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Bubble dissolution kinetics in porous media

Yuehongjiang Yu,1 Yang Yang,1 Jie Qi,1 Yu Qiu,2 Mengdi Sun ,3 and Ke Xu 1,4,*

1School of Mechanics and Engineering Science, Department of Energy and Resources Engineering,
Peking University, Beijing 100871, China

2Department of Energy Science & Engineering, Stanford University, Stanford, California 94305-2220, USA
3National Key Laboratory of Continental Shale Oil, Northeast Petroleum University, Daqing 163318, China

4Research Institute of Extraterrestrial Material, Peking University, Beijing 100871, China

(Received 1 January 2026; accepted 10 April 2026; published 1 May 2026)

The dissolution of trapped bubbles in porous media plays a key role in subsurface gas
storage, groundwater ecology, and multiphase chemical reactors. We demonstrate that
the classic Epstein-Plesset model for bubble dissolution in open space fails in porous
media, because pore-throat geometry (1) decouples the characteristic diffusion distance
and effective mass transfer area from the bubble size and (2) distorts concentration field
near bubble surface. We propose kinetic dissolution theories with analytical solutions,
validated through numerical simulations and microfluidic experiments. Our results provide
physical mechanisms for the predictive modeling of bubble dissolution in diverse porous
media.

DOI: 10.1103/jr19-lxmr

I. INTRODUCTION

Bubbles in porous media are prevalent across various fields, including geological storage [1,2],
hydrological transport [3–5], chemical engineering processes [6], and electrochemical systems
[7,8]. Typical examples include in situ bubble generation during pressure relief in oil wells [9],
carbon dioxide bubbles produced by microbial degradation of organic matter in groundwater [10],
and oxygen bubbles formed during charge-discharge cycles in zinc-air batteries [7]. Following their
formation, bubbles may gradually dissolve into the surrounding liquid within the porous matrix,
and their dissolution kinetics profoundly influence the efficiency and stability of the associated
processes. Specifically, the dissolution rate of CO2 bubbles is directly linked to the long-term
security of geological carbon sequestration projects [11–15], while in groundwater remediation,
dissolution kinetics governs the transport and removal efficiency of gaseous contaminants [16].
Therefore, a thorough investigation of bubble dissolution kinetics in porous media is of great
importance to various technologies related to environmental protection and energy storage and
extraction.

Nevertheless, a kinetic theory of bubble dissolution in porous media is still lacking. Much of
the research follow the Epstein-Plesset (E-P) model [17–19], a classic theory derived for bubbles in
open spaces without geometric confinement [20–22]. Jia et al. conducted experiments to measure
the dissolution rate and pointed out that the E-P model significantly overestimated the measured
data [18]. This discrepancy is attributed to the restriction of mass transfer pathways imposed by
the porous medium. Jiang et al. experimentally demonstrated the influence of pore-throat size on
the dissolution pathways of bubbles in porous media [23]. In addition, Zhai et al. found that the
dissolution rate of bubbles in porous media is positively correlated with pore connectivity [24].
These studies qualitatively highlighted the critical role of porous structure on bubble dissolution
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TABLE I. Key geometric parameters and fluid parameters in microfluidic experiments.

Pore Throat Throat Diffusion coefficient Air solubility
radius Rp length Lt width Wt of air in decane, D in decane, cs

(µm) (µm) (µm) (m2/s) (mol/m3)

240 420 76 6.40 × 10−9 5.50 [42]

rate. However, a quantitative theory of how porous structure reshapes bubble dissolution remains
largely unexplored.

Here we conduct microfluidic experiments and numerical simulations to reveal the role of porous
structure and bubble morphology on dissolution kinetics. We consider bubbles of three commonly
observed morphologies: (1) single-pore bubbles, that is, confined in one pore body, typically formed
by chemical reactions [25–27], hydraulic snap-off [28], or direct bubble injection [29,30]; (2) linear
(strip-shaped) bubbles, usually generated by unidirectional pressure-driven displacement [31,32];
and (c) block-shaped (roughly isotropic) bubbles, often produced by the massive exsolution of
dissolved gases due to pressure relief in geological formations [33,34], continuous gas injection
[27,30], or wetting-phase imbibition [35]. We derive analytical solutions for each type of morphol-
ogy and propose a reasonable strategy for modeling and predictions in more complicated cases.

II. MICROFLUIDIC EXPERIMENT

A. Experiment methods

Transparent microfluidic chips are fabricated using standard soft lithography, in which NOA81
(Norland Adhesive 81) is the material directly contacting fluids. NOA81 is resistant to organic
solvents, stable for surface treatments [36], making it widely applied in diverse microfluidic appli-
cations [37–39]. We use identical cylindrical arrays to simulate a homogeneous porous structure.
As for fluid systems, we use degassed decane as the continuous phase and air as the discrete
gas phase. Since oxygen and nitrogen are of very close solubility and diffusivity in liquid and
are commonly treated as one component in many dissolution experiments [40,41], we treat air as
a single component and use uniform solubility and diffusion coefficient. The advantages of this
system are (1) a moderate dissolution rate which allows for direct observations and (2) no chemical
reaction between the gas and the solution. During the experiment, we first inject air-in-decane
bubbles in the media and then displace with degassed decane. The injection of degassed decane is
stopped when only one bubble remains in the system, and the dissolution process is recorded using
time-lapse photography. The distance between the dissolving bubble and the system boundary is
at least ten times the bubble radius, and the total gas dissolution capacity of the surrounding fluid
is much larger than the mass of the gas bubble, allowing us to treat this system as infinitely large.
As capillary pressure for bubbles above micrometer size is much smaller than ambient pressure,
we neglect the extra solubility due to surface curvature. The microfluidic geometric parameters
and key thermodynamic properties are detailed in Table I (under normal temperature and pressure
conditions). As the gap thickness is much smaller than the pore scale, we treat the bubbles in the
chip as 2D, which allows us to write the volume of a single pore as Vp = πR2

p, the cross-sectional
area of a throat as At = Wt , and the volume of a throat as Vt = Lt Wt .

B. Experimental results

Bubbles in porous media have complex morphology, and the effect of bubble morphology on
dissolution kinetics cannot be ignored [43]. Therefore, we conducted microfluidic experiments
for all three types of bubbles (single-pore bubble, linear bubble, and block-shaped bubble). We
characterize the dissolution kinetics in Figs. 1(a)–1(c). For each type of bubble, we conducted
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FIG. 1. Bubbles of different morphologies dissolving in porous media. (a)–(c) Different bubble morpholo-
gies in microfluidic experimental images: (a) single-pore bubble, (b) strip-shaped bubble, and (c) block-shaped
bubble. (d) Microfluidic experimental bubble dissolution rate compared with the E-P model and modified E-P
model. The single-pore body volume refers to the threshold volume: when a bubble’s volume is smaller than
this value, it is a single-pore bubble.
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repeated experiments to ensure the accuracy and reliability of the data. Note that the pore-network
in microfluidic experiments is 2D.

Figure 1(d) shows the experimental bubble dissolution results, where V is the bubble volume,
ttotal is the total dissolution time. and t is the dissolution time. The experimental bubble dissolution
results significantly deviate from the E-P model, and the modified model using classic prefactor
for mass transfer in porous media ∅/τ (∅ = 0.38 is porosity and τ = 1.43 is tortuosity) largely
overestimates the dissolution rate [44]. Single-pore bubbles and block-shaped bubbles still follow
linear volume-time scaling as that in E-P model but are of much lower rates; strip-shaped bubbles
follow very different and nonlinear dissolution kinetics.

III. NUMERICAL SIMULATIONS

Microfluidic experiments are confined to 2D networks. They can provide valuable data for qual-
itative phenomena as well as for calibration of key data, but cannot provide precise concentration
field as well as the dynamics in 3D pore networks. To support in-depth theoretical analysis with
more details as well as to extend the study to 3D networks, we first revisit the derivation of the E-P
model and its underlying assumptions, and then establish efficient numerical simulation tools.

A. Revisiting Epstein-Plesset model

Governing equation for ideal-gas bubble volume reduction during dissolution in isotropic open-
space environment is written as [45]

dV

dt
= −k0 D S

(
∂c

∂r

)
r=Rb

, (1)

where k0 = RT
P0

, R is the gas constant, T is temperature, P0 is ambient pressure, S is mass transfer

area, which is the bubble’s surface area, Rb is bubble radius, c is solute concentration, and ( ∂c
∂r )

r=Rb

characterizes the driving force of mass transfer near bubble surface, which is written in the E-P
model as (

∂c

∂r

)
r=Rb

= cs

[
1

Rb
+ 1

(πDt )
1
2

]
, (2)

where cs is saturated concentration. Considering the quasi-static-state situation that 1
Rb

� 1
(πDt )1/2

(applicable for bubbles discussed in this paper; see the Supplemental Material (SM) S1 for a detailed
demonstration [46]), ( ∂c

∂r )
r=Rb

= cs
Rb

, substituting this into Eq. (1), we get

dV

dt
= −k0 D Sb

cs

Rb
. (3)

In the 2D case, Sb ∼ Rb, so integrating Eq. (3) yields V ∼ t . In the 3D case, Sb ∼ R2
b, so

integrating Eq. (3) yields V
2
3 ∼ t .

From Eq. (3), we identify two key factors affecting the bubble dissolution rate: (1) the charac-
teristic mass transfer distance, which is the radius of the bubble itself (Rb) in open space, and (2)
the mass transfer area, which is the surface area of the bubble (Sb) in open space. Both of them
keep changing during bubble dissolution. The evolution of these two factors in porous media may
be largely different from that in open space as assumed in the E-P model.

B. Pore-scale diffusion mechanisms and assumptions

To capture the difference of mass transfer distance and mass transfer area between porous media
in open space at quasi-steady state, we numerically simulate the dimensionless concentration field
(c/cs) of the diffusion process of a fixed-size and fixed-concentration source in a porous medium
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FIG. 2. (a) Dimensionless concentration field simulation for fixed-source diffusion in porous media. (b)
Dimensionless dissipation rate field simulation for fixed-source diffusion in porous media. (c) Variation of
dimensionless concentration along the dashed centerline in (a). (d) Variation of dimensionless dissipation rate
along the dashed centerline in (c). (e) Comparison between microfluidic experimental results and PNM results
for 2D bubble dissolution rate in porous media.

[Fig. 2(a)], and characterize the dimensionless dissipation rate field χ̄ = (∇c)2

(cs/Lt )2 [Fig. 2(b)] using
COMSOL Multiphysics, where χ̄ characterizes the attenuation rate of the mass transfer driving force
[47,48]. The radius of this source is half of the pore radius and has always maintained a saturated
concentration, and boundary concentration is fixed at c = 0. The simulation results show that mass
transfer quickly reaches a quasi-steady state (in less than 0.1 sec), and Figs. 2(a)–2(d) present the
situation at t = 1s. See SM S2 [46] for detailed simulation parameters. Figure 2(c) presents the
variation of dimensionless concentration [along the dashed centerline in Fig. 2(a)] within pores and
throats, while Fig. 2(d) presents the variation of dimensionless dissipation rate [along the dashed
centerline in Fig. 2(c)] across pores and throats.

Figures 2(a)–2(d) shows that porous structure does significantly distort the mass transfer near
the bubble surface: the concentration of solute in each pore body is almost uniform, while the mass
transfer hot spots uniformly distribute along each throat. It echoes earlier general studies on mass
transfer in a pore network [49,50] that mass transfer is limited by throats under negligible bulk
advection.

Therefore, both characteristic diffusion length and effective mass transfer area during bubble
dissolution are regulated by the porous structure, instead of by a bubble’s intrinsic morphologic
parameters such as those in the E-P model:

(1) The characteristic mass transfer distance is no longer the radius of the bubble (Rb) itself, but
regulated and discretized by throat with length Lt .

(2) The effective mass transfer area S is no longer the surface area of the bubble, but the sum of
the cross-sectional areas of the throats connecting neighboring bubble-free pores.

C. Pore-network modeling (PNM) methods

The above simulation results allow the assumption that solute concentration within each pore is
uniform and along a throat is linearly distributed during the bubble dissolution process in porous
media. Therefore, we apply a recently developed PNM framework to facilitate the investigation of
bubble dissolution kinetics in porous media [51,52]. In this model, the complex void geometry of a
porous medium is represented by an interconnected network of pores and throats, where diffusion
adheres to Fick’s law, gas solubility follows Henry’s law, and constant concentration boundary
conditions are imposed. For the purposes of this study, two sets of different parameters are used
in the simulations: set-Exp is identical to the parameters of our microfluidic experiments (as shown
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in Table I), and set-Ideal is of long and narrow throats to comply with abovementioned assumptions
as much as possible. Detailed parameters of the simulation are listed in SM S3 [46]. This model
has been validated by multiple recent micromodel experiments [40], and we further verified its
reliability by conducting PNM simulations using the same parameters as those in Table I. As shown
in Fig. 2(e), our PNM well reproduces the dissolution rates of different bubbles observed in the
microfluidic experiments.

IV. THEORIES

Our previous derivation has demonstrated that bubble dissolution in porous media exhibits two
key deviations from the E-P model for open spaces: (1) the key factor governing characteristic mass
transfer shifts from the bubble radius Rb to a function of throat length Lt and (2) the mass transfer
area S changes from the bubble’s surface area to the sum of the cross-sectional areas of the throats
connecting the adjacent pores. Porous structure thus discretizes the concentration field near bubble
surface, and Eq. (1) can be rewritten as

dV

dt
= −k0 D nAt

cs − ci

Lt
, (4)

where n is the number of throats that connect pores containing bubble with unsaturated adjacent
pores, highly related to bubble morphology, and ci is the average concentration of all adjacent pores.
In Eq. (4) morphology of bubble determines both n and ci.

Note that dissolution in porous media is significantly slower than that in open space as that
assumed in the E-P model, so we still assume a quasi-steady state as that in E-P model. We consider
bubbles in porous media with three types, and discuss the 2D and 3D scenarios separately. We
considered only a homogeneous porous structure for achieving analytical solutions.

A. Single-pore bubble

For single-pore bubbles, the pore occupancy does not change during the dissolution process.
Therefore:

(1) The mass transfer is through pore throats of a constant number n = n1, so effective mass
transfer area S is a constant.

(2) According to the quasi-steady-state assumption, cs − ci = εcs remains constant during disso-
lution if the pore occupancy does not change, and the value of the constant ε is jointly determined
by the bubble morphology and pore geometry. We verify this assumption using PNM simulation
results (a detailed explanation is provided in SM 4.1 [46]).

Substituting n and cl into Eq. (4) and integrate, we get a proportional scaling for the dissolution
of a bubble occupying a single pore:

V0 − V = FsingleF0t, (5)

where V0 is the initial bubble volume, Fsingle = n1εAt
Lt

is a geometric prefactor determined only by

the geometric properties of the porous medium, and F0 = RT Dcs
P0

is a thermodynamic prefactor,
determined by fluid properties. Accordingly, total dissolution time for a single-pore bubble is
V0/FsingleF0. We achieve the value of ε for both 2D and 3D networks with an approximation method
using Taylor series approximation (detailed derivation of ε is provided in SM 4.1 [46]). For the 2D
case, n1 = 4, ε = 0.466; for the 3D case, n1 = 6, ε = 0.691.

For the 2D case, we compared the microfluidic experimental data with an analytical solution
and PNM simulation results as shown in Figs. 2(e) and 3(a). It validates both the PNM model
and the analytical solution. Figure 3(b) presents multiple sets of total dissolution times from PNM
simulations in comparison with the theoretical solution, using both set-Exp and set-Ideal. It is worth
noting that the total dissolution times obtained from our PNM simulations are often slightly shorter
than the theoretically predicted values. We attribute this to the fact that the dissolution rate of bubbles
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FIG. 3. (a) Microfluidic experiments and PNM data of single-pore bubble’s volume change over time com-
pared with theoretical solution of single-pore bubble dissolution. (b) Nine sets of 2D total bubble dissolution
times from PNM simulations (with varied initial bubble volumes) are compared with the theoretical results,
where open symbols correspond to simulations using set-Ideal, and filled symbols correspond to those using
set-Exp. (c) Six sets of 3D total dissolution times of bubbles from PNM simulations (with varied initial bubble
volumes) compared with the theoretical results, where the zoomed-in section shows the time-dependent volume
change image of the entire bubble dissolution process.

at the initial stage is significantly faster than the theoretical prediction, which stems from the solution
concentration field around the bubbles not yet having reached the quasi-steady state we assumed.

As the microfluidic experiments well validate the PNM, we extend them to the 3D case and
compare the results of an analytical solution with multiple sets of data from PNM simulations as
illustrated in Fig. 3(c). They agree even better than those in 2D cases. All numerical simulation
parameters are presented in SM S3 [46].

B. Strip-shaped bubble

For the strip-shaped bubble, the pore occupancy does change during the dissolution process.
Nevertheless, if we treat it as an infinitely long bubble chain, the dissolution becomes completely
determined by the mass transfer in the plane perpendicular to the bubble chain. On such a plane, the
pore occupancy is constantly one, as a single-pore bubble in a reduced dimension case. Therefore:

(1) All pores containing bubbles are directly connected to the external unsaturated pores,
n = n1

V
Vp+Vt

.
(2) According to the quasi-steady-state assumption, cs − ci = εcs remains constant during disso-

lution if the pore occupancy does not change. We verify this inference using PNM simulation results
(detailed explanation is provided in SM 4.2 [46]).

Substituting n and cl into Eq. (4) and integrating, we get

ln (V/V0) = −FstripF0 t, (6)

where Fstrip = n1εAt
Lt (Vp+Vt ) is a prefactor determined only by the geometric properties. We estimate

the total dissolution time as ln(V0/Vpore )/FstripF0 + Vpore/FsingleF0, where the first term is the time
for a strip-shape bubble evolves into a single-pore bubble, while the second term is the time for
a single-pore bubble to fully dissolve. We achieve the value of ε for both 2D and 3D networks
by an approximation method. For the 2D case, n1 = 2, ε = 0.182; for the 3D case, n1 = 4, ε =
0.322(detailed derivation of ε is provided in SM 4.2 [46]).

For the 2D case of strip-shaped bubbles, comparisons between the analytical solution, microflu-
idic experimental data, and PNM simulation results are shown in Figs. 2(e) and 4(a). The analytical
solution matches well both microfluidic experiments and PNM simulations. It validates both the
PNM model and the analytical solution. Figure 4(b) presents PNM-derived total dissolution times
versus the theoretical solution using both set-Exp and set-Ideal, with simulated times slightly shorter
than predicted—still attributed to the initial faster dissolution before the surrounding concentration
field reaches the assumed quasi-steady state.
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FIG. 4. (a) Microfluidic experiments and PNM data of a strip-shaped bubble’s volume change over time
compared with theoretical solution of strip-shaped bubble dissolution. (b) Nine sets of 2D total dissolution
times of strip-shaped bubbles from PNM simulations (with varied initial bubble volumes) compared with
the theoretical results, where open symbols correspond to simulations using set-Ideal, and filled symbols
correspond to those using set-Exp. (c) Six sets of 3D total dissolution times of strip-shaped bubbles from PNM
simulations (with varied initial bubble volumes) compared with the theoretical results, where the zoomed-in
section shows the time-dependent volume change image of the entire bubble dissolution process.

As the microfluidic experiments well validate the PNM, we extend them to the 3D case, and good
agreement between the analytical solution and PNM simulation data [Fig. 4(c)] further validates the
theory for 3D strip-shaped bubbles. All numerical simulation parameters are presented in SM S3
[46].

C. Block-shaped bubble

For the block-shaped bubble, as the bubble radius Rb continuously decreases during the dissolu-
tion process in all dimensions, the pore occupancy can no longer be considered unchanged. If the
bubble is much larger than pore unit, the E-P model with diffusivity modified by porous geometry
may still be valid. However, if the bubble size is still comparable to the pore structure, pore-throat
geometry can still largely distort the near-interface concentration field and the dissolution kinetics.

The critical bubble size for a block-shaped bubble can be determined by equating the charac-
teristic diffusion length for E-P model and the throat length Lt . The former can be estimated by
modifying that of E-P in open space, Rb, with the reduction rate of diffusion coefficient, φ/τ , as
Rbφ/τ . The critical bubble size is therefore Ltτ/φ. For the set-Exp, this critical bubble radius is
approximately 4Lt in 2D, while for our ideal parameters, it is smaller than 0.1Rb in two dimensions.
Therefore, for both the bubbles in our microfluidic experiment (Rb < 4Lt ) and those in the numerical
simulations using set-Ideal (Rb < 10Lt ), the characteristic mass transfer distance is smaller than the
throat length Lt . Under such a condition, the existence of the throat fixes the characteristic diffusion
length to Lt , while the effective surface area does changes during the dissolution:

(1) Only the pores containing the outermost part of the bubble can transfer mass with the external
solution via the throat. Thus, n is proportional to the number of pores occupied by the bubble’s
outermost layer, which is in turn proportional to the bubble’s surface area, so n ∼ Rd−1

b ∼ V 1−1/d .

Exact derivation yields n = n1( V
Vp+dVt

)
1−1/d

.
(2) Since the characteristic mass transfer distance remains unchanged, we can still adapt the

quasi-steady-state assumption, and cs − ci = εcs remains constant during dissolution. We verify
this inference using PNM simulation results (a detailed explanation is provided in SM 4.3 [46]).

Substituting n and cl into Eq. (4) and integrating, we get

V
1
d

0 − V
1
d = FblockF0t, (7)

where Fblock = n1εAt

d (Vp+dVt )1−1/d Lt
is the geometric prefactor determined only by the geometric properties

of the porous medium. The total dissolution time can be estimated as V
1
d

0 /FblockF0. We achieve the
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FIG. 5. (a) Microfluidic experiments and PNM data of a block-shaped bubble’s volume change over time
compared with theoretical solution of block-shaped bubble dissolution. (b) Ten sets of 2D total dissolution
times of block-shaped bubbles from PNM simulations (with varied initial bubble volumes) compared with
the theoretical results: all the initial bubbles are set to be square, the open symbols correspond to simulations
using set-Ideal, and filled symbols correspond to those using set-Exp. (c) Five sets of 3D total dissolution
times of block-shaped bubbles from PNM simulations (with varied initial bubble volumes) compared with the
theoretical results, where the zoomed-in section shows the time-dependent volume change image of the entire
bubble dissolution process, and all the initial bubbles are set as cubes.

value of ε for both 2D and 3D networks by an approximation method. For the 2D case, n1 = 4,
ε = 0.157; for the 3D case, n1 = 6, ε = 0.361 (detailed derivation of ε is provided in SM 4.3 [46]).

For the 2D case of block-shaped bubbles, comparisons between the analytical solution, microflu-
idic experimental data, and PNM simulation results are shown in Figs. 2(e) and 5(a). The analytical
solution matches well both microfluidic experiments and PNM simulations. It validates both the
PNM model and the analytical solution. Figure 5(b) presents PNM-derived total dissolution times
versus the theoretical solution, where it is shown that for set-Ideal cases, the simulated times well
match the theory. However, for the set-Exp cases, once the bubble is larger than 7 × 7 (whose
bubble radius is 4Lt ), the characteristic mass transfer distance exceeds Lt , and the dissolution time
simulated by PNM deviates rapidly from the theoretical value, as we discussed in the beginning of
this section.

We extend to the 3D case, and good agreement between the analytical solution and PNM
simulation data [Fig. 5(c)] further validates the theory for 3D strip-shaped bubbles. All numerical
simulation parameters are presented in SM S3 [46].

V. IMPLICATIONS AND LIMITATIONS

We demonstrate that bubble morphology exerts a significant influence on the dissolution scaling
law of bubbles in porous media, with the dissolution rate of bubbles of the same volume potentially
differing by orders of magnitude. For example, for a bubble with a volume 25 times the single-pore
body volume under set-Exp parameters, a block-shaped bubble requires nearly five times as long to
fully dissolve as a strip-shaped bubble, as predicted by Eqs. (6) and (7). As a result, although bubble
dissolution in a fixed ambient condition is only a function of initial bubble size in open space as
predicted by the E-P model; additional information (such as bubble morphology) is needed for a
reasonable prediction of that in porous media. Unfortunately, existing studies on bubble dissolution
in porous media primarily focus on gas saturation and overlook bubble morphology information
[53] which needs further investigation to establish a comprehensive dissolution model. Our theory
also provides references for morphology-dependent dissolution prefactors for other mass transfer
processes (such as macroscopic depletion processes [54]) in porous media.

To derive analytical solutions, this work focuses on the dissolution behavior of a single bubble
of three types of morphologies in homogeneous porous media. This idealized scenario provides
a foundational framework, while real-world systems involve additional complexities. For bubble
dissolution in heterogeneous porous media, while heterogeneity may be averaged out in the far
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field, it is important in the near field, likely to affect the dissolution rate as well as the pore-by-pore
retraction trajectory. Furthermore, the connectivity of block-shaped bubbles may also influence the
retraction trajectory, and their morphological characterization constitutes a complex system that
requires the introduction of additional parameters (such as the Euler characteristic) for adequate
description [55]. Therefore, discussions of heterogeneity and complex bubble morphologies repre-
sent important directions for the development of our theory. Additionally, our analysis is confined
to bubbles larger than the micrometer scale, thus neglecting the effect of varying capillary pressure
on gas solubility, and future research should address the influence of capillary pressure on bubble
dissolution kinetics.

VI. CONCLUSION

Our work demonstrates the presence of porous structure fundamentally changes the bubble
dissolution dynamics via the control of the mass transfer process, which is far beyond a simple
coefficient correlation.

We systematically elucidated the physical mechanisms underlying the effect of porous media on
bubble dissolution kinetics through a combination of microfluidic experiments, PNM simulations,
and theoretical derivations. Our results reveal two core reasons for the failure of the classic E-P
model in porous media: (1) the characteristic mass transfer distance is no longer determined by
the bubble radius but is instead governed by the pore-throat structure and (2) the effective mass
transfer area is no longer the bubble’s surface area but the sum of the cross-sectional areas of
throats connecting the bubble-containing pores to unsaturated adjacent pores, with this area varying
significantly based on bubble morphology.

For the three typical bubble morphologies (single-pore, strip-shaped, and block-shaped) observed
in porous media, we derived corresponding analytical solutions for their dissolution kinetics in both
2D and 3D scenarios. These theoretical results are well validated by our microfluidic experimental
data and PNM simulations, confirming the reliability of the proposed framework.

Experiments, numerical simulations, and analytical solutions confirm that bubble morphology is
a key parameter to determine their dissolution behavior in porous media. Classic models considering
only bubble volume need modification.

The findings provide critical theoretical support for optimizing key engineering applications,
including the long-term security of geological carbon sequestration (by improving predictions of
CO2 bubble dissolution rates) and the efficiency of groundwater remediation (by enhancing the
removal of gaseous contaminants).
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