulating closure via
differential diffusion. Specifically, in the low-diffusion region
(0-100 m), saturation exhibits rapid decay, forming a local
high-pressure zone that delays fluid breakthrough. In contrast,
in the high-diffusion region (100-500 m), the saturation dis-
tribution is more gradual due to rapid pressure dissipation
reducing the driving gradient. This aligns with the principle
that reservoirs inherently regulate fluid migration through their
physical structure.

Although natural heterogeneity enhances storage efficiency,
fluid migration eventually reaches a spatial limit, reflecting
the self-limiting nature of the reservoir’s physical mechanisms.
Moreover, geological heterogeneity influences leakage path-
ways by altering local reservoir parameters, yet global diffusion
effects continue to dominate the long-term sealing behavior.
This confirms the system-level stability inherent in the reser-
voir’s physical regulation mechanisms. By prioritizing the se-
lection of suitable porous media (such as high-porosity sand-
stone), the dynamic sealing capability of the reservoir can be
strategically enhanced, enabling a shift in engineering strategies

from passive containment to active control.
4.1.2 Impact of high-permeability zones

Fig.8 illustrates the dual impact of high permeability zones on
the CO,; storage system by comparing fluid migration character-
istics between these zones and intact reservoirs. As shown in the
figure, within the high permeability zone (100—200 m), the sat-
uration distribution exhibits a pronounced ‘bulge’ pattern. This
anomaly arises primarily from two competing mechanisms:

(1) The rapid transport effect within the high permeability
zone, which significantly enhances local migration velocity and
forms preferential flow pathways;

(2) The pressure dissipation effect, where enhanced perme-
ability accelerates pressure equilibration, thereby reducing the
saturation gradient by approximately 30%—40%, and leading to
the emergence of a long-term (t > 1 year) self-plugging effect.

The results in Fig.8 demonstrate that high permeability
zones exert a significant influence on saturation distribution;
in particular, the saturation decline rate slows within fault-
ed regions. On one hand, high permeability zones accelerate
the advancement of the migration front, potentially increasing
short-term leakage risks and promoting vertical fluid escape.
On the other hand, rapid pressure equilibration may facilitate
the development of a favorable self-sealing effect within the
confined high permeability region. Moreover, saturation lev-
els gradually decline and stabilize over time. These findings
highlight the critical importance of accounting for geological
heterogeneity—particularly the influence of high permeability
fault zones—when assessing fluid migration behavior in porous
media. Furthermore, by strategically leveraging the dynamic
characteristics of high permeability zones, it is possible to
transform potential risks into storage advantages.
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4.2 Engineering optimization strategy and
leakage risk assessment

4.2.1 Optimization of injection pressure and stepwise
control

Fig.9 presents saturation profiles as a function of distance
after one month of fluid migration under varying pore pressure
conditions (Tab. 2). The figure clearly illustrates that variations
in pore pressure significantly influence fluid migration behav-
ior and saturation distribution. A higher initial pore pressure
(2.32 x 10'°Pa) results in lower saturation, whereas a lower
pressure (1.81 x 10'°Pa) yields higher saturation, consistent
with findings by Bickle et al. (Bickle et al., 2007). Modeling
of CO, migration in the subsurface reservoir of the Sleipner
oilfield indicates that high-pressure injection promotes rapid
CO; migration and plume formation, thereby reducing overall
saturation. In contrast, low-pressure injection facilitates a more
uniform saturation distribution.

Tab. 2 Maximum and Residual Saturation Values
Corresponding to Different Injection Pressures

Py — Py(Pa) S im Sic

2.32 x 10" 0.95 0.05
2.07 x 10 0.95 0.15
1.81 x 10'° 0.95 0.25

Under all pressure conditions, saturation decreases rapidly
with increasing distance, indicating progressive dilution of the
fluid front. Saturation curves under different pressures exhibit

distinct decay rates within short distances (approximately 200
meters), whereas at longer distances (greater than 200 meters),
saturation stabilizes and approaches zero. This suggests that the
influence of the fluid front can be neglected at sufficiently long
distances, and this behavior is independent of the initial pore
pressure.

The results in Fig.9 indicate that pore pressure significant-
ly affects saturation distribution, particularly during the early
stage of fluid migration. Higher initial pore pressure results in
lower saturation, possibly indicating more rapid diffusion of
fluids in the porous medium. These findings underscore the
importance of controlling injection pressure when predicting
fluid migration behavior in porous media.

Moreover, the study reveals a contradiction in high-pressure
injection: although an initial high pressure (P = 2.32 x 10'°Pa)
improves the displacement efficiency, it also increases the mi-
gration range Xx;,,, by approximately 30% (Fig.9). Additionally,
high-pressure injection enhances pressure diffusion (D oc P*3),
thereby shortening the closure time #,.,; by approximately 30%.
T Therefore, a stepped injection strategy can be adopted in
practical engineering: Stage 1 (t < 6 months): low-pressure
injection (P, = 0.8P,,,) to suppress initial leakage; Stage
2 (t = 6 months): high-pressure injection (Ppign = 1.2P;yy) to
promote long-term diffusion balance. Moreover, the pressure
threshold should be adjusted based on the reservoir diffusion
coefficient (D) to ensure that the injection period ¢, remains
within the project evaluation cycle.

Injection pressure influences leakage and sealing behavior
through nonlinear coupling; the stepped strategy balances short-
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Fig. 8 Saturation distribution as a function of distance within high permeability zones

term risk with long-term stability. Furthermore, future studies
should consider the coupling effect of reservoir heterogeneity
and pressure regulation to establish a more accurate predictive
model.

4.2.2 Leakage dynamics assessment and engineering
tolerance control strategy

Based on the coupled model of pressure diffusion waves
and two-phase flow, leakage behavior is primarily governed by
the advance velocity of the saturation front (Eq. 13) and the
attenuation of the pressure gradient (Eq. 4). When v/(f) oc /2
and VP o erfc(x/ V4Dr), the leakage risk decays exponen-
tially over time, resulting in a self-inhibiting closure effect.
The results of this study demonstrate that the dynamic leakage
process exhibits clear spatiotemporal evolution characteristic-
s:the front propagation speed follows a power-law attenuation
trend, whereas the pressure gradient decays exponentially. This
coupled attenuation mechanism significantly contributes to a
self-limiting migration behavior after t > 6 months,providing
a physical basis for the natural suppression of leakage risk.

By employing an enhanced error function model, this study
enables accurate prediction of the leakage-affected range. The
theoretical model indicates that when the diffusion coefficient
is 1.67 x 107 m?/s, the characteristic influence ranges after 6
months and 2 years reach approximately 250 = 10 m and 450 +
10 m, respectively. Furthermore, the maximum potential extent
of leakage can be quantitatively defined using the analytical
solution (see Fig.2 and Eq. 12), offering a theoretical reference

for engineering risk assessment and control threshold design.

Xleak

Xieak(?) = 2 VDrerf~1(1 - =%

max

(14

According to the ratio of the leakage front position to the pre-
dicted maximum range, the leakage risk can be classified, and
appropriate control measures can be formulated. For instance,
in this analysis, if x(f) > 0.8xp.x, it is classified as Level I,
requiring immediate suspension and remediation. If 0.5xp,x <
x(t) < 0.8xmax, it is categorized as Level II, necessitating
regulation by reducing pressure. If x(f) < 0.5x,,4y, it is classified
as Level 111, allowing for routine monitoring. Additionally, if
the reservoir monitors well spacing L > Xj.qx(fmax ), the leakage
can be controlled locally.

The traditional definition of leakage is overly absolute. Leak-
age should not be considered a total failure; rather, it is a tran-
sient process governed by the diffusion coefficient. Its evolu-
tion exhibits time dependence, spatial self-limitation, and mass
conservation. Based on these characteristics, the concept of
allowable leakage Qleak = ¢ foxl“k S (x, t)dx, should be defined,
enabling a re-interpretation of traditional leakage behavior. If
Olear < 0.1%Qjnjecrea (the environmental capacity threshold),
short-term micro-leakage can be tolerated (see Fig.3). Future
research will focus on the development of dynamic risk assess-
ment algorithms, transitioning from the ‘zero leakage’ absolute
standard to a ‘risk-controllable’ dynamic standard, as well as
adjusting storage technologies from passive protection to an
active regulation mode.

In this section, by combining analytical solutions with engi-
neering case studies, the dynamic sealing mechanism of leak-
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Fig. 9 Saturation variation with distance after one month of migration under different injection pressures

age, primarily governed by pressure diffusion waves, is clar-
ified. The concept of ‘acceptable leakage’ and the associated
hierarchical control strategies are introduced. From heteroge-
neous reservoir design to injection parameter optimization, this
model provides a decision-making tool that integrates both
physical rigor and engineering practicality for CO, storage
engineering.

5 Conclusions

In this study, a one-dimensional coupled model of two-phase
seepage and pore pressure diffusion wave—saturation interac-
tion was developed based on pore pressure diffusion wave the-
ory. Analytical solutions for fluid saturation distribution and the
advancement of the migration front were derived. The coupling
mechanisms between pore pressure diffusion waves and two-
phase seepage, along with their application to CO, geological
storage, were systematically analyzed. The key findings are
summarized as follows:

(1) Theoretical model and analytical solution: By coupling
the single-phase pore pressure diffusion wave model with a
two-phase seepage model, an analytical solution for saturation
distribution was derived. This solution effectively describes
the dynamic evolution of fluid saturation in porous media,
avoids numerical discretization errors, and serves as an efficient
tool for parameter sensitivity analysis. The theoretical results
provide a new foundation for the quantitative analysis of fluid
migration in porous media.

(2) Influence of key parameters: The diffusion coefficient
and permeability are key parameters influencing fluid migra-

tion. A higher diffusion coefficient promotes a more uniform
distribution of fluid and reduces the advancement rate of the sat-
uration front, while variations in pore pressure directly impact
short-term migration and are governed by diffusion equilibrium
in the long term. The regulatory role of these parameters is cru-
cial for understanding and predicting long-term fluid migration
behavior.

(3) Fluid migration follows a staged evolution process. In the
early phase, it is primarily driven by rapid pressure propagation,
whereas in later stages, it gradually stabilizes into a diffusion-
dominated regime. During initial injection, the velocity of the
migration front attenuates according to a power law, and the
saturation profile exhibits a steep gradient. Over time, the pro-
file flattens, and the migration rate declines. This evolutionary
trend highlights the dynamic interplay between pore pressure
diffusion waves and two-phase seepage.

(4) Analysis of heterogeneous reservoirs and high permeabil-
ity zones indicates that differential diffusion can lead to self-
regulating closure mechanisms. A stepped injection pressure
strategy can effectively balance short-term leakage risk with
long-term storage stability. Furthermore, a leakage risk classi-
fication framework and dynamic evaluation methodology were
proposed, clarifying the concept of ‘acceptable leakage’ and
providing a quantitative foundation for engineering monitoring
and risk control.

The model developed in this study demonstrates promising
applicability in both theoretical and engineering contexts. N-
evertheless, for real-world applications, it is necessary to con-
sider multidimensional and heterogeneous coupling effects that
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govern CO, migration. In addition, interfacial phenomena such
as interfacial tension and wettability exert significant control
on capillary pressure and on the shape of relative permeabili-
ty—saturation relationships. While these effects were neglected
here to enable tractable analytical solutions, their exclusion
inevitably limits the model’ s completeness. Future research
should therefore extend the framework to incorporate geologi-
cal heterogeneity, multidimensional flow, and calibrated P.-S,,
and K,-S,, curves, thereby improving predictive reliability and
supporting the development of safer and more efficient CO,
geological storage strategies.
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