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Abstract
Capillary trapping is considered as one of the safest geologic  CO2 storage mechanisms due 
to its hydrodynamic stability. However, the thermodynamic stability of capillary trapping 
was questioned by our recent work (Xu in Geophys Res Lett 46(23):13804–13813, 2019). 
Gravity induces the top bubbles to grow at expense of bottom bubbles through the diffu-
sion of dissolved gas components, that finally may form a gas cap and posing a risk of leak-
age, even in absence of convection. Here, we improve the gravity-induced ripening model 
introduced earlier and conduct theoretical and numerical analysis. Four regimes of bubble 
ripening are identified according to the modified Bond number and initial gas saturation, 
resulting in different scaling between the equilibrium time and the length scale. Vertical 
heterogeneity is also shown to have a great impact on the ripening process. When the per-
meability gradient is downward, the capillary pressure gradient competes with the gravita-
tional gradient and results in a complex gas redistribution behavior. Capillarity dominates 
in a short time, while gravitational potential determines the global saturation profile in long 
term. This work provides a new physical perspective in evaluating  CO2 sequestration secu-
rity and has a potential application in other porous systems that gas generated and evolve 
under strong external fields.

Keywords Bubble ripening · CO2 sequestration · Diffusion · Capillary trapping

1  Introduction and Motivation

Ripening is a classical phenomenon that mass redistributes among dispersed phase clus-
ters to reduce total surface energy (Lifshitz and Slyozov 1961; Slezov et al. 1993). In 
open space without geometric confinements and external fields, ripening always results 
in destabilization and coarsening of clusters (Beenakker and Ross 1985; Epstein and 
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Plesset 1950; Voorhees 1985; Wagner 1961). The reason is that smaller cluster always 
has larger surface curvature (thus larger capillary pressure, Pc) and larger specific sur-
face area (thus larger surface energy per mass), so driving mass from smaller clusters 
to larger clusters brings benefits of free energy reduction (Lifshitz and Slyozov 1961; 
Voorhees 1985). Ripening is therefore crucial in determining the stability and evolution 
of crystals, emulsion, bubble population, and foam (Mantzaris 2005; Meinders and van 
Vliet 2004; Venzl 1985; Yec and Zeng 2014).

In porous media, however, ripening becomes significantly different from that in open 
space. Bubbles’ morphology, thus capillary pressure and surface energy, are regulated 
by the pore-throat confinement, which prevents bubbles from unlimited coarsening. 
Some recent work (de Chalendar et  al. 2017; Wang et  al. 2021; Xu et  al. 2017) have 
shown the physics of bubble population ripening at pore scale by micromodel experi-
ments and pore-network modeling—after ripening, bubbles evolve into a metastable dis-
tribution that all free surfaces share identical curvature (thus identical Pc), and bubbles 
in porous media stop coarsening.

The pore-scale picture of bubble ripening further drives exploration of its Darcy 
scale effect. Li et al. (2020) set a Darcy-scale bubble ripening model and tested it in het-
erogeneous porous media, showing the trend of bubbles to evolve for low specific area 
regions. Further, our earlier work (Xu et al. 2019) proposed a simplified model which 
incorporates gravitational field. Gravity is shown to also be involved in the ripening 
process, inducing the dissolution of bubbles at the bottom to feed the growth of the bub-
ble at the top. Gravity-induced ripening may again destabilize the capillary trapping of 
bubbles and lead to the formation of a gas cap. The vertical one-dimensional (1-D) con-
tinuum Darcy-scale equation depicting the gravity-induced ripening is constructed as:

where Pb = Pc − Δ�gz + P0 is the total potential of a bubble that considers both capillary 
pressure and gravitational potential. Pc is the local capillary pressure and P0 is the refer-
ence wetting phase pressure at z = 0.  P0 is assumed to be much larger than Pc  (Bauget 
and Lenormand 2010). Δ�  is the density difference between liquid and gas. S is the gas 
saturation in stratum and K is the comprehensive rate constant. We show that the equation 
proposed by Li et al. (2020) is equivalent to Eq. (1) under certain assumptions in the sup-
plemental material.

Although Eq. (1) has been proposed to discuss long-term possible destabilization of 
capillary trapping, quantitative analysis has not been provided yet about how competi-
tion between capillarity and gravity shapes the ripening kinetics. However, systematic 
and quantitative analysis is needed to determine the time scale of ripening compared 
with that of other  CO2 sequestration mechanisms, and to provide instant spatial phase 
distribution to further quantify geochemical reactions. In addition, K is assumed as a 
constant (which is exact only when every pore is occupied by a bubble) in the earlier 
work (Xu et  al. 2019). Constant K results in fast diffusion at zero-saturation region, 
which fades the fact that the emergence of bubbles accelerates the mass transfer by 
shortening the diffusion distance in liquid phase from through the entire porous space to 
through only throats, and may results in numerical instability at the saturation front with 
sharp saturation jump.

Since a solid understanding of the ripening in porous media is of critical impor-
tance to evaluate the effectivity and efficiency of the capillarity trapping in the stratum, 
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comprehensive analysis of Darcy-scale ripening with gravity involved is required. Here 
we verify and modify Eq.  (1). Analytical solutions are explored to predict the equi-
librium time. We also establish a numerical simulation framework. The competition 
between gravity and capillarity at different spatial and temporal scales is investigated, 
by both analytical solutions and by numerical investigation of heterogeneity effects.

2  Model setup and Validation

2.1  Equations for Bubbles’ State

PC in Eq. (1) is mainly determined by gas saturation S, pore geometry (size and shape), and 
wettability. To depict the relationship between capillarity pressure PC, pore occupation C 
(defined as the portion of pores occupied by bubbles) and S, then simplify the model, we 
use the following Pc-S and C-S curves which is based on the models proposed in (Xu et al. 
2019):

This set of equations is established based on a conceptual physical model for homoge-
neous porous media with uniform pore size. Scrit is a critical saturation, when S = Scrit, all 
pores are occupied by bubbles at the critical volume, i.e., of the shape of the largest pos-
sible sphere in a pore-body that is tangent to the solid wall of the pore. At this status, the 
bubble’s capillary pressure is at its minimum possible value in the porous media, PC,min.

When 0 < S < Scrit, not all pores may be occupied by bubbles at a metastable condition; 
elsewhere, at least some bubbles are free spheres and classical ripening emerges so that 
some bubbles dissolve to feed others until all remaining bubbles reach PC = PC,min. The 
pore occupancy, C, can be calculated by assuming all remaining bubbles are at the critical 
volume. When S > Scrit, bubbles are deformed by pore geometry and Pc increases with S, 
in which regime C = 1. The saturation at which bubbles penetrate the throats and connect 
to be continuous gas phase is set as Smax, corresponding to a maximum capillary pressure 
PC,max. In addition, PC = 0 when S = 0, so we set a linear “jump” of Pc from 0 to Pc, min, 
when S increases from 0 to δ, where δ <  < 1. This “jump” reflects the physical limit that 
infinitely small curvature cannot exist for a non-wetting phase in porous media—a mini-
mum Pc does exist, corresponding to the largest sphere in a pore body that is tangent to the 
solid wall of the pore. The jump at [0, δ] is another major improvement compared to our 
earlier model, which not only better demonstrate the continuity of capillary pressure at low 
saturation extreme, but also eliminates numerical instability at near-zero saturation region. 
We note that PC for bubble population is physically distinct from the Pc for the continuous 
gas phase in fluid–fluid displacement, as bubbles are hydrodynamically disconnected and 
interacting through diffusion, while a continuous gas phase is internally hydrodynamically 
connected. Scrit, Smax and PC,max/PC,min only depends on pore shape rather than the pore 
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size. We denote ∆PC = PC,max-PC,min, ∆S = Smax-Scrit,, and P = ∆PC/∆S. We plot the function 
of PC(S) and C(S) in Fig. 1 for a better understanding.

2.2  Mass Transfer Coefficient

The mass conservation equation for ripening is in form of Eq. (1). The flux of saturation 
is thus written as

In our earlier work, K is assumed to be a constant determined by pore structure. 
However, we show that it should be also a function of bubble saturation: in a pore that 
is not occupied by bubble, gas needs to diffuse through both pore body and pore-throat 
in the liquid phase; while in a pore that is occupied by a bubble, the diffusion through 
pore-body is in the gas phase, which is infinitely faster than that in the liquid phase. 
Therefore, a gas-occupied pore should have a much faster gas diffusion coefficient than 
a liquid-saturated pore, thus K should be a function of C. When C = 1 (all pores are 
occupied by bubbles), gas transfers through pore throats only. We denote the mas trans-
fer rate constant at C = 1 as. When C = 0 (bubble-free zone), gas has to transfer through 
not only the pore throats but also the pore bodies by internal convection. In this situa-
tion, mass transfer rate K = K0 may be 1–2 orders of magnitude smaller than K* because 
of enlarged transfer distance and tortuosity, details are shown in the supplemental mate-
rial. We then formulate the general form of K for arbitrary C, as:

For simplicity, we make some assumptions. We assume that the thickness of the 
strata, H, is much small than the depth of the stratum, so |PC-∆ρgH|< < P0. The den-
sity variation for both phases can therefore be assumed as constant. The temperature 
gradient can also be neglected. We neglect the change of mass in the gas phase, as the 
mass variation of dissolve gas for different gas-phase distribution can be neglected com-
pared to gas-phase mass. Convection is ignored and mass transfer in the system only 
results from ripening. Validation of these assumptions is discussed in the supplemental 
material.

We note that K is of similar dimension to mobility in Darcy’s law. In typical  CO2 
sequestration scenario, the value of K* is about ~  10–16  m2/Pa·s, that corresponds to per-
meability of ~  10–20  m2 (~  101 nD). Nevertheless, as the gas are in capillary trapping 

(4)J = −K
�Pb

�z

(5)K = K∗C + K0(1 − C)

Fig. 1  And for a capillary trapped bubble population (Xu et al. 2019)
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status, its actual hydrodynamic mobility is exactly zero. Therefore, although the ripen-
ing appears equivalent to hydrodynamic flow at very low permeability, it is not over-
whelmed by viscous flow due to gas’s bubble state.

2.3  Dimensionless Form

We rewrite Eq. (1) in dimensionless form as:

where z̃ = z∕H is the dimensionless height, P̃C = Pc∕ΔPc is the dimensionless capillary 
pressure, t̃ = PK∗t∕H2 is the dimensionless time, and K̃ = K∕K∗ is the dimensionless rate 
coefficient. Bo* = ∆ρgH /∆PC is modified Bond Number. When Bo* >  > 1, gravity is the 
dominant driving force and capillary force is only locally important. When Bo* <  < 1, cap-
illarity effect is the global dominant driving force and gravity can be neglected. Completely 
neglecting gravity yields Bo* = 0.

To compare the ripening time in different conditions, we define a dimensionless char-
acteristic time: tc = H2∕K∗P(1 + Bo∗) . If Bo* <  < 1, tC could be simplified as H2∕K∗P . If 
Bo* >  > 1, tC could be simplified as H2∕K∗Bo∗P.

3  Ripening in Homogeneous Media

In this section, we analyze the ripening of bubbles in homogenous porous medium. Here 
“homogeneous” implies that the Pc-S function, C-S function, and K-S function are all iden-
tical in the entire domain. For convenience, we only consider strata that are confined by 
impermeable upper and bottom boundaries in this section for simple analysis, so J = 0 at 
z = 0 and at z = H. The boundary condition could be modified in practical calculations.

3.1  Scaling and Analytical Solutions

Gravity effect plays significant role in ripening process that dissolves deeper bubbles, 
drives dissolved gas to diffuse upward, and then grows bubbles at the top. At equilib-
rium, a bubble-free zone is left at the bottom, and a continuous gas cap under the caprock 
is formed. It should be noted that the “bubble-free zone” in this work is not free of the 
bubble. A very small amount of gas (S ≤ δ) still may exist in this region. At equilibrium, 
𝜕S∕𝜕t̃ = 0 . By cancelling the time-dependent term in Eq. (6), we can get:

It means that a stable capillary trapping belt (SCTB) exists between the gas cap and 
the bubble-free zone at equilibrium, and the dimensionless slope of SCTB is BO

*∆S. In 
SCTB, gas is still in bubble form and can be hydrodynamically immobile. Bo* is thus the 
most significant indicator of the dominant driving force. If Bo* >  > 1, the SCTB would be 
extremely short and we only expect the final emergence of gas cap and gas-free zone; in 
contrast, if Bo* <  < 1, the calculated SCTB can be even larger than the whole domain, so 
all bubbles may be stably trapped.

(6)𝜕S

𝜕t̃
=

𝜕

𝜕z̃

[
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𝜕z̃
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(7)dS
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In addition, we note that whether the mean residual saturation Sr exceeds Scrit is another 
important parameter that determines the ripening kinetics, which is not unique to our ideal 
model of PC(S) and C(S) in Eqs.  (2) and (3): a slowly changed Pc at low S and a fast-
increasing Pc at high S is general for most cases (Bear 1996; 2013; Lake et al. 2014).

Accordingly, we could identify 4 regimes of bubble ripening in the Bo*-Sr space:

• Regime I: Bo* >  > 1, Sr > Scrit;
• Regime II: Bo* >  > 1, Sr < Scrit;
• Regime III: Bo* <  < 1, Sr > Scrit;
• Regime IV: Bo* <  < 1, Sr < Scrit.

In this section, we set up scaling arguments between equilibrium time  teq and the space 
scale in each regime.

3.1.1  Analysis of Regime III

In Regime III, Bo* <  < 1 and capillarity plays a dominant role when S ∈ [Scrit, Scrit]. Accord-
ingly, Bo* is small and could be neglected compared to the capillary potential gradient. In 
addition, C = 1 always holds so K̃ = 1 . Equation (6) could then be rewritten as:

It is in form of simple diffusion equation. Taking into consideration that linear corre-
lation is set between and P̃C and S when S ∈ [Scrit, Scrit], dimensional analysis of Eq.  (8) 
yields the scaling between time Δt and the corresponding change in stratum thickness Δh:

Therefore, we could estimate that teq ~ H2 in Regime III. This scaling can be verified by 
an analytic solution. With the Eq. (6) and boundary condition J(z = 0, z = H) = 0, we could 
compute the ripening process. For simplicity, we only keep the first term of the Fourier 
expansion of the solution, which could be described as:

The first two terms in this analytical solution correspond to the equilibrium profile. 
The amplitude of the last term decreases sharply with time, and this term transfers the 
profile from fluctuant to linear. We note that when K*Pt/H2 = 0.4, the last term is small 
enough and the system is nearly equilibrated. Then, we define the equilibrium time  teq = 0.4 
H2/K*P ~ 0.4 tc. Easy to see that teq ~ H2, just as the classical diffusion (Deen 1998).

At the equilibrium, gravity only minorly modifies the saturation profile, and the whole 
domain is in SCTB. The whole stratum is thus stably trapping the bubbles. If gravity is 
totally ignored (Bo* = 0), the slope of SCTB is zero, saturation will tend to be uniform and 
equilibrate at Sr.
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3.1.2  Analysis of Regime I, II, and IV

In Regime I and Regime II, Bo* >  > 1, thus gravity dominates. According to Eq. (7), the 
slope of SCTB is sharp and the capillary trapping region is negligible compared to the 
domain size. Dissolved gas will transfer upward and gathers as a gas cap at the top. The 
diffusion flux could be simplified as J≈-K∆ρg as we neglect the capillary effect.

In Regime IV, Bo* >  > 1 and the initial saturation Sr < Scrit. According to Eq.  (2), 
PC = PC, min is a constant, so the diffusion flux J = K∆ρg. Therefore, gas still moves 
upward driven by gravitational potential regardless of small Bo*. When the saturation 
increases to Scrit, capillary pressure becomes very sensitive to S, and even small increase 
of S would induce huge pressure gradient. Therefore, according to Eq. (6), the satura-
tion gradient in S > Scrit region can be neglected, appearing like a plateau of saturation 
near Scrit.

Therefore, the redistribution kinetics in these three regimes could be reduced to one 
form: gas is vertically transferred with diffusion flux J = K∆ρg toward a plateau of fixed S 
where diffusion flux J reduces to 0. We could thus simplify the saturation profile during the 
evolution to be a constant function.

where Seq = Smax for Regime I and II, Seq = Scrit for Regime IV, zt and zb are the top front and 
the bottom front of the initial saturation zone. According to Eq. (6), the relation between 
time Δt and the corresponding change in Δzt and Δzb could be written as:

We could therefore identify the scaling of teq ~ H in this situation. We get the analytical 
solution of equilibrium time, which verifies the scaling relation is in a simple form:

Detailed deduction could be seen in the Supplemental Information.
These above analytical solutions would help us to estimate the actual time scale of rip-

ening process. We use a 2 m thin strata at 2 km deep and with  CO2-water system as an 
example. If S = 0.4 and Bo* >  > 1, the gas cap may form in top 50% space of this strata, 
according to Eq.  (12), that is shorter than effective mineral trapping time scale, and the 
equilibrium time is 8000  years. Nevertheless, for a 20  m strata, the equilibrium time is 
80000 years, that is comparable with mineral trapping; nevertheless, the ripening spatially 
redistributes the fluid, so the fluid-reaction relation is still affected by this ripening process.

(11)S =

⎧⎪⎨⎪⎩

Seqz ≥ zt
Srzb ≤ z < zt

0z < zb

(12)
Seq−Sr

Δt
≈

0−(−KΔ�g)

Δzt

(13)
Sr−0

Δt
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0−(−KΔ�g)

Δzt

(14)teq =
H

KΔ�g
⋅

Sr(Seq−Sr)
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3.2  Numerical Simulation for Homogeneous Media

Numerical simulation in 1-D can be conducted using finite differential method. Detailed 
discussion and numerical process of this part could be seen in the Supplemental Informa-
tion. Without loss of generality, we set Scrit = 0.3, Smax = 0.8 in the following case stud-
ies. Gas and liquid properties correspond to 10 MPa and 60 °C  CO2 and water, which is 
among reasonable  CO2 sequestration operation range. We set K* = 2.81 ×  10–16  m2/Pa·s, 
K0 = 4.01 ×  10–18  m2/Pa·s. Details are shown in the supplemental material.

3.2.1  Qualitative Demonstration of Gravity Effect

Figure 2 shows the comparison between no-gravity ripening and gravity-assisted ripening. 
The new model well reproduced our earlier results using old model, in this ideal scenario. 
It shows that in the absence of flow, gravity induces the growth of bubbles at the top at 
expense of dissolution of bubbles at the bottom. The time scale for local capillary equilib-
rium is within hundreds of years that is much shorter than mineral trapping; however, the 
time scale for equilibrium is ~ 6000 years that is mildly shorter than mineral trapping. The 
formation of gas cap may pose the risk of leakage.
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Fig. 2  Evolution of saturation profile in a 1  m thick strata. We set PC, max = 2333  Pa, PC, min = 800  Pa, 
H = 1  m. We denote teq as the time for equilibrium. In this paper, when the total error 
1

∫
0

||S − St→∞
||dz̃ < 1 × 10

−4 , we think equilibrium is already achieved
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3.2.2  Ripening Kinetics in Four Regimes

We conduct numerical simulations for four regimes. Key parameters are:

• Regime I: H = 23  m, PC, max = 2333  Pa, PC, min = 800  Pa, Bo* = 98, Sr = 0.2, tc = 2 × 
105 year

• Regime II: H = 23  m, PC, max = 2333  Pa, PC, min = 800  Pa, Bo* = 98, Sr = 0.5, tc = 2 × 
105 year;

• Regime III: H = 0.1  m, PC, max = 23333  Pa, PC, min = 8000  Pa, Bo* = 0.05, Sr = 0.2, 
tc = 35 year;

• Regime IV: H = 0.1  m, PC, max = 23333  Pa, PC, min = 8000  Pa, Bo* = 0.05, Sr = , 
tc = 35 year;

We compare the analytical solutions for all four regimes against numerical simulation 
results, as shown in Fig. 3. It shows that the kinetics and saturation profile in simulation are 
in good matching with analytical solutions.

In addition, numerical simulations validate the scaling argument we derived earlier. If 
Sr > Scrit, the equilibrium time teq is proportional to H2 when Bo* <  < 1, and proportional 
to H when Bo* >  > 1; If Sr < Scrit, teq is proportional to H regardless of Sr, although the 
pre-factor is different for Bo* <  < 1 and Bo* >  > 1. If the stratum has a small thickness and 
small pores (Bo* <  < 1), gas saturation is moderate (Sr > Scrit), capillary trapping will have 
the biggest efficiency.

4  Ripening in Strata with Spatial Contrast of Pore Size

Real strata are heterogeneous that the average pore size varies significantly, especially in 
the vertical dimension, as they consist of a sequence of different thin layers. Although 
the diffusion coefficient’s change with porosity and tortuosity are always relatively minor 
(Saripalli et al. 2002), the pore size change may results in Pc change over several orders 
of magnitudes that poses additional driving force to ripening. Therefore, it is necessary to 
study the influence of pore size heterogeneity on the diffusive evolution.

In this section, we focus on a simplified case that the domain consists of two regions 
with pore size contrast. Two domains are of same thickness. H1 = H2 = H/2. We donate the 
upper one as domain 1 and the lower one as domain 2. The two domains are different in 
pore sizes, so the function PC-S are different for the two domains. All other properties such 
as pore shape are the same, so the value of K, Scrit,and Smax in two domains are identical.

To quantify the Pc contrast, we define γ = ∆PC, 2/∆PC, 1. When conducting numerical 
simulations, we set Scrit = 0.3, Smax = 0.8, the initial saturation Sr and other properties are 
the same in two domains.

4.1  Redistribution in Absence of Gravity

We first consider the no-gravity case. Ripening is driven only by the PC contrast between 
the two domains that depends on γ. Without loss of generality, we set domain 2 is of larger 
PC so γ > 1. Gas transfers from domain 1 to domain 2 until the two domains share the same 
capillary pressure.
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Fig. 3  The up row: a comparison between numerical simulation(NS) and analytical solutions(AS) of 4 
types of the ripening process in homogeneous strata. In regime I, Sr > Scrit, Bo* >  > 1, the thick gas cap will 
form with a high risk of leakage. In regime II, Sr < Scrit, Bo* >  > 1, the thickness of the gas cap is smaller 
than regime I because of the small gas amount. In regime III, Sr > Scrit, Bo* <  < 1, the whole strata could 
trap bubbles stably. It’s the most efficient trapping condition. In regime IV, Sr < Scrit, Bo* <  < 1, SCTB is 
small because of the small gas amount. In conclusion, if Bo* <  < 1, increasing the concentration of the 
injected gas can improve the efficiency of storage; but if Bo* >  > 1, the efficiency of storage cannot be 
increased by Sr, and the safety of trapping is reduced because of the existence of a thick gas cap. The low 
row: Scaling relation between teq and H. b Sr < Scrit, teq ~ H regardless of Bo* with a different coefficient. c 
Sr > Scrit, teq ~ H when Bo* > 1 and when teq ~ H2 when Bo* < 1 
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If γ approximates to 1, the heterogeneity is weak, and the equilibrium could be 
approached with slight saturation redistribution. It qualitatively matches Li et al. (2022). 
An analytical solution can be derived as:

where � =
√
�  , tan

(
�m

)
= −� tan

(
��m

)
,�m = −

KP2�
2
m

H2∕4
,Am =

cos (��m)
cos (�m)

 , 

Bm =
2 sin (�m)Am(Pc2,0−Pc1,0)

�m(A2
m
+�)

 , Pc1,0 , Pc2,0 are the initial capillary pressure in the two domains, 
respectively. The detailed deduction could be seen in the supplemental material.

However, when γ >  > 1, even Pc, min in domain 2 is larger than PC,max in domain 1. As 
a result, the mass in domain 2 has to merge into domain 1, until saturation in domain 2 
drops below δ or saturation in domain 1 grows to Smax. Under this condition, gas satu-
ration in domain 2 will first decrease to Scrit soon enough, and the diffusion flux at the 
boundary decreases sharply because of the smaller rate constant K0 once bubble-free 
zone forms. Then the bubble-free zone enlarges, and diffusion flux continues to decrease 
because of the transfer distance enlargement. We note that this case highlights the necessity 

(15a)Pc1(z, t) =
∞∑
m=1

Bm cos

�
2��m

H−z
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�
e−�mt

(15b)Pc2(z, t) =
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m=1

AmBm cos

�
�m

2z

H

�
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Fig. 4  Comparison between numerical simulation (NS) and analytical solutions (AS) of evolution process 
in heterogeneous strata. a γ = 1.1, capillarity contrast is small. Capillarity drives bubbles in domain 2 with 
higher PC to domain 1 with smaller PC. At equilibrium, the saturation profile is slightly redistributed in a 
small range. b γ = 5, capillarity contrast is huge. The bubble-free zone will form in domain 2 until all bub-
bles in domain 2 transfer to domain 1. When the bubble free zone appears, the ripening process slows down
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of modification in K (Eq. 5), without which the kinetics would be highly overestimated. We 
denote hb as the thickness of the bubble-free zone. we get the analytical solution to figure 
out the relationship between t and hb:

where A =
2P1Sr

H
 , B = ΔPc1

(
�−1

F−1
− 2

Sr−Scrit

ΔS

)
 . This solution validates that the rate of the rip-

ening process decreases as the bubble-free zone enlarges.
The numerical solutions of ripneing kinetics for both γ ~ 1 and γ >  > 1 cases are shown 

in Fig.  4. Both the evolution of S (black lines) and the evolution of Pc (red lines) are 
shown. We thus clearly demonstrate the separation of saturation with homogenization of 

(16)t =
Sr

K0A
2

(
−Ahb − Bln

(
1 −

A

B
hb

))

Fig. 5  a Quadrant division for bubble ripening in heterogeneous strata in the presence of gravity. b Numeri-
cal simulations for bubble evolution in 4 Regime. γ > 1, the bottom stratum has the bigger PC, heterogeneity 
strengthens the upward transfer. γ < 1, the top stratum has the bigger PC. If only considering capillarity, 
gas will transfer downward contrary to the gravitational trend. At equilibrium, gas is multi-layer distributed 
when γ is moderate
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capillary pressure. We note that ripening without gravity in heterogeneous strata may take 
a long time.

4.2  Redistribution with Both Gravity and Capillarity Contrast

Gravitational gradient drives the bubbles upward and is invariable all the time, while cap-
illary gradient drives the gas to migrate along pore size gradient. Therefore, we identify 
4 regimes of bubble ripening by γ, Bo*

1 and Bo*
2 shown as Fig.  5a. Regime I: γ <  < 1, 

Regime II: γ < 1, moderate γ, Regime III: γ < 1, γ≈1, Regime IV: γ > 1.
For Regime IV, γ > 1. It indicates that the lower stratum has the bigger capillary pres-

sure. Gravitational gradient and capillary pressure are thus synergistically driving the gas 
upward. The competition between gravity effect and capillary effect is much similar to the 
ripening in homogeneous strata, although with qualitatively different kinetics.

For Regime I to Regime III, γ < 1. In such cases, capillarity drives gas downward, while 
gravity drives gas upward. In Regime III with negligible capillarity contrast, gas satura-
tion will redistribute just as in the homogeneous stratum. In Regime I with huge capillar-
ity contrast, all the bubbles transfer to the lower stratum, and the effect of gravity could 
be ignored. However, with moderate γ, as in Regime II, a big capillary pressure differ-
ence drives gas transfer toward domain 2 (the lower one) and generates a bubble-free zone 
between them. We denote the pressure at the two boundaries of the bubble-free zone as 
Pb, upper (small invariable gravitational pressure and bigger variable capillary pressure) and 
Pb, lower. As Pb, upper = Pb, lower, the system is balanced overall. Therefore, continuous strata 
may be separated into two layers by a bubble-free zone as a result of the conflicting capil-
lary potential contrast and gravity potential gradient. In Supplemental Material, we make a 
simple estimation about the scope of γ for Regime II.

The numerical solutions of ripneing kinetics for both γ ~ 1 and γ >  > 1 cases are shown 
in Fig. 5. Both the evolution of S (black lines) and the evolution of PC-∆ρgz (red lines) are 
shown. We thus clearly demonstrate the separation of saturation with homogenization of 
total potential. In presence of gravity, equilibrium time of ripening in heterogeneous strata 
may shorter than  104, gas cap may form before mineral trapping taking effect.

Fig. 6  The numerical simulation for bubble evolution in 20-layer heterogeneous strata. In the beginning, 
gas will be separated into multiple domains. And for the long term, gas tends to move upward but strata 
with huge PC will still be free of gas
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5  Ripening in Multi‑Layer Heterogeneous Media

To be more practical, we set 20 layers in series with capillary pressure changing from ∆PC 
changes from 2.31 ×  102 Pa to 1.01 ×  104 Pa randomly. The total height of the strata is 
10  m. The ripening process is shown in Fig.  6. In the beginning, capillarity dominates 
locally, and the total potential of bubbles in strata tends to be uniform. Gas will be sepa-
rated by multiple layers because of the pore size contrast. Strata with smaller pores and 
bigger capillary pressure may form a bubble-free zone and strata with bigger pores and 
smaller capillary pressure may form a gas cap. Later, because the mean Bond number is 
much larger than 1, gravity is still the globally dominant driving force in the long-term 
time. It takes 2.7 ×  105 years for ripening equilibrium.

The results show that, capillarity dominates local distribution of gas that concentrates 
local saturation in domains with low Pc; however, for the whole strata, gravitational gra-
dient dominates, that moves gas upward globally. The scale of capillarity and gravity in 
ripening can thus be separated.

6  Limitations and Implications

We note that convection itself plays a crucial role in gas redistribution hydrodynamically 
(Nield and Bejan 2006). Due to the unfavored density distribution, circumflux may emerge 
that enhances the mass transfer (Ho et al. 1998). It should be studied in future invesitgation 
to better predict the kinetics. Nevertheless, we emphasize that, in a close system, such cir-
cumflux may not change the final thermodynamic stable profile.

In addition, we also neglect chemical reactions, which should be considered in a practi-
cal scenario. According to IPCC 2006 (Eggleston et  al. 2006), chemical reactions result 
in mineral trapping, which becomes important after thousands of years. As this time scale 
may have some overlap with the ripening process, more practical study is needed further to 
estimate the interplay between chemical reactions and ripening.

Vertical variation of gas solubility, 3-D effects, and the geothermal gradient are not dis-
cussed here, which is acceptable only when the stratum thickness is much smaller than 
the depth. If we are to consider these factors, analytical solutions become non-trivial, and 
complicated numerical simulations are required. A detailed study is deferred to the future.

Unfortunately, due to its long time scale, experiments are currently not available to vali-
date the gravity-induced ripening in porous media. Appropriate design may provide future 
experimental evidence or chanllenge to the theory. For example, the gravitational accel-
eration can be amplified by centrifuge; careful selection of high-solubility and low-tension 
system can help to reduce the time scale.

We also note that this ripening may not be the only important in  CO2 sequestration. It 
may be even more significant in many small-scale scenarios, such as the relaxation pro-
cess after intensive degassing process during oil and gas recovery (Lake et al. 2014; Lee 
et al. 2016), and water management in a fuel cell (Andersson et al. 2016; Lu et al. 2010). 
If strong external fields exist, such as extreme temperature gradient, such as that in porous 
heat exchanger for MEM systems (Kim et al. 2000), similar phenomena may also happen.
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7  Conclusion

We modify the Darcy-scale model of Ostwald ripening in porous media to incorporate 
the influence of gas bubbles in mass transfer. By introducing a simplified Pc(S) function, 
we can derive analytical solutions for the evolution kinetics and equilibrium states of gas 
redistribution under extreme ideal conditions. Simple 1-D numerical simulation is also 
conducted.

It is found that gravitational potential can drive upward migration of  CO2 even in 
absence of convection. The gas cap may finally form even all gas is initially trapped as 
bubbles when the Bond number is much larger than 1. Four regimes of bubble ripening 
are identified according to the Bond number and initial gas saturation, with analytical solu-
tion achieved. Through the analytical solution and numerical simulation, we calculate the 
proportional relationship with the equilibrium time teq and the space scale H. Only when 
Bo* <  < 1 and Sr > Scrit, teq ~ H2 just as the classical diffusion. In other situations, teq ~ H. 
Analytical solutions match well with numerical simulation results.

What’s more, we show that pore size heterogeneity has a great impact on the ripening 
process. When the pore size gradient is downward, the capillary pressure gradient is com-
peting with the gravitational gradient and results in complex gas redistribution behavior. 
We derive analytical solutions for simple two-layer models. For a more complex multi-
layer case, we show that capillarity dominates and shapes the local saturation profile in a 
short time, while gravitational potential still determines the global saturation profile in long 
term.

This approach may have a potential application, not only in estimating carbon sequestra-
tion safety but also in porous systems that gas generated and evolve under strong external 
fields.

Supplementary Information The online version contains supplementary material available at https:// doi. 
org/ 10. 1007/ s11242- 022- 01794-4.
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