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We show that smaller gas bubbles grow at the expense of larger bubbles and all bubbles approach the
same surface curvature after long times in porous media. This anticoarsening effect is contrary to typical
Ostwald ripening and leads to uniformly sized bubbles in a homogeneous medium. Evolution dynamics of
bubble populations were measured, and mathematical models were developed that fit the experimental data
well. Ostwald ripening is shown to be the driving mechanism in this anticoarsening phenomenon; however,
the relationship between surface curvature and bubble size determined by the pore-throat geometric

confinement reverses the ripening direction.
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Coarsening of particles, drops, and bubbles, or Ostwald
ripening [1] is a well-known phenomenon that occurs in
two-phase or multiphase mixtures such as foam and emul-
sions [2—4] and in nanoparticles synthesis processes [5—7].
During an Ostwald ripening process in an open system, the
gas in small bubbles, for example, dissolves in the surround-
ing fluid and diffuses to larger bubbles to grow them. This
mass transfer is driven by higher capillary pressure or
chemical potential of the gas in the small bubbles relative
to that in the larger bubbles. Ostwald ripening reduces the
surface energy. Lifshitz and Slyozov [8] proposed a theory
of a steady-state growth regime with the average cluster size
R increasing in time following R o« *(a € [0, 1]), which
was further improved by others [9-16].

Theories proposed to quantify the kinetics of the evolu-
tion of bubble size during Ostwald ripening are based on an
assumption of an open system, where bubbles or other
particulate phases (i.e., droplets, particle clusters) can grow
freely without any restriction from a closed boundary and/or
geometric confinement [9,16,17]. A few experiments and
simulations have shown that geometric confinement does
affect the dynamics of Ostwald ripening. Numerical simu-
lations reported [18,19] for a two-dimensional (2D) fiber-
shaped channel network, specifically representing the Vycor
glass structure, showed that the Ostwald ripening slows
down considerably, although no direct experimental evi-
dence were available. Huang et al. [20] recently showed
experimental results that 2D arrays of micropillars can limit
the growth of bubbles, although no quantitative comparison
to a model were provided to describe the evolution of the
bubbles.

In nature and industrial applications, one of the most
common geometric confinements are micron-scale 3D
porous media consisting of interconnected pores segregated
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by solid grains, as appears in soils, rocks, packed beds, and
many membrane systems, where pore bodies with relatively
larger sizes and throats with relatively smaller sizes are
periodically distributed. Ostwald ripening in such a geom-
etry is significant for understanding the distribution of
nonaqueous phase liquid (NAPL) pollutants in soil and
aquifer systems [21], enhanced oil recovery (EOR) [22,23],
flow in fuel cell membranes [24], and CO, storage in
underground stratums of porous rock [25,26], where
bubbles and droplets are confined and trapped in pores
due to large capillary forces.

Here we show that the evolution of the size of bubbles in
a micron-scale porous medium is very different from that in
an open system. Unlike the coarsening typically observed
in open systems, an initially polydisperse population of
bubbles will ultimately become monodisperse and there is
egalitarianism in bubble size for sufficient confinement in a
homogenous porous medium, with gas from the larger
bubbles diffusing to smaller bubbles. Experimental mea-
surements of the size distribution and curvatures of the
bubbles were conducted on a glass micromodel, and a
theoretical model was developed that accurately predicts
the dynamics of individual bubbles and evolution of the
bubble population towards a uniform size.

In an open system [Fig. 1(a)], there is a positive feedback
between the bubble size and the bubble growth rate.
Governed by the Laplace equation (the capillary P, = yx,
where « is the curvature of bubble surface and y is the surface
tension), a growing bubble has decreasing surface curvature,
leading to decreasing capillary pressure and lower chemical
potential for the gas, which increases the driving force to
further grow the bubble from smaller ones. However, in a
porous medium, geometric confinement can reverse this
feedback. As shown in Fig. 1(b), when a bubble is large
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b) Ostwald Ripening in Porous Media

(a) Ostwald Ripening in Open System
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FIG. 1. (a) Schematic of typical Ostwald ripening in an open
system. Driven by the capillary pressure difference gas molecules
diffuse from a smaller bubble with high gas pressure to a larger one
with lower pressure, until the small bubble disappears. (b) Ostwald
ripening in homogeneous porous media. Because of the geometric
confinement, the larger bubble can have a larger capillary pressure
than the smaller one, driving gas molecules from the larger
bubble to smaller one, until they reach the same shape and
capillary pressure. (c) Sketch of the relationship between relative
bubble volume and curvature in a 2D array, which is nonlinear.
(d) Curvatures measured from experiments compared to that
predicted by the 2D model presented in this Letter. The curvatures
are measured during the ripening process. Case 1-4 represent the
size-curvature relationship during the ripening of 4 different
bubbles, as described in Supplemental Material [27].

enough to be deformed by the solid grain, the capillary
pressure would increase, rather than decrease, with an
increase in droplet size. Figure 1(c) shows a typical relation-
ship between relative bubble volume (defined as the ratio of
bubble volume to pore volume) and surface curvature
(which is proportional to capillary pressure) in a 2D
medium, with circular grains with diameters of 165 ym
and throats with widths of 35 ym. The bubble is assumed at
rest and the internal and external pressures are in equilib-
rium. The capillary pressure does not decrease monotoni-
cally with the volume of the bubble. Near one pore volume,
capillary pressure is at a minimum when the bubble edge just
contacts the surfaces of the grains. Above this size bubbles of
varying volumes are shown to have almost linearly increas-
ing curvature as they become larger and are constrained by
the surrounding porous medium [Fig. 1(d)]. A similar trend
is also observed when the bubble is larger than one pore
volume. Thus, a larger bubble can have a larger capillary
pressure than smaller bubbles, leading to gas molecular
diffusion from larger bubbles to smaller bubbles, until they

achieve the same capillary pressure. For the simple two-
bubble case shown in Fig. 1(b), those two bubbles eventually
reach the same size.

In order to validate this hypothesis, a homogeneous,
2.5D glass micromodel [30] was fabricated to observe
bubble evolution in porous media. The micromodel con-
sists of a periodic 2D array of grains and pores, but with the
local depth of the throats being shallower than the pores.
This introduces a key 3D feature that allows for capillary
snap off not seen in typical 2D micromodels. The depth of
the pore body & is 26.4 + 1 um, the grain diameter is
165 um, the distance between the centers of two neighbor-
ing grains D; is 200 um, and the width of throat (at the
narrowest cross section) is 35 pm.

Deionized (DI) water (surface tension y = 71.2 mN/m)
and surfactant aqueous solutions (0.005 wt% with y =
35.1 mN/m and 0.1 wt % TX-100 with y = 25.4 mN/m)
are used as aqueous phases. Liquid phases are dyed for
clearer visualization. Air was applied as the gaseous phase.
The experimental pressure is 1 atm. Bubbles are generated
by coinjection of two phases into the porous medium and
gas being trapped in the pore bodies due to the capillary
pressure. Several microscopic images were taken over
several days, during which the size distribution of the
bubbles evolves. Bubble sizes and curvature are captured
from microscopic images.

Details of the micromodel fabrication and characteriza-
tion, flow experimental operation, and image analysis
methods are described in the Supplemental Material [27].

A confirmatory experiment was conducted with a
surfactant stabilized gas-in-water system. Microscopic
images at time O and after 120 h of ripening are shown
in Fig. 2. Initially, both small and large bubbles are
observed. However, after 120 h of ripening, the size
distribution of bubbles becomes narrower. The statistics
of bubble sizes are shown in Fig. 3. The size distribution of
bubbles is initially wide: about 30% of bubbles are smaller
than 60% of one pore volume, and about 20% are larger
than 80% of one pore volume. After 120 h of ripening,
more than 97% of the volumes of all bubbles fall in the
interval of 60% to 80% of one pore volume. These results
agree with our hypothesis of confinement causing large
bubbles to shrink to grow the smaller bubbles, contrary to
the coarsening effect observed in open systems.

A mathematical model of the bubble size distribution
dynamics was developed to better understand and predict
this anticoarsening effect in porous media. In order to
achieve a simplified but useful model, we assume the
following: (i) The porous medium is homogeneous. (ii) The
average bubble volume is larger than the maximum volume
of a spherical bubble that can fit in the pore body (critical
volume, at which volume the capillary pressure is at a
minimum). This is always true according to previous
observations in micromodels [31] and in our experiment.
It should be noted that existence of very small bubbles may
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FIG. 2. Evolution of bubble sizes at two different times.
(a)—(c) Microscopic image, color-modified image, and close up
of color-modified image of the bubble-in-water system in micro-
model at time 0. (d)—(f) Microscopic image, color-modified image,
and close up of color-modified image of the bubble-in-water
system after ripening for 120 h. Images in the same column share
the same scale bars. The brown regions are grains, blue regions are
filled with aqueous phase, and the yellow regions are bubbles.
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make the average bubble volume smaller than the critical
volume; however, some of those very small bubbles can
disappear in a relatively short time due to classical Ostwald
ripening with volume transferred to other bubbles, which
finally brings the average bubble volume above the critical
volume, as shown in supplemental experiments and dis-
cussion presented in the Supplemental Material [27].
(iii) There is no more than one bubble in one pore. If
there is no strong interfacial stabilizer [32] to prevent
coalescence, this assumption is likely to hold after flow is
ceased. (iv) One bubble occupies no more than one pore.
This assumption holds if capillary snap-off can occur
(which is always true in 3D porous media and in this
2.5D micromodel [30]), or after adequate shearing and
pinching on droplet or bubbles when flowing in porous
media [31,33-36]. (v) The total number of bubbles is
constant during the experiment. As very small droplets will
dissolve into the liquid in very short time, the existence of
those bubbles can be neglected if the ripening time is on a
much longer time scale. (vi) Total gas volume is constant,
with no flow and no gravity effect.

Based on above assumptions, we derived analytical
models for both single bubble ripening dynamics and for
bubble population ripening dynamics. Detailed derivations
are presented in the Supplemental Material [27], and a brief
framework is shown in the following paragraphs.

As a first order approximation, we only consider the
interaction between neighboring bubbles to model the
evolution of a single bubble. Similar to the Ostwald
ripening in an open system, the difference in capillary
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FIG. 3. Evolution of bubble size distribution from the experi-
ment in Fig 2. (a) The percentage of bubbles falling into different
volume intervals, after ripening for 0, 12, 60, and 120 h. (b) The
cumulative bubble volume distribution curves, after ripening for
0, 12, 60, and 120 h.

pressure is the driving force. Thus, a single bubble’s
volume change rate should be proportional to the average
difference of capillary pressure between a bubble and its
neighbors (AP,), defined as

— 1
APCZEZ(PCJ_PC.O)? (1)
where n is the number of neighboring bubbles of the
specified bubble, P, is the capillary pressure of the
specified bubble monitored, and P.; is the capillary
pressure of a neighboring bubble, i. Based on Fick’s law
of diffusion and Henry’s law of gas-distribution equilib-
rium, we find that the dynamics of growth or shrinking of a
single bubble in a porous media is given by

dv AP

P

ar T

pliquas Acrosngas—liq
X
P gasM liq K?

where k ~

(2)

264502-3



PRL 119, 264502 (2017)

PHYSICAL REVIEW LETTERS

week ending
29 DECEMBER 2017

1is the average mass transfer distance between the specific
bubble and its neighboring bubbles, pjq and p,,, are the
densities of liquid phase and gas phase, respectively, Mg
and M;q are the molecular weight of the gas phase and liquid
phase, respectively, A, 1S the average effective cross
section of the diffusion pathway, D,,_j;q 18 the gas diffusion
coefficient in the liquid, and K”* is the Henry’s law volatility
constant defined as the ratio of gas phase pressure divided by
gas molar ratio in the aqueous phase. Small amount of
surfactant, bubble size distribution, and phase ratio do
not affect k. Clearly, larger interfacial tension, smaller
distance between two pores, better connectivity can accel-
erate ripening on a specific bubble.

It is useful to define an appropriate statistical indicator
to characterize the bubble volume distribution. Here we
introduce U, the half total absolute deviation, which is
defined as

1
U=5 Vi=Val. (3)
where V; is the volume of bubble i, V,, is the average
bubble volume in the system. We chose U as a distribution
indicator because of its clear physical meaning: U is the
minimum amount of gas to diffuse globally in order to
achieve monodisperse bubbles.

By summing the ripening dynamics of all individual
bubbles [Eq. (2)] to describe the evolution of U, combined
with some linear approximations, we finally find the
ripening dynamics of a bubble population is given by

1
U = Uyexp <——nav}, t>, 4)
Heq lO

where U is the value of U at time 0, pq is a constant
determined by fluid properties and the porous medium
geometry, with no relationship to operational parameters.
n,, is defined as the average neighboring bubbles number
of a bubble in this system, which is estimated by single pore
volume, V., the gas saturation S, V,,, and average pore
connectivity n as ng, & (Vpore/ Vay)Sgno. Iy is the mass
transfer distance between the surfaces of two bubbles in
neighboring pores (which could also be defined as the
length of a throat). It should be noted that Eq. (4) is a
completely theoretical model, and all parameters in Eq. (4)
can be directly measured or estimated from the geometry of
porous media and fluid properties before getting any
ripening data, and without any empirical constants.

In order to validate these derived models, five indepen-
dent experiments were conducted on the same micromodel.
Key parameters are shown in Table I. During the experi-
ments, all listed assumptions were observed valid. Bubble
size distribution data and the validation of single-bubble
ripening model [Eq. (2)] is shown in the Supplemental
Material [27].

TABLE I. Parameters for five experiments.

Expt.1 Expt2 Expt.3 Expt4 Expt.5
y (mN/m) 71.2 254 25.4 35.1 35.1
S, 0.700 0396 0.440 0.581 0.696
Uy (PVs) 4.74 2.99 2.66 3.54 5.70
Vae/Vore (PVs) 0.802  0.699 0.705 0.766  0.834

Figure 4 show the evolution of the bubble population
during ripening process from experiments, compared to the
theoretical model. The time evolutions of U for five
independent experiments are shown in Fig. 4(a). A decel-
eration in ripening rate is observed. As shown in
Fig. 4(b), all data from five independent experiments
collapse onto one curve, with the unified scale factor
(by fitting)ueq = 2.8 x 10" Pas, which closely matches
our theoretical prediction of peq (3.2 X 107 Pas). The
prediction of ., is shown in the Supplemental Material
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FIG. 4. Modeling of bubble population ripening dynamics.
(a) The evolution of Uy — U for five experiments, where those
five sets of data follow different curves. (b) Fitting of five sets of
data against Eq. (4), where the evolution curves of five experi-
ments collapse into one.
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[27]. The excellent matching between the model predic-
tions and experimental observations validates Eq. (4).

In summary, we show that the direction of Ostwald
ripening of bubbles is reversed in porous media due to
confinement. Under certain circumstances, the system can
even achieve egalitarianism among the bubbles in terms of
their size. That is, gas bubbles with a wide size distribution
trapped in a porous medium will evolve into a monodisperse
size distribution. This anticoarsening effect is driven by the
capillary pressure difference, and directed by the micron-
scale geometric confinement. The evolution dynamics on
bubble population is described by Eq. (4), which is a
completely theoretical with no empirical parameters.
Experiments conducted on a 2.5D micromodel proved those
ripening dynamics models, with the bubble population
evolution dynamics model match the experimental data well.

Based on our experiments and models, this anticoarsen-
ing effect significantly changes the bubble size distribution
in tens of hours. Thus, understanding this anticoarsening
effect of bubbles or droplets in porous media is of great
significance for better description and operations in many
applications which involve time scales similar to or longer
than several hours, such as underground storage of carbon
dioxide (decades to centuries), the formation and concen-
tration of oil and gas in reservoirs (millions of years),
transport of NAPLs in soil (days or even years), and foam-
based enhanced oil recovery (months to years).

However, it should be noted that the model presented here
is for idealized homogeneous porous media, so the mod-
ifications of those models should be introduced when
heterogeneity occurs. In addition, if there are a significant
number of bubbles larger than one pore volume without snap
off, the monodisperse bubbles will not be achieved. When
flow occurs, all diffusion related calculations must be
rederived. All those problems should be analyzed in future
work. Regardless, the conclusion that geometric pore-throat
confinement will drive all survived bubbles towards iden-
tical capillary pressure (i.e., identical surface curvature at
free interfaces) is applicable to multiphase behavior in
underground aquifers, hydrocarbon reservoirs, fuel cell
systems, and the deep stratums for CO, storage hydrocarbon
reservoirs, when the capillary forces are dominant.
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