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Bubble dynamics inside an outgassing hydrogel confined in a Hele-Shaw cell
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We report an experimental study of bubble dynamics in a non-Newtonian fluid subjected to a pressure decrease.
The fluid is a hydrogel, composed of water and a synthetic clay, prepared and sandwiched between two glass plates
in a Hele-Shaw geometry. The rheological properties of the material can be tuned by the clay concentration. As the
imposed pressure decreases, the gas initially dissolved in the hydrogel triggers bubble formation. Different stages
of the process are observed: bubble nucleation, growth, interaction, and creation of domains by bubble contact or
coalescence. Initially bubble behave independently. They are trapped and advected by the mean deformation of
the hydrogel, and the bubble growth is mainly driven by the diffusion of the dissolved gas through the hydrogel
and its outgassing at the reactive-advected hydrogel-bubble interface. In this regime, the rheology of the fluid
does not play a significant role on the bubble growth. A model is proposed and gives a simple scaling that relates
the bubble growth rate and the imposed pressure. Carbon dioxide is shown to be the gas at play, and the hydrogel
is degassing at the millimeter scale as a water solution does at a smaller scale. Later, bubbles are not independent
anymore. The growth rate decreases, and the morphology becomes more anisotropic as bubbles interact because
they are separated by a distance smaller than the individual stress field extension. Our measurements show that
the interaction distance scales with the bubbles’ size.
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I. INTRODUCTION

Bubble growth inside a non-Newtonian fluid mixes numer-
ous fundamental and applied fields. Among them, failure in
amorphous solids results from cavitation inside a viscoplastic
zone at the end of a crack tip [1]. Cavitation and bubble growth
occur inside adhesives under tension [2,3] or inside a drying
gel [4]. Growing a single bubble at the tip of syringe is used
as a local probe to characterize the mechanical properties of
soft materials and biological tissues [5–7]. Bubble nucleation
and growth can also be provoked by pulsed lasers for cutting
biological tissues [8].

The case of an oversaturated fluid containing dissolved
gases leads to diffusion-fed bubble growth mechanisms. After
fermentation of wheat flour dough [9,10] or the processing of
polymer foams [11], the morphologies of the bubbles and of
their formed network have a direct impact on the properties of
the final product. In geology, it is encountered in the outgassing
of volcanic magmas [12] and mantle melts [13].

In Newtonian fluids, the bubble growth from dissolved
gases also happens in multiple situations, and in particular in
carbonated beverages. When a champagne bottle is opened,
the initially pressurized wine undergoes a drastic pressure
decrease: bubble growth is then observed (see a review on the
topic [14]). The rheological fluid properties are then close to
water, and the spatial distribution of bubbles, which is directly
correlated to nucleation sites, is rapidly influenced by gravity
and finally leads to specific bubble columns. Theoretically
Epstein and Plesset [15] studied the diffusion-fed growth of
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a spherical bubble in an oversaturated liquid. Accounting
for the liquid-bubble interface advection and the effect of
surface tension, they calculated the radial concentration of
the dissolved species around the bubble by a competition
between the dissolved species diffusion and their outgassing
at the liquid-gas interface. Several studies extended the case
of Newtonian liquids [16] to more complex rheological
behaviors [17–20].

The models of a single bubble growth deal with the spherical
geometry, which seems in agreement with ductile-like mate-
rials [19]. This is the case as long as bubbles do not interact.
At most, bubbles enter into contact or percolate and can lead
to very complex and anisotropic structures [2,10]. It can be
noted that the geometry can evolve from the regular sphere to
a fracture-like anisotropic shape inside brittle materials when
the bubble growth time scale is faster than the stress relaxation
time [6,21].

In this context, we report an experimental study of the
diffusion-fed bubble growth inside a hydrogel. Such a gel
exhibits both a non-Newtonian behavior and contains a
significant amount of dissolved gases at standard pressure-
temperature conditions. The supersaturation is triggered by a
pressure decrease, and the hydrogel confinement between two
glass plates in a Hele-Shaw geometry enables a direct imaging
of the bubbles growth and morphology in a quasi-2D geometry.
The originality of this work is related to the concomitant focus
on both the growth rate and morphology of the bubbles and to
the study of the onset of the bubble interaction.

As the pressure decreases, bubbles nucleate and start to
grow. The growth dynamics is twofold. In a first regime, the
bubbles behave independently and the growth rate is related
only to the imposed pressure regardless of the bubble size and
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history. The growth rate is driven by the gas concentration
profile in the vicinity of the bubble. It depends on the
diffusive properties in the hydrogel bulk and the saturation
equilibrium at the hydrogel-bubble interface. This regime is
denoted “diluted” since bubbles are too far away from each
other to interact. Bubble morphology is homogeneous and
rather isotropic regardless of the rheological properties of the
hydrogel in our parameter range. In a second regime, denoted
“dense,” bubbles interact. This corresponds to gas fractions
around 5%–10%. The growth rate decreases due to a com-
petition for the dissolved gases, and the bubble morphology
becomes more and more anisotropic with a significant effect of
the hydrogel rheological properties. Bubbles of the same size
begin to interact when the center-to-center bubble distance
becomes comparable to the bubble size.

The article is organized as follows: Sec. II is dedicated to
the experimental setup. Section III deals with the qualitative
observations that are quantitatively described in Sec. IV for the
diluted regime and in Sec. VI for the dense regime. A model
for the diluted regime is presented in Sec. V.

II. MATERIALS AND METHODS

The setup consists in a Hele-Shaw cell filled with a hydrogel
and connected to a vacuum pump to drive the pressure decrease
(Fig. 1). The cell is built with two glass plates (200 × 200 × 10
mm) clamped on both sides of a 1 mm thick waterproof spacer
(for sake of simplicity, the clamping system is not shown in
Fig. 1). The thickness of the spacer was varied between 0.5
and 2 mm, and this spacing did not affect qualitatively the
bubble dynamics. In what follows, 1 mm is chosen as a good
compromise to get a good contrast and prevent superposition
of bubbles in the confining dimension. A hole is drilled through
the upper plate to enable the cell filling and the vacuum pump
connection.

Our hydrogels are made of distilled water and Laponite R©
RD, a synthetic clay manufactured by Rockwood. Composi-
tion of the hydrogel ranges between 0 and 5% of Laponite
in mass. Laponite powder is added in 20 min to water under
strong stirring to ensure a homogeneous dispersion and prevent
flocculation. After 20 min of extra-stirring the mixture is still
relatively liquid and is poured inside the cell. The higher the
Laponite content, the higher the initial gelation of the hydrogel

gel

FIG. 1. Representation of the experimental setup.

TABLE I. Rheological properties of the hydrogels measured by a
cone plate rheometer (angle 1◦). The Young modulus E is determined
by oscillatory shear measurements at 5 Hz. The yield stress σY and
the viscosity η are obtained by fitting the stress-shear rate curve of
continuous shear experiments by a Bingham fluid model.

Hydrogel Elastic modulus E Yield stress σY Viscosity η

composition (Pa) (Pa) (Pa s)

3% 2 ± 2 0.2 ± 0.2 0.025 ± 0.005
4% 500 ± 50 50 ± 15 0.012 ± 0.002
5% 1090 ± 40 115 ± 15 0.010 ± 0.003

and small bubbles are trapped for the 5% hydrogel. For all
compositions, pH measurements give a value around 10, which
is coherent with the fact that the Laponite suspension behaves
as a buffer solution. The cell is then kept at rest for 24 h to
ensure the complete gelation of the mixture. Concentrations
smaller than 2% did not exhibit any gelling behavior. For
higher concentrations, the hydrogel sustains its shape and does
not flow under gravity. The visco-elasto-plastic properties are
measured by a cone plate rheometer (Table I). The rigidity of
the hydrogel changes significantly: both the yield stress and
the elastic modulus vary over a factor 500 between the 3% and
5% compositions.

The pressure decrease is driven by a vacuum pump. It is
connected to the cell through a tubing connection system made
of a three-way valve and two taps (Fig. 1). The valve enables
us to start and stop the pressure decrease process. The first tap
connects the cell and the pump, while the second tap connects
the cell with a closed and large reservoir initially at room
pressure. The second tap generates a leak and decreases the
efficiency of the vacuum pump. By configuring both taps,
both the pressure decrease rate and the final pressure value are
prescribed. The latter is always chosen larger than 30 mbar
to prevent the water vaporization. A pressure sensor and an
I/O card record continuously the pressure evolution in the
system during the experiment. This pressure corresponds to
those imposed at the free interface of the hydrogel. Note that
the cell is never completely filled (Fig. 1) so that the hydrogel
does not enter the tubing connection system when it expands
due to bubble growth.

Finally, the cell is placed on a transmitted light illumination
system, and the dynamics inside the cell is recorded with a
digital camera (Fig. 1). Each bubble is characterized by its
projected area A based on the outermost contour. The growth
rate is given by dA/dt .

III. QUALITATIVE OBSERVATIONS

The main features of the hydrogel evolution are represented
in Fig. 2 for a 4% hydrogel. These concern bubble nucle-
ation, growth, interaction, and finally percolation of gaseous
domains. The vacuum pump reduces the pressure from 1000
to 50 mbar in typically 10 min. Once bubbles appear, they
drift toward the pumping direction to account for the gas
generation and the whole expansion of the hydrogel. Bubbles
do not move inside the hydrogel matrix itself when gelation
is strong enough. This occurs for composition larger than 3%.
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(a) (b) (c)

(d) (e) (f)

FIG. 2. Image sequence of bubbles growth inside a 4% hydrogel with 100 s between two images and a pressure rate −0.67 mbar s−1.
Bubbles are advected toward the pumping direction, here on the right-hand side, due to the global expansion of the hydrogel triggered by the
nucleation and growth of bubbles.

We recorded a temperature decrease, at most 10 ◦C, inside the
hydrogel during an experiment.

Around 500 mbar, nucleations start [Fig. 2(a)] and bubbles
appear continuously leading to typical densities around a few
bubbles/cm2. While they are significantly smaller than the
millimeter scale, it is difficult to observe a deviation from
circularity. When their sizes approach the millimeter scale
[Figs. 2(b) and 2(c)], they develop anisotropy. Fewer supple-
mentary nucleation events are observed when the system enters
the dense regime (Sec. VI).

When bubbles are far from each other, typically for bubbles
separated from their neighbors within a few bubble radii
(Sec. VI), they tend to elongate like ellipses in the direction

perpendicular to the pumping direction. Their shape and
growth rate are not influenced by their neighbors. This regime
is called “diluted.” Note that some isolated bubbles can be
slightly oriented toward the pumping direction. In this regime,
the smaller the pressure, the larger the growth rate of the
bubbles. The higher the amount of the gelling agent, the more
anisotropic the bubbles (Fig. 3).

When bubbles are close to each other [Figs. 2(c) and 2(d)],
they tend to grow in the direction of their neighbors. This
characterizes the “dense” regime and the beginning of the
interaction between bubbles. In this regime, the bubbles growth
rate decreases in comparison with the diluted regime. The
elliptical shapes develop very curved parts in the direction of

(a) (b) (c) (d)

(e) (f) (g) (h)

FIG. 3. Image sequence of bubble growth: (a–d) inside a 3% hydrogel with 130 s between two images and a pressure rate −0.30 mbar s−1,
(e–h) inside a 5% hydrogel with 300 s between two images and a pressure rate −0.45 mbar s−1. Pumping from the right side.
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(a) (b)

FIG. 4. (a) Imposed pressure for three different pressure decrease rates: −30, −1.4, and −0.7 mbar s−1, respectively. (b) Experimental
snapshots obtained at times t1, t2,..., t6. The hydrogel concentration is 4%. The observation field is 2.6 cm × 3.3 cm.

the closest neighbors. Again, the higher the amount of the
gelling agent, the more anisotropic the bubbles (Fig. 3).

Finally, they might enter into contact during their evolution
and form thin films between them. If two bubbles in contact
have a very different size, a coarsening-like behavior is
observed and the small bubble decreases its size for the benefit
of the largest one due to gas transfer through the thin film
[Fig. 2(d)]. Eventually, the breakage of this film results in
the formation of a connected network inside the hydrogel
[Fig. 2(e)]. If the latter percolates and connects with the free
interface, gas is released outside the hydrogel in a few tenths
of a second. After that, the hydrogel heals and cavities close.
Some smaller cavities are still present at the end where former
large cavities were found [Fig. 2(f)].

Changing the pressure decrease rate reveals some specific
behaviors of our 2D geometry. The pressure decrease rate is
characterized by its average value between 250 and 150 mbar,
since the pressure evolution is not linear with time. The effect
of three different pressure rates are shown in Fig. 4. For
the lowest pressure decrease (−0.7 mbar s−1), the bubbles’
evolution is homogeneous whatever the position inside the
cell. For the intermediate case (−1.4 mbar s−1), a gradient of
size appears through the cell. The closer to the free interface
the bubbles, the larger their areas. This effect is even clearer
and more dramatic for the higher pressure decrease rate
(−30 mbar s−1). In that case, bubbles close to the interface
percolate very quickly while bubbles in bulk remain very small.
This effect may be explained by the pressure drop inside the
hydrogel when the material is expanding too quickly. In what
follows, imposed pressure rates will always be relatively slow,
ranging between −0.33 and −0.81 mbar s−1, such that the
internal pressure could be considered as homogeneous inside
the hydrogel. In that limit, we ensure that the hydrogel pressure
equals the pressure at the free interface imposed by the pump
and measured by our pressure sensor.

IV. DILUTED REGIME: EXPERIMENTS

The diluted regime is characterized by a bubble dynamics
that is not influenced by the presence of the neighboring
bubbles. Experiments are performed on several hydrogels and
for various pressure evolutions (Table II). For each of them,

we track the area of the bubbles. This area corresponds to the
darker and outer part of the projected area of the bubble. Data
are recorded as soon as the first bubble becomes measurable
(area around 0.5 mm2) and can be tracked by an automatized
procedure. For each experiment, a few tenth of bubbles inside
the diluted regime are selected and tracked until they reach the
crossover between the diluted and dense regimes (Sec. VI).
Three sets of experiments are presented. The first one consists
of a 3% hydrogel subjected to either a constant pressure or a
pressure decrease. The second one consists of the same 3%
hydrogel subjected to three different pressure decreases. The
third one consists of three different hydrogels (3%, 4%, and
5%) subjected to the same pressure decrease.

Set 1 deals with the comparison between a constant
pressure experiment and a decreasing pressure experiment,
both performed with the same hydrogel composition 3%
(Fig. 5). For the constant pressure, the area of each bubble
increases almost linearly in time. Therefore the growth rate is
constant, around 0.0008 mm2 s−1. It seems to be the same for
all bubbles even with different areas, due to different nucleation
times. For the decreasing pressure experiment, the growth rate
seems to increase with time leading to parabola-like curves for
the areas. Given that bubbles have nucleated at different times,
the later the bubble is nucleated, the quicker the growth rate.
Plotting the area as a function of pressure gives a significant
dispersion of the data. But we observed that the data of all
bubbles collapse while plotting the growth rate as a function of
the pressure. This means that the growth rate is homogeneous
in space for a given pressure whatever the bubble size.

Set 2 deals with the comparison between three decreasing
pressure experiments with the same hydrogel composition 3%
(Fig. 6). Different pressure rates are used with a factor 2.5
between the highest and the lowest (Table II). For a given
experiment, the data confirm that plotting the area rate dA/dt

as a function of the pressure P leads to a collapse of all the
experimental points on a single curve. The three curves are very
similar and suggest that the bubble dynamics in the diluted
regime is quasistatic in our experimental range. The small
differences between them do not enable us to discriminate
the role or the influence of the pressure rate (the data of the
intermediate pressure rate are not found between the ones of
the two extreme pressure rates), and the effect of this parameter
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(b)

(c) (d)

(a)

FIG. 5. Diluted regime, Set 1. Constant pressure ( ) and decreasing pressure ( ) experiments with the same hydrogel composition 3%.
For both experiments, several bubbles are tracked, and their respective data points are connected by solid lines. Pressure as a function of
time (a), area as a function of time (b), area as a function of pressure (c), and area growth rate as a function of pressure (d). For the constant
pressure experiment, all bubbles grow with a quasiconstant and homogeneous growth rate. Its value is centered around 0.8 × 10−9 m2 s−1. For
the decreasing pressure experiment, the bubbles do not nucleate simultaneously, and each of them follows its own area-time or area-pressure
trajectory. For a given time, the growth rate is the same for all bubbles. It increases as the pressure decreases, and when plotting the growth rate
as a function of the imposed pressure, all the data points collapse onto the same trend.

cannot be resolved with the precision of the setup. The constant
pressure experiment performed in set 1, which can be seen as
an extremely low-pressure-rate experiment, gives a data range
that is very close to the trends obtained with the decreasing
pressure experiments (not plotted in Fig. 6 for simplicity),
which is consistent with the quasistatic regime hypothesis.

Set 3 deals with the comparison between three different
hydrogels (compositions 3%, 4%, and 5%) subjected to the
same pressure decrease (Fig. 6). It is worth noting that the 5%
hydrogel contains initially small bubbles (Sec. II). Therefore
their initial areas are different from zero. Again, plotting
dA/dt as a function of P seems to be the best choice to
display a single trend for a given experiment. We notice that the
three curves do not exactly collapse but are relatively similar
while the rheological properties of the three hydrogels are
rather different [up to a factor 500 for the elastic properties
(Table I), while we have at most a factor 2 for the area rate at a
given pressure]. Again, the effect of this parameter cannot be
resolved with the precision of our setup since the data of the
4% hydrogel are not found between the ones of the 3% and 5%
hydrogels. To conclude, the composition and the rheological

properties do not seem to play a significant role to account
for the bubble growth rate in the diluted regime. As observed
before they have a small influence on the morphology in the
diluted regime, since bubbles are much more anisotropic for
the highest concentrations.

V. DILUTED REGIME: MODEL

The experiments described previously suggest that the
bubble growth rate is a function only of the pressure and
does not depend on the bubble area, the pressure rate, or the
rheological properties of the hydrogel: the smaller the pressure,
the larger the growth rate. We propose a model to account
for these observations. It assumes that the bubble growth is
mainly driven by the diffusion of the dissolved gas through the
hydrogel and its outgassing at the reactive-advected hydrogel-
gas interface.

We first assume that the pressure is uniform through the
whole hydrogel and inside the gas bubbles. As observed pre-
viously, the pressure loss through the hydrogel is small when
the pressure rate is small enough. By taking a surface tension
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(a) (b)

(d)(c)

FIG. 6. Diluted regime, Sets 2 and 3. (a–b) Three decreasing pressure experiments at different pressure rates [−0.33 ( ), −0.45 ( ), and
−0.81 ( ) mbar s−1] with the same hydrogel composition 3%: pressure as a function of time (a) and area rate as a function of pressure (b).
(c–d) Three hydrogel compositions [3% ( ), 4% ( ), and 5% ( )] with the same pressure rate −0.45 mbar s−1: pressure as a function of time
(c) and area growth rate as a function of pressure (d). For a given experiment, all data points collapse onto a single trend when plotting the
growth rate as a function of the imposed pressure. By varying the pressure rate or the hydrogel composition, trends are maintained. The small
differences observed do not enable to discriminate the impact of these two parameters on the evolution of the growth rate (see text).

of order 10−2 N m−1 and a bubble radius around 0.1–1 mm,
the Laplace pressure at the hydrogel-bubble interface is found
around 10–100 Pa and is negligible compared to the absolute
pressure inside the hydrogel. Following these considerations
the pressure P (t), which is the control parameter, is uniform
and is the same inside the hydrogel and inside the bubbles.
The temperature change is around 3% so that we will assume
a constant temperature in the model.

Given the Hele-Shaw geometry, we expect a 2D-3D
geometry crossover when the bubble radius reaches 0.5 mm or
when the projected area reaches Ac = 0.8 mm2 equivalently.
In most of the data, A < Ac and the 3D problem has to be
considered. Nevertheless, bubbles might nucleate close to one
of the glass plates and trigger specific confining effects. As
seen below, the 3D approach seems to capture the main features
of the growth dynamics, even though some corrections could
be introduced by considering the confinement, which is out of
the scope of our study. In the diluted regime, all bubbles behave
independently, and we consider only the case of a single bubble
with the spherical geometry. The bubble is centered at r = 0 in
the spherical coordinates reference frame. We note R its radius,
V = 4πR3/3 its volume, and A = πR2 its projected area.

The evolution of the dissolved gas concentration c(r,t)
(units of mol m−3) at a distance r > R in the hydrogel is
given by the advection-diffusion equation:

∂c

∂t
+ �u · �∇c = D�c, (1)

where D is the diffusion coefficient of the dissolved gas in
the hydrogel and �u is the velocity produced in the hydrogel
by bubble growth. The initial gas concentration is noted c0.
It corresponds to the saturation concentration in equilibrium
with the initial pressure P0 (here the room pressure for our ex-
periments, approximated by 1000 mbar). Boundary conditions
are c(r,0) = c0 for r > R(0) and c(r,t) = c0 for r → ∞ and
t > 0. Due to the outgassing at the hydrogel-bubble interface,
the concentration at r = R is the saturation concentration in
equilibrium with the pressure inside the bubble (note that it
corresponds to the imposed pressure P that is uniform through
the whole hydrogel). We note c(R(t),t) = cs(t) for t > 0.
Solving the advection-diffusion equation is not an easy task.
Following Epstein and Plesset [15], we can get a reasonable
physical approximation by neglecting first the advection term,
solving the diffusion equation, and making a coordinate change
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TABLE II. Experiment parameters and measurements: hydrogel composition, set(s) of experiments, pressure characteristics, symbols, and
model parameter D [Eq. (6)].

Hydrogel composition Set(s) of experiments Pressure characteristics Symbol D (m2 s−1)

3% 1 Constant, 188 mbar (1.9 ± 0.2) × 10−10

3% 2 Decrease, −0.33 mbar s−1 (2.88 ± 0.02) × 10−10

3% 2 Decrease, −0.81 mbar s−1 (3.19 ± 0.06) × 10−10

3% 1, 2, 3 Decrease, −0.45 mbar s−1 (3.82 ± 0.05) × 10−10

4% 3 Decrease, −0.45 mbar s−1 (2.13 ± 0.04) × 10−10

5% 3 Decrease, −0.45 mbar s−1 (2.80 ± 0.08) × 10−10

in a second step to account for the moving boundary condition.
In that case, the concentration gradient at the moving boundary
is written (

∂c

∂r

)
r=R

= c0 − cs

R

(
1 + R√

πDt

)
. (2)

As suggested in the same article, we have checked that
R/

√
πDt 	 1 (this factor equals 0.25 at most in our

experiments; data not shown). This supports the physical
approximation made above and shows that R is the relevant
length scale of the spatial concentration variations around a
bubble.

The amount of substance rate entering into the bubble is
given by

dn

dt
= 4πR2D

(
∂c

∂r

)
r=R


 4πR2D
c0 − cs

R
, (3)

where n is the amount of substance (units of mol) inside the
bubble.

At the same time, the amount of substance balance equation
leads to

dn

dt
= 4πR2 n

V

dR

dt
= 4πR2 P

RT

dR

dt
, (4)

0 5 10 15
0

1

2

3

4x 10
−9

(P0 − P )/P

dA
/d

t
(m

2  
s−

1 )

FIG. 7. Area rate dA/dt vs (P0 − P )/P . For simplicity, only four
sets of data are plotted (Table II). All time steps for every bubble of
each experiment are represented. Measurements are interpolated by
straight lines modeled by Eq. (6) with P0 = 1000 mbar and the best
fits for the parameter D.

where we take the ideal gas equation PV = nRT inside
the bubble and assume dn/dV 
 n/V or equivalently that
the pressure is a slowly decreasing function of time and the
temperature is constant. From the former equations we deduce

R
dR

dt
= DRT

c0 − cs

P
= DRT H

P0 − P

P
, (5)

where c0 = HP0 and c(R(t),t) = HP (t) are given by the
Henry’s law and its solubility constant H . In terms of the
projected area A = πR2, we write

dA

dt
= D

(
P0 − P

P

)
(6)

with D = DRT H
2π

the relevant parameter. Note that D has the
dimension of a diffusion coefficient as well. This relation is
tested for every experiment with P0 = 1000 mbar. For a given
experiment, all data points are in agreement with Eq. (6), and
an experimental measurement of the proportionality factor D
is obtained by a linear fit (Fig. 7). Results are summarized in
Table II. All values are comparable and range between 1.9 and
3.8 × 10−10 m2 s−1. The values of the diffusion coefficients
and Henry’s constants of air gases dissolved in a water solution
at room pressure and temperature are summarized in Table III.
We observe that carbon dioxide has the largest value for D
and should correspond to the fastest outgassing gas in a water
solution. Its theoretical value 2.6 × 10−10 m2 s−1 is in very
good agreement with the values found experimentally with
our hydrogels (Fig. 8) and shows that carbon dioxide is the
gas at play in our experiments as well. Small differences in
the value of D are observed for the same hydrogel and the
three decreasing pressure rates. As expected the pressure rate
is not a significant parameter. It is difficult to conclude if the
slight differences are linked to the dispersion of the data or
to a slight sensitivity to the experimental protocol. It might

TABLE III. Diffusion coefficient D, Henry’s constant H , and the
constantD found in the model for nitrogen, oxygen, argon, and carbon
dioxide gases in water solution at 25 ◦C [22,23]. For the calculations
of D,RT is taken equal to 2500 Pa m3mol−1.

D H D
Gas m2 s−1 mol Pa−1 m−3 m2 s−1

N2 1.9 × 10−9 6.1 × 10−6 4.6 × 10−12

O2 2.1 × 10−9 1.3 × 10−5 1.1 × 10−11

Ar 2.0 × 10−9 1.4 × 10−5 1.1 × 10−11

CO2 1.9 × 10−9 3.4 × 10−4 2.6 × 10−10
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FIG. 8. Model parameterD for gases in the air composition (black
disks and Table III) and measured in the experiments (see Table II for
symbols).

be that the hydrogel composition plays a little role on the
coefficient D as well since 4% and 5% hydrogels have smaller
values than 3% hydrogels (Table II). Possibly this could come
from the deviation from sphericity assumed in the model or
slight changes in the value of the diffusion coefficient D due
to a change in the chemical composition. At this stage, with
the dispersion of the data, it is not possible to draw strong
conclusions about this effect.

Modeling the deviation from sphericity observed in 4%
and 5% hydrogels inside the diluted regime would require us
to account for the hydrogel rheology and to calculate the stress,
strain, and strain rate tensors around the bubbles. The larger
bubble growth in the direction perpendicular to the pulling
direction is redolent of the behavior of a soft inclusion inside
an elastic material under uniaxial tension [24]: the whole visco-
elasto-plastic behavior of the material should be accounted for
to accurately model this effect.

VI. DENSE REGIME

When bubbles are too close, they begin to interact and
enter into what we define the dense regime. The interaction
is twofold and has characteristics on both the bubble growth
dynamics and morphologies. First, bubbles compete for the

same dissolved gas, and the concentration field calculated
previously for the case of isolated bubbles does not hold
anymore. As a consequence, the growth rate decreases in
comparison to what is expected in the diluted regime (data
not shown). Second, the stress fields in the hydrogel around
bubbles overlap, resulting in a deviation from the elliptical
shape observed in the diluted regime. We expect that a change
in the bubble morphology might also alter the bubble growth
rate as it would modify the dissolved gas concentration field.

The effect of the interaction on the bubble morphology is
characterized by the deformation and the growth of very curved
parts toward the position of the neighboring bubble (Fig. 9). To
perform quantitative measurements, we have considered pairs
of bubbles only with the following criteria: (1) they are far
enough from other bubbles so that we can assume a two-bodies
interaction and neglect the effect of surrounding bubbles and
(2) their areas are relatively similar at least inside the diluted
regime. For each pair of bubbles and for each time step, we
have measured the radii from the bubble centers, r1(θ ) and
r2(θ ) respectively, as a function of the angular position θ . For
each of them, 360 values were taken. 〈r1〉 and 〈r2〉 denote the
angular average values. For each time step, the morphology
correlation function C(α,t) is defined as the dimensionless
function:

C(α,t) = 1

360

θ=360o∑
θ=1o

(r1(θ ) − 〈r1〉)
〈r1〉 × (r2(θ + α) − 〈r2〉)

〈r2〉 .

(7)

A typical angle-time diagram is given in Fig. 10(a). It exhibits a
bandlike feature with maximal and minimal values. For times
shorter than 185 s, the maxima are centered around 0◦ and
180◦, and the minima are found in between. Both maxima
and minima are more and more exacerbated as time proceeds
and bubbles grow. This marks an increase of the bubble
anisotropy. The values of the maxima, found at α = 0◦ and
180◦, are similar [Fig. 10(b)]. These features are characteristics
of the diluted regime and the ellipse-like geometry of the
bubbles. Above 185 s, the features change significantly and
the difference between maxima and minima decreases. The
trends of C for both 0◦ and 180◦ are not similar anymore:
the bubbles correlate now at most when oriented in opposite
directions, pointing toward each other. This marks the onset

FIG. 9. Experimental snapshots of two close-neighbor growing bubbles: (a) t = 50 s, (b) t = 100 s, (c) t = 150 s, (d) t = 200 s, (e)
t = 250 s, (f) t = 300 s, (g) t = 350 s, and (h) t = 400 s. Outer contours, bubble radii for given angles, and the center-to-center distance 	cc

are indicated. Very curved parts begin to grow on the contour of the bubbles between t = 150 and 200 s; this marks the onset of the bubble
interaction. The hydrogel concentration is 4% and the pressure is constant, 100 mbar. The observation field is 2.5 mm × 4.6 mm.

023109-8



BUBBLE DYNAMICS INSIDE AN OUTGASSING HYDROGEL . . . PHYSICAL REVIEW E 94, 023109 (2016)

(a)

(b)

FIG. 10. Morphology correlation measurements for the two
bubbles of Fig. 9. (a) Angle-time diagram of the correlation function
C(α,t).( b) C vs time for two specific values of the angle α: 0◦

(red circles) and 180◦ (black triangles) respectively. The crossover
is observed around 185 s (vertical dashed line).

of the dense regime. The bands in the angle-time diagram are
not horizontal anymore and reflect the evolution of interacting
bubbles into more complex geometries.

In Fig. 11 the center-to-center distance 	cc between the two
bubbles is plotted as a function of their radius R at the onset
of the dense regime. Based on the morphological criterion,
we have studied the effect of the composition. For a given
hydrogel, the higher the area of the bubbles, the larger the
distance 	cc for the crossover between the diluted and dense
regimes. The correlation does not seem to depend significantly
on the hydrogel composition and rheological properties. The
data are rather dispersed, but a linear interpolation gives
	cc 
 4.3R. It means that the bubbles begin to interact at

0 0.2 0.4 0.6 0.8 1
x 10

−3

0

1

2

3

4x 10
−3

R (m)

cc
(m

)

FIG. 11. Center-to-center distance 	cc as a function of the bubble
radius R for pairs of bubbles at the crossover between the diluted and
dense regimes. The criterion is based either on the bubble morphology
for hydrogels of composition 3% ( ), 4% ( ), and 5% ( ). Error bars
are plotted in light gray and are inferred from the area difference
between the two interacting bubbles. The dashed line represents 	cc =
4.3R.

a distance comparable to the bubble size regardless of the
hydrogel composition. A model of the bubble interaction is
still missing to account for the observations.

VII. CONCLUSION

The decreasing pressure experiment proposed in this study
has provided insights about the bubble dynamics inside an
outgassing hydrogel. Carbon dioxide is the gas at play, and
such a study should help to understand some aspects of
carbon dioxide sequestration in non-Newtonian fluids. We
have focused on both the growth rate and the morphology of
the bubbles and have identified a crossover between a diluted
regime of isolated bubbles and a dense regime where bubbles
interact. Other rheological behaviors should be studied in the
future, and performing the study to smaller length scales should
exhibit surface tension effects. Models should also be derived
to account for the gas concentration and stress fields overlap
in the dense regime.
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