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If carbon dioxide dissolves into a body of water, a CO2-rich boundary layer forms at
the interface, which is denser in comparison to pure water. Continued dissolution of CO2

into the water barrier results in the layer becoming gravitationally unstable, leading to the
onset of buoyancy-driven convection and, consequently, the shedding of a buoyant plume.
In this work, we look at the influence of confinement on this process in two ways: In the
first part we focus on expanding our understanding of the short-time, transient diffusion
of CO2 into a vertical water barrier confined to a narrow cylindrical cell by varying
the cylinder diameter and CO2 pressure. By adding sodium fluorescein, a pH-sensitive
fluorophore, we directly visualize the dissolution and propagation of the CO2 across the
liquid barrier. Combined with particle-tracking experiments we quantify the effects of the
cylinder width and CO2 pressure on the initial diffusive behavior, the onset of convection,
and the enhancement of the buoyancy driven convection of the subsequent transport. In
the second part, we investigate the long-time, steady mass transfer dynamics in the liquid
barrier by trapping a slug bubble underneath the liquid barrier and varying the barrier height
and partial CO2 pressure. We find that initially the Sherwood number scales as Sh ∝ Ra1/4

with the Rayleigh number Ra, but for a sufficiently large barrier the Sherwood number
reaches a constant value. Building on the ideas of Ahlers et al. [Phys. Rev. Lett. 128,
084501 (2022)], rescaling the Rayleigh number with an aspect-ratio-dependent relevant
length scale results in a universal Sh vs Ra dependence.

DOI: 10.1103/PhysRevFluids.9.103501

I. INTRODUCTION

The carbon dioxide concentration in the atmosphere has been steadily increasing since the start of
the industrial revolution and despite efforts to lower emissions, does not show any sign of stabilizing
or decreasing in the near future [1]. Carbon capture and utilization could help to close the gap in
the carbon cycle by capturing CO2 before or after it has been emitted into the atmosphere and then
either processing it into useful chemicals [2] or injecting it into deep saline aquifers, trapping the
CO2 between a layer of cap rock and a liquid reservoir, resulting in the long-term storage of the
CO2 in the reservoir [3–5]. However, this does require a thorough understanding of the dissolution
and subsequent mass transfer of carbon dioxide gas into liquid barriers.

When carbon dioxide comes into contact with a water barrier and starts to dissolve into it, a
CO2-rich boundary layer forms at the gas-water interface, which is denser in comparison to pure
water. While initially stable, the continued dissolution of CO2 into the water layer results in the
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FIG. 1. (a) Schematic overview of the experimental setup. (b) Sketch of the cylinder prepared for the
fluorescence experiments, (c) particle-tracking velocimetry experiments, and (d) for the bubble growth
experiments.

CO2-rich fluid layer becoming gravitationally unstable, leading to the onset of buoyancy-driven
convection and the shedding of buoyant plumes, which greatly enhances both the mass transfer of
CO2 into the water layer from the gas phase and that within the water layer itself [6,7]. In addition, if
the reservoir is closed, the pressure in the CO2-rich gas phase above the brine will decay over time,
which leads to a reduction in the convective dissolution rate even before the brine is saturated with
CO2 [8]. Furthermore, density-driven convection can also occur as a result of buoyancy generating
chemical reactions [9–12], droplet dissolution [13,14], and bubble growth [15,16].

Studies investigating the dissolution and propagation dynamics of CO2 in water barriers mainly
focus on the onset of the density-driven convection, the subsequent propagation and mixing
dynamics, and the resulting mass transfer rate [17–22]. It is, for example, well known and un-
derstood that the onset of the density-driven convection occurs earlier in less confined systems
[17,23–25,34]. Furthermore, after the onset of convection, diffusive behavior is observed, albeit with
a much higher effective diffusion coefficient [18,19,26]. Depending on the experimental conditions,
this effective diffusion coefficient can be several orders of magnitude larger in comparison to the
expected diffusive counterpart under similar experimental conditions [20–22,27,28]. Consequently,
the mixing rate and mass transfer rate are also strongly dependent on the geometry of the system
investigated.

In the first part of this work we focus on expanding our understanding of the short-time, transient
diffusion of CO2 into a vertical water barrier confined to a narrow cylindrical cell, as shown in Fig. 1,
by varying the cylinder diameter and CO2 pressure. We replace the ambient air atmosphere with a
CO2 atmosphere and by adding sodium fluorescein, a pH-sensitive fluorophore, to the liquid barrier,
we can directly visualize the propagation of CO2 [29–32]. Combined with particle tracking, we
can study the influence of the cylinder diameter and CO2 pressure on the initial diffusive behavior,
the onset of convection, and the enhancement of the buoyancy-driven convection of the subsequent
transport. In the second part, we investigate the long-time, steady mass transfer dynamics in the
liquid barrier by trapping a slug bubble underneath the liquid barrier and varying the barrier height
and (partial) CO2 pressure [33]. Note that in both parts we essentially study the influence of
confinement on the dissolution of CO2 into the cylinder, by changing the aspect ratio of the cell
(through either its diameter or height) and the driving force (varying the CO2 pressure).

In summary, our aim is to investigate the influence of the experimental settings on the short-time,
transient diffusion and long-time, steady mass transfer dynamics of CO2 into a liquid barrier.
Varying the CO2 pressure will vary the strength of buoyancy-driven convection while varying
the cylinder diameter varies the influence of viscosity which counteracts the buoyancy-driven
convection. By defining the aspect ratio based on the cylinder diameter and CO2 front position,
� = d/z f , the critical Rayleigh number can be predicted using theory developed for Rayleigh-
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Bénard convection [25,34]. Furthermore, Taylor-Aris dispersion is used to predict the effective
diffusion coefficient. Finally, we quantify the long-term mass transfer rates in the slug bubble growth
experiments by obtaining the Sherwood number. We show that the results can be collapsed by
rescaling the Rayleigh number by a relevant length scale which is dependent on the aspect ratio, in
which the full barrier height is taken into account.

This paper is organized as follows. The experimental setup and procedures are described in
Sec. II. In section III we present the effects of the cylinder diameter and partial CO2 pressure
on the short-time, transient diffusion of CO2 into the liquid barrier based on the fluorescence and
particle-tracking experiments. In Sec. IV we show the influence of the barrier height and partial
CO2 pressure on the long-time, steady mass transfer dynamics in the liquid barrier using the bubble
growth experiments. The paper ends with a summary of the main findings and an outlook in Sec. V.

II. EXPERIMENTAL PROCEDURE

A schematic overview of our experimental setup is shown in Fig. 1(a). The experiments are
conducted inside a sealed chamber which can be flushed and pressurized with CO2 gas. The inlet
pressure can be changed between 1.0 bar and 5.0 bar using the pressure regulator PR1, whereas
pressure regulator PR2 prevents over-pressurization of the experimental tank. Inside the chamber, a
pressure and temperature sensor record the time dependence of the pressure P0(t ) and temperature
T (t ), respectively (1 acquisition per second). A more detailed description of the experimental
chamber and pressure control system can be found elsewhere [35].

A single borosilicate glass (Duran) cylinder is attached on one end to a silicon wafer plate
using Loctite 4305 (Farnell), in an almost perfectly vertical manner, while the other end is left
open. The cylinder is positioned under a small and unavoidable tilt angle, which has a significant
influence on both the timing of and the way in which the onset of convection takes place, which
was highlighted in previous work [32]. Cylinders of varying inner diameters are used, ranging from
d = 1.0 mm to 5.0 mm, all with a height of 40 mm. Before use, the cylinders are rinsed using
ethanol (Boom, technical grade) followed by Milli-Q water (resistivity = 18.2 M� cm) and finally
dried in a nitrogen stream.

We use three different techniques in order to study the dissolution and subsequent transport of
CO2 through the liquid barrier. (i) We perform fluorescence experiments to study the short-time,
transient diffusion of CO2 into the liquid barrier, in particular the initial diffusive behavior and
the onset of convection. (ii) Particle-tracking velocimetry experiments are performed to determine
the velocities in the early convective stage. Finally, (iii) we perform bubble growth experiments to
study the long-time, steady mass transfer dynamics in the liquid barrier. Therefore, we prepare
the cylinders in one of three different configurations depending on the experiment. A detailed
description for each is provided below.

A. Fluorescence experiments

For the fluorescence experiments we use cylinders of varying inner diameter, ranging from
d = 1.0 mm to d = 5.0 mm. A layer of a 10−4 M aqueous fluoroscein solution is injected into
the cylinders, at a volume corresponding to a barrier height of H ≈ 28 mm (e.g., V = 200 µl for
d = 3.0 mm), which acts as the liquid barrier; see Fig. 1(b). This solution is freshly prepared prior
to the experiments by adding sodium fluorescein salt (Fisher Scientific, general purpose grade) to
Milli-Q water. Fluoroscein is a well-known fluorophore often used in biological applications, with
its main absorbance peak at 490 nm and main emission peak at 513 nm [29–31]. More importantly,
the emission intensity of fluorescein has a (nonlinear) dependency on the pH level of the liquid,
allowing us to follow the dissolution and propagation of the CO2 in the liquid. Furthermore,
the presence of the sodium fluorescein in the barrier does not affect the diffusive and convective
behavior of the CO2, as for example we only need ∼7.3 µg sodium fluorescein in a 200 µl barrier to
achieve the desired concentration.
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Inside the tank, a LED (Thorlabs, λcenter = 470 nm) is located to illuminate the cylinder. We use
a Nikon D850 camera in silent interval timer shooting mode (1 fps) in combination with a Zeiss
Makro Planar T 100 mm lens to achieve a mean optical resolution of 10.4 µm/pixel. In the optical
path between the cylinder and the camera, a bandpass filter (Thorlabs, λcenter = 530 nm, BW =
43 nm) is located to filter out the LED light.

After preparation, the cylinder is placed inside the experimental chamber. The fluorescent
experiments are conducted in one of either two ways, with or without a flushing stage. In both cases
the experiment starts by turning on the LED inside the chamber, followed 5 s later by the activation
of the interval timer shooting mode on the camera. Fifteen seconds after camera activation, the
pressure and temperature sensor data starts being recorded. In case of experiments with a flushing
stage, 35 s after turning on the LED, valve V1 is opened and the system is flushed with CO2 gas in
order to fully replace the ambient air inside the tank. The time at the start of the flushing stage is
t = 0 s and marks the start of the “experiment” stage. After flushing for 60 s, the tank is pressurized
to the pressure level of the experiment.

In case of experiments without the flushing stage, 35 s after turning on the LED the tank is
immediately pressurized to the pressure level of the experiment. Therefore this point marks t = 0 s,
the start of the “experiment” stage. As a result of not flushing the tank, 1.0 bar of air remains inside
the tank. At the end of all experiments (typically at t = 15 min), the experimental tank is opened
and flushed using a nitrogen spray gun to prepare the experimental chamber for the next experiment.

B. Particle-tracking velocimetry experiments

For the particle-tracking velocimetry (PTV) experiments a similar protocol to the fluorescence
experiments is followed. The inner diameter of the cylinders used vary between d = 2.0 mm and
d = 5.0 mm. The cylinder with an inner diameter of d = 1.0 mm is not used in the PTV experi-
ments, since the size of the particles used would make measurements unreliable. The liquid barrier,
again of height H ≈ 28 mm, now consists of a layer of Milli-Q water seeded with fluorescent
red polyethylene microspheres (Cospheric). The microparticles have a diameter between 125 and
150 µm, are neutrally buoyant (ρparticle = 995 kg/m3), absorb light between 300–550 nm, and have
an emission peak around 607 nm. Since polyethylene particles are hydrophobic, they have been
supplied suspended in an aqueous solution of 0.1% Tween 20 surfactant and deionized water. This
solution is further diluted using Milli-Q water, such that we find ∼15 particles in the liquid barrier;
see Fig. 1(c).

The characteristic response time of the particles is its Stokes time,

τp = d2
p�ρ

18μ
, (1)

where dp = 125–150 × 10−6 m is the diameter of the particles, �ρ = ρw − ρparticle = 2.77 kg/m3

the density difference between the water and the particles, and μ = 9.5 × 10−4 Ns/m2 is the
dynamic viscosity of the water at 295 K [36]. We find a characteristic response time in the order of
microseconds, which indicates that these particles are very suitable to study the flow in our system.

We follow the same experimental protocol as described for the fluorescence experiments with
the flushing stage. However, the LED inside the tank and the bandpass filter in the optical path have
been replaced by another LED (Thorlabs, λcenter = 530 nm) and filter (Thorlabs, λcenter = 630 nm,
BW = 69 nm), corresponding to the absorption and emission wavelengths of the microparticles.

C. Bubble growth experiments

The bubble growth experiments are conducted using only the cylinder with an inner diameter
of d = 3.0 mm. A layer of pure Milli-Q water is injected into the cylinder at a volume ranging
between V = 30 µl and V = 200 µl, which acts as the liquid barrier. As a result, the barrier height
varies between Hw = 4.2 mm to 28 mm. Using an air-filled syringe, a bubble is injected between the
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plate wall and the injected water barrier, as depicted in Fig. 1(d). The bubble is held in place due to
a stable balance between the weight of the water barrier and a combination of the surface tension of
the water-bubble interface and to a lesser extent the differences in gas pressure. This force balance
persists during the experiments, since the surface tension of CO2 on water is almost the same as the
surface tension of air on water under our experimental conditions [37].

Instead of using an LED inside the tank to illuminate the cylinder during these experiments, we
use a Schott KL2500 LED light source located outside of the experimental chamber. Furthermore,
the Nikon D850 camera, while still operating in silent interval timer shooting mode, now operates at
1/30 fps, as the experimental time frame is shifted to 1.5 hr. Similar to the fluorescence experiments,
we start by activating the interval timer shooting mode on the camera. Fifteen seconds after camera
activation, the pressure and temperature sensor data starts being recorded. Finally, 30 s after stating
the camera, the flushing stage is started. After flushing for 60 s, valve V2 is closed and the inlet
pressure is set to the pressure level of the experiment, ranging from 1.0 to 4.0 bar. In the bubble
growth experiments the end of the flushing cycle marks the start of the experiments at t = 0 s, in
contrast to the fluorescence experiments in which the start of the flushing stage marks the start of
the experiments.

If the experiments are conducted above atmospheric pressure, the bubble volume compresses at
the moment of pressurisation as established by Boyle’s law. As a result, the reference bubble volume
is taken to be Vf , the volume of the bubble after pressurisation, which in these experiments is tuned
to Vf = 30 µl. This is justified provided that any changes in the molar gas contents in the bubble
(initially air) remain negligible during the flushing stage, i.e., under the assumption that there is
insignificant mass transfer to or from the bubble up to that point, which we have shown in earlier
work to be the case [33]. Furthermore, experiments have also been conducted using a gas mixture
prepared in an external tank, consisting of 50% N2 and 50% CO2 gas. We obtained this gas mixtures
by mixing an equal volume of N2 and CO2 gas in the external tank. This mixture is injected in a
similar manner as previously described, resulting in the experiment being conducted at a partial
CO2 pressure of ∼0.5 bar. At the end of the experiment (typically at t = 90 min), the experimental
tank is opened and flushed using a nitrogen spray gun to prepare the experimental chamber for the
next experiment.

III. SHORT-TIME, TRANSIENT DIFFUSION OF CO2 INTO THE LIQUID BARRIER

A. Influence of the cylinder width

We start by investigating the influence of the cylinder width on the onset of convection and the
propagation dynamics of the CO2 front. Therefore, we analyze a series of fluorescence experiments,
with inner cylinder diameters of d = 1.0, 2.0, 2.4, 3.0, 4.0, and 5.0 mm at a pressure of PCO2 =
1.0 bar. Figure 2 shows snapshots of a selection of these experiments. As the CO2 starts dissolving
into the liquid barrier, the pH of the CO2 infused liquid starts to decrease. Since fluorescein is a
pH-sensitive fluorophore in the pH range between 5 and 10, the emission intensity of the fluorescein
dye starts to decrease, resulting in a color change of the dye from bright green to black in the
images [38].

At the beginning of the experiments, t = 0 s, we start replacing the air atmosphere in the chamber
with a CO2 atmosphere. Almost immediately, CO2 starts dissolving into the liquid barrier, forming
a CO2-rich water layer just below the gas-liquid interface. While initially stable, the continued
dissolution of CO2 into the water barrier results in the layer becoming gravitationally unstable,
since the CO2-rich water is denser in comparison to the pure water underneath. Once this happens,
a convective plume is shed from the CO2-rich boundary layer which starts propagating downwards
into the liquid barrier.

For the experiments shown in Fig. 2, it is clear that the width of the cylinder has a significant
impact on the dissolution and propagation dynamics of the CO2 through the liquid barrier. For
experiment (i), with inner diameter d = 2.0 mm, it almost appears as if convection does not set in
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d = 3.0 mm
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d = 4.0 mm
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d = 5.0 mm

FIG. 2. Fluorescence images of the initial dissolution process of CO2 in a vertical liquid column within
a cylindrical cell of different inner diameters. In (i) the inner diameter d = 2.0 mm, for (ii) d = 3.0 mm, for
(iii) d = 4.0 mm, and for (iv) d = 5.0 mm. The fluorescence intensity decays with pH or increasing CO2

concentration. At t = 0, the upper interface is exposed to a CO2 gas ambient. Subsequently, a CO2-containing
layer (dark region) propagates downwards.

at all and the front progresses downwards diffusively. Only a small plume observable around t ∼ 1.5
min suggests that convection has set in. As the cylinder diameter increases, the onset of convection
become more apparent and appears to occur earlier. In experiment (ii), inner diameter d = 3.0 mm,
the onset occurs around t ∼ 1.0 min while for inner diameter d = 4.0 mm and 5.0 mm, the onset
appears to occur already around t ∼ 30 s. Moreover, the boundary layer thickness at the onset
decreases as the cylinder width increases.

After the onset of convection, further differences in the propagation dynamics can be observed.
In (i) and (ii) the propagation of the CO2 appears to be axisymmetric and very stable. At the very
end of (ii) this axisymmetry is broken, resulting in the shedding of a lateral buoyant upwelling
plume. As a result, the CO2 front accelerates to a higher velocity, leading to the front reaching
the bottom interface faster in comparison to experiments in which the shedding of the upwelling
plume does not occur [32]. For (iii) and (iv), the CO2 front appears to initially propagate downward
on the right side of the cylinder, while the left side remains unaffected. In (iii) the front eventually
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FIG. 3. Front trajectory z f (t ) corresponding to the 85% intensity threshold of the horizontally averaged
intensity profiles, namely, I

∗
(z f , t ) = 0.85. The front trajectory of all experiments vs time are plotted for the

varying cylinder widths d . The black dotted lines show the best fit of Eq. (8) after the onset of convection.

becomes axisymmetric around t ∼ 5 min, although the tip of the CO2 front remains on the right side
of the cylinder. For the widest cylinder in (iv), the front does not stabilize at all before it reaches
the bottom of the cylinder. Furthermore, a clear convective roll is visible, in which CO2-rich liquid
is transported downwards on the right side of the cylinder, while pure liquid is transported upward
on the left side of the cylinder. Once the CO2 has reached the bottom, the CO2 evenly spreads
throughout the barrier and fully darkens the liquid.

To further quantify the propagation dynamics, we extract the position of the front as a function of
time from the snapshots. We start from the measured intensities G(x, z, t ), which can be seen as the
integral of the intensities of the fluorescent particles over the path of view, i.e., with more fluorescent
particles participating to the signal in the center of the cylindrical cell as on the side. Subsequently,
these measured intensities are summed in the horizontal (x) direction, which then lead to integrated
intensities G(z, t ) which are then a function of depth z and time t only and correspond to the
integrated intensity over a horizontal cross section of the cell. We normalize the obtained intensities
with respect to the initial intensity profile in order to account for spatial inhomogeneity of the LED
lighting in the chamber, defined as the normalized intensity I = G(z, t )/G(z, 0). Additionally, the
intensity profiles are corrected for the decay in intensity due to photobleaching of the fluorescein.
Finally, we once more normalize the obtained intensities by the maximum and minimum obtained
intensities of the experiments, resulting in I

∗
(z f , t ). A more detailed explanation of this process

can be found in our previous work [32]. We define the position of the CO2 front, z f (t ), as the
85% intensity threshold of the horizontally averaged intensity profiles, I

∗
(z f , t ) = 0.85. A detailed

explanation and justification of this procedure can also be found in [32]. Tracing this position in
time yields Fig. 3, which shows the front trajectories of all experiments vs time for the varying
cylinder widths.

As explained before, the dissolution of CO2 into the liquid barrier results in the formation of a
CO2-rich boundary layer at the top interface. The mass transport in this layer is purely driven by
diffusion and therefore the propagation of the front z f (t) follows the self-similar solution for pure
diffusion:

C(z, t )

Csat
= erfc

(
z√
4Dt

)
, (2)

where C(z, t ) is the local CO2 concentration and Csat is the saturation concentration of CO2 in
water. The front trajectory associated to concentration Cf is thus

z f = Kf

√
Dt f , (3)
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where growth prefactor Kf depends on the concentration

Kf ≡ 2erfc−1(Cf /Csat ). (4)

In Fig. 3 the solid black line,which is almost coincidental with the data for d = 1.0 mm, follows
from Eqs. (3) and (4), taking Kf ≡ 2erfc−1(Cf /Csat ) = 4.85 corresponding to Cf /Csat = 5.8 × 10−4

(I∗ = 0.85), which we obtained from the calibration curve in Ref. [32]. We see that the experiments
initially follow the self-similar solution until the onset of convection. Additionally, we observe that
for the cylinder with an inner diameter of d = 1.0 mm convection never sets in and the propagation
of the front remains purely diffusive throughout the entire experiment.

For the cylinders with a larger diameter, we observe a sharp acceleration of the CO2-front position
after the onset of convection, due to the shedding of the buoyant plume. Given the incompressibility
of the fluid, the induced convective flow can not affect the mean interface position. It does, however,
lead to a heavy distortion of the front, visible in Fig. 2, leading to a significant increase in the surface
area of the front. This results in an increase of the concentration gradients across the CO2 front, as
the lateral diffusive fluxes across the interface become nonzero, which leads to the increase in front
propagation velocity. These increased lateral diffusive fluxes also drive the reflattening process of
the CO2 front and eventually an equilibrium is reached between the advective distortion of the
CO2 front and the diffusive fluxes. The front trajectory after the onset can still be described with
a relation similar to the analytical solution of a pure diffusive problem, albeit with an effective
diffusion coefficient. For example, for a cylinder with an inner diameter of d = 3.0 mm, we found
this effective diffusion coefficient to be 8.5 times higher than expected for CO2 in water [32]. The
effective diffusion coefficients for all cylinder widths will be obtained and discussed in Sec. III D.

B. Influence of the CO2 pressure

We continue by investigating the influence of the (partial) CO2 pressure inside the chamber on
the onset of convection and the propagation dynamics of the CO2 front in a similar fashion as we did
for the influence of the cylinder width. We vary the CO2 pressure between PCO2 = 1.0 and 5.0 bar.
Since the onset of convection occurs before the flushing stage ends, we perform the experiments
with and without the flushing stage to investigate whether this affects our measurements. It should
be noted that, in the case of no-flush experiments, 1.0 bar of air remains in the chamber and are thus
conducted at a total pressure of P0 = PCO2 + 1.0 bar. We will show that, as expected, the presence
of the 1.0 bar of air does not affect the experiments.

Figure 4 shows snapshots of a selection of pressure experiments, with PCO2 starting at 1.0 bar
for (v) and increasing to 4.0 bar for (viii), performed without the flushing stage. For experiment
(v), the onset of convection occurs around t ∼ 1.0 min, as previously observed. For experiments
(vi)–(viii), the onset of convection appears to occur earlier and in all three experiments has
already occurred before the t ∼ 30 s frame. Furthermore, while the front propagation remains
stable and seemingly asymmetric in all four cases, the propagation velocity clearly increases
with an increase in CO2 pressure. This is due to the barrier being able to take up more CO2

at higher pressures, as it follows from Henry’s law. Consequently, the concentration gradients
at the top interface increases at increased CO2 pressure, resulting in more CO2 dissolving into
the liquid barrier at a faster rate. As a result, the CO2-rich boundary layer becomes unstable
earlier as the CO2 pressure increases, resulting in an earlier shedding of the buoyant plume,
which in turn is driven downwards faster due to the increased concentration gradients at the top
interface.

As before, we extract the front position from the images and obtain Fig. 5 which shows the front
trajectories of the pressure experiments conducted with the flushing stage (solid, colored lines) and
without the flushing stage (dashed, colored lines) vstime. The trajectories are offset by the onset
time t1, defined as the point in time between where the front velocity, dz f /dt , is minimum and the
front acceleration, d2z f /dt2, is maximum, and corresponding front position z f (t1) = z1. Offsetting
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FIG. 4. Fluorescence images of the initial dissolution process of CO2 in a vertical liquid column within a
cylindrical cell of inner diameter d = 3.0 mm at different pressures without the flushing stage. In (v) the CO2

pressure is PCO2 = 1.0 bar, for (vi) PCO2 = 2.0 bar, for (vii) PCO2 = 3.0 bar, and for (viii) PCO2 = 4.0 bar.

the front trajectories by t1 and z1 allows for a fair comparison between the experiments with and
without the flushing stage.

Figure 5 proves that the flushing stage does not influence the CO2 propagation dynamics and
neither does the presence of 1.0 bar or air in the no-flush experiments. The main difference between
the experiments with and without the flushing stage is found during the initial, purely diffusive
stage prior to the onset of convection. For PCO2 = 1 bar, the experiments are very comparable and
the onset of convection occurs at almost the same time. However, for higher pressure experiments,
the onset of convection in the no-flush experiments always occurs earlier than t = 60 sec, which
in the experiments with a flushing stage would be during the flushing of the chamber. Therefore,
the no-flush experiments are preferred, as they provide the more reliable onset time and depth
for the different pressures. Furthermore, the increase in front propagation velocity observed in the
snapshots is highlighted in Fig. 5, which as explained above is due to the increased concentration
gradients driving the front propagation. Moreover, the observed convective behavior can again
be described with the analytical solution of a pure-diffusion problem with an effective diffusion
coefficient, which will be performed in Sec. III D.
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FIG. 5. Front trajectory z f (t ) corresponding to the 85% intensity threshold of the horizontally averaged
intensity profiles, namely, I

∗
(z f , t ) = 0.85. The front trajectory of pressure experiments with the flushing

stage (solid, colored lines) and without the flushing stage (dashed, colored lines) are shown. The black dotted
lines show the best fit of Eq. (8) after the onset of convection. Note that the position of the front z1 = z f (t1),
and the time at the onset of convection t1 have been subtracted from z f (t ) and t , respectively.

C. Onset of convection

We start our analysis of the short-time, transient behavior by looking at the onset of convection
and the influence of the cylinder widths and CO2 pressure inside the tank. As shown in our previous
work, [32], at the onset of convection, the Rayleigh number of the system has become equal to the
critical Rayleigh number, based on the thickness δ(t ) of the boundary layer

Raδ ≡ βkH PCO2 gδ3

νD
, (5)

where β = 8.2 × 10−6 m3/mol is the solutal expansion coefficient of CO2, kH = 3.53 ×
10−4 mol/m3Pa the Henry constant of CO2 in water, PCO2 the partial pressure of CO2 inside
the experimental chamber, g the acceleration due to gravity, ν = 9.5 × 10−7 m2/s the kinematic
viscosity of water, and D = 1.85 × 10−9 m2/s the diffusion coefficient of CO2 in water [7,34,39,40].

Taking the boundary layer thickness equal to the position of the front at the time we observe the
onset of convection, i.e., δ = z f (t1) = z1 obtained from Figs. 3 and 5, we obtain the corresponding
critical Rayleigh numbers. Furthermore, we define the local aspect ratio based on the position of the
front, � = d/z1, where d is the diameter of the cylinder used. That is, this is the aspect ratio of the
region of the cylinder that has been affected by the diffusion of the CO2 at the moment convection
sets in. As a result, we obtain Fig. 6, where the average critical Rayleigh number (red/blue markers)
as a function of the aspect ratio at the onset of convection for the different cylinder widths and partial
CO2 pressures is shown. The error bars show the standard deviation of the average critical Rayleigh
numbers, indicating the spread of the individual experiments (gray markers). It should be noted that
the individual experiments are organized on diagonal lines in this doubly logarithmic plot, which is
due to both Rac and � being dependent on the boundary layer thickness.

We compare our findings to the expression given by Ahlers et al. for the critical Rayleigh number
for Rayleigh-Bénard convection in a cylinder [34]:

Rac ≡ 1708

(
1 + C

�2

)2

. (6)

Fitting Eq. (6) to the individual experiments shown in Fig. 6 results in finding C = 1.413 (gray
dotted line), while fitting only the averages of the experiments results in finding C = 1.335 (dashed
black line). In their work, Ahlers et al. provide the theoretical C for isothermal sidewalls, C = 1.49
(solid black line), which Fig. 6 shows to result in a very good agreement between Eq. (6) and
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FIG. 6. Average critical Rayleigh number Rac (red/blue markers) as a function of the aspect ratio � at the
onset of convection for different cylinder widths and partial CO2 pressures. The error bars indicate the standard
deviation of the calculated average due to spread in the individual experiments (gray diamonds). The lines show
Rac,� = 1708(1 + C/�2)2, with a best-fit C for both the individual experiments (dotted gray line), the averages
(dashed black line), together with the theoretically predicted value of C for isothermal sidewalls (solid black
line) from Ahlers et al. [34].

our experimental data. This is remarkable as the for our system more appropriate theoretical value
for C for adiabatic sidewalls (C = 0.77) does not agree with our data. This is mostly likely due to
differences between our mass transfer system and the Rayleigh-Bénard system, in depth described in
Ref. [32]: Most prominently, we conduct our experiments at a higher Schmidt number, Sc = ν/D =
515, which needs to be compared to the corresponding, much smaller Prandtl numbers considered
in Rayleigh-Bénard studies, Pr = 1–10.

Nonetheless, two outliers can be observed in Fig. 6, corresponding to the PCO2 = 3.0 and 5.0 bar
experiments respectively for a cylinder diameter of d = 3.0 mm. These are due to the difficulty
in defining the point in time at which convection sets in for experiments conducted at partial CO2

pressures above 3.0 bar. This resulted in a small overestimation of the onset time and thus the onset
depth and given that the front depth z1 is cubed in Eq. (5), results in the overestimation of Rac,
visible in Fig 6.

D. Effective diffusion coefficients

We continue by studying the coupling between the density-driven convection and diffusion,
resulting in the observed increased effective diffusion coefficients. Such an interplay between diffu-
sion and convection in a confined environment, such as our narrow cylinder, leading to the enhanced
dispersion of a solute in a solvent has been studied in literature for forced convective systems and is
usually referred to as Taylor-Aris dispersion. Taylor and Aris independently developed a theoretical
framework which links the effective diffusion coefficient of such a system to the underlying flow
field:

Deff = D + U 2
f r2

CTAD
= D

(
1 + Pe2

CTA

)
, (7)

where Uf is the velocity of the underlying flow field, r is the radius of the cylinder, CTA is a constant
dependent on the geometry of the system (CTA = 48 for the fully developed pipe-flow system
originally studied by Taylor and Aris), and the Péclet number is defined as Pe = rUf /D [41–43].
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FIG. 7. Average flow velocity Uf as a function of the average CO2 front velocity dz f /dt . The positive flow
velocities correspond to downward movement, and negative values to upward movement. The black dotted
lines indicate |Uf | = dz f /dt , and the gray region indicates the area where |Uf | < dz f /dt .

In order to use Eq. (7) for our natural convective system, we first need to obtain the velocity of the
underlying flow field as a function of cylinder width and CO2 pressure. To that end, we performed
2D particle-tracking velocimetry experiments, following the procedure described earlier. Tracking
the particles trapped in the recirculating flow field behind the CO2 front allowed us to obtain the
flow velocities needed. Note that, in the axisymmetric situation, Uf is dependent on both the radial
coordinate r as well as the axial coordinate z and in a nonaxisymmetric breaking of the symmetry
also on the third coordinate. In order to account for this, given that we are only able to track the
particle in a 2D projection, we determined the velocities of a large number of particles and took the
average of all velocities obtained for a given cylinder width and CO2 pressure.

In Fig. 7 the obtained average flow velocities are compared to the average CO2 front velocity,
dz f /dt , after the onset of convection. The positive flow velocities correspond to particles moving
downwards in the cylinder, i.e., moving from the open interface at the top to the closed bottom, and
consequently the negative flow velocities correspond to particles moving upwards. From the figure it
is clear that particles, for the same inner diameter or partial pressure, move slightly faster in the
downward direction compared to the upward direction. This can be traced back to the gravitational
force acting upon the particle, which increases the particles velocity when moving towards the
bottom and slowing down the particles movement when the particle is rising. Note that, although
we use particles that are considered to be neutrally buoyant, the velocities that we are aiming to
measure are such that also small density mismatches will have an effect.

We also observe that, for all cases studied except one, the average flow velocity is approximately
equal to the average front velocity, |Uf | ≈ dz f /dt . This is expected given that the propagation of the
CO2 front is reliant on a steady supply of CO2 in order to maintain the concentration gradients across
the interface. If |Uf | < dz f /dt , the concentration gradients at the front would slowly decrease and
result in the front propagation stagnating, while the opposite, |Uf | > dz f /dt , would result in a build
up of CO2 rich liquid at the front, possible leading to a secondary shedding event which has not been
observed experimentally. Figure 7 does, however, show one case in which we find |Uf | < dz f /dt ,
which corresponds to the experiments in the cylinder with an inner diameter of d = 5.0. mm. This
finding could be connected to the front never stabilizing and thus the front reaching the bottom of
the cylinder before the entire width of the cylinder contains CO2 rich liquid. Alternatively, it could
be due to a larger influence of the 3D character of the flow field, e.g., due to multiple convection
rolls being present in the system simultaneously.
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FIG. 8. Effective diffusion coefficients Deff , rescaled with the diffusion coefficient D of CO2 in water, as a
function the squared Péclet number Pe for all experiments. The gray markers indicate individual experiments,
and the red and blue markers indicate the average of the different experiments. The black dotted line shows
Deff/D = 1 + Pe2

83 .

Using the flow velocities obtained from the PTV experiments, we can calculate the Péclet number
for the different experiments. We obtain the effective diffusion coefficients from Figs. 3 and 5 by
fitting the front trajectories after the onset of convection using

z f − z1 = Kf

√
Deff (t − t1). (8)

For the pressure experiments, the average diffusion coefficient is calculated using both the flush
and no-flush experiments, as flushing was shown not to affect the propagation dynamics after
the onset of convection. The resulting average fits are shown as the black dotted lines in Figs. 3
and 5.

Finally, we show in Fig. 8 the effective diffusion coefficients obtained as a function of the Péclet
number. Fitting the obtained data using Eq. (7), while excluding the outliers at Pe2 = 6200 and
Pe2 = 12500, we find CTA = 83. The excluded outlier at Pe2 = 6200 is the experiment conducted at
a pressure of PCO2 = 3 bar, and it is due to measuring a flow velocity which is higher than expected,
which can also be observed in Fig. 7. The second excluded outlier is the experiment with inner
diameter d = 5.0 mm, as we do not believe that the measured effective diffusion coefficient reflects
the necessary conditions needed to apply the Taylor-Aris dispersion theory, given that the front
reaches the bottom interface before an axisymmetric front has been established. Furthermore we find
|Uf | < dz f /dt for this experiment, suggesting that the front propagates faster than the underlying
flow velocity, which is physically impossible.

The obtained CTA = 83 is higher compared to the value found by Taylor and Aris, who found
CTA = 48 for their system, but in the same ranges as reported by others for natural convective
laminar flow in a vertical channel (CTA = 52.5) and density-driven CO2 convection in a Hele-Shaw
cell (CTA = 210) [41–45]. While our system is very comparable to the system studies by Taylor and
Aris, some key differences lead us to find a higher CTA. First of all and most importantly, Taylor
and Aris studied a system in which the flow profile inside the cylinder has a parabolic profile,
i.e., a Poiseuille flow, while the flow profile in our system is characteristic for a recirculating flow.
Furthermore, our system is not in a steady state and the flow is still time dependent, while the flow
in the system of Taylor and Aris is a steady, time-independent flow. Additionally, they described
a horizontally aligned system, which results in gravity not affecting the propagation of the solute.
Taylor did discuss the influence of gravity in a vertical aligned system in a later work, but did not
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provide a value for CTA [46]. Finally, the supply of solute for both Taylor’s and Aris’ case is limited,
while we have a constant supply of CO2 at the top interface. We therefore believe our CTA = 83 to
be very reasonable and usable to predict the effective diffusion coefficient of CO2 in water in such
a narrow, vertical cylinder.

In Apppendix A we will present a simplified convection model describing the time evolution
of the convective flow ū in the capillary, based on the (convective) CO2 uptake at the water-CO2-
atmosphere interface, from which we conclude that ū rapidly (after 100 seconds) converges to a
steady state in which we argue that a Taylor-Aris dispersion approach consistutes the appropriate
framework to discuss the motion of the CO2-concentration front in our setup, thereby justifying the
approach taken in this subsection.

IV. LONG-TIME, STEADY MASS TRANSFER DYNAMICS OF CO2 IN THE LIQUID BARRIER

A. Influence of the barrier height

Thus far we have focused on the short-time, transient diffusion of CO2 into the liquid barrier. We
will now turn to the long-time, steady mass transfer dynamics in the liquid barrier, by trapping a slug
bubble at the bottom of the cylinder, underneath the liquid barrier. Once the CO2 front reaches the
liquid-bubble interface, quasisteady convective transport develops in the barrier and the bubble starts
to grow due to CO2 exsolving from the liquid into the bubble. Therefore, we begin by analyzing a
series of bubble growth experiments with bubbles of an starting volume of Vf = 30 µl, capped
by a water layer with a thickness ranging between Hw = 4.2 mm and 28 mm. The CO2 pressure
inside the tank varies between PCO2 = 0.5 bar to 4.0 bar. Figure 9 shows snapshots of typical bubble
growth experiments. Cases (ix) and (x) show results for barrier heights Hw = 4.2 mm at PCO2 =
1.0 and PCO2 = 3.0 bar, respectively, while cases (xi) and (xii) show results for Hw = 19.8 mm at
PCO2 = 1.0 and PCO2 = 3.0 bar. As expected, the slug bubble grows faster if the water barrier is
smaller or the CO2 pressure inside the tank is larger. We also observe that the liquid-gas meniscii
in the early stages are non-axisymmetric. This is most likely due to the meniscii getting pinned
on one side of the wall, while the other side remains unpinned and thus able to rise as the bubble
grows.

We quantify these differences by plotting the increase in bubble volume with time, �Vb(t ) =
Vb(t ) − Vf , in Fig. 10(a) for barrier heights Hw = 4.2 mm, 12.7 mm, 19.8 mm, and 28 mm at CO2

pressures of PCO2 = 1.0 bar and 3.0 bar. The first observation that stands out is the aforementioned
difference in bubble growth rates between the experiments, with decreasing bubble growth rate as
the barrier height increases. Furthermore, we see that, for the same barrier height, the bubble growth
rate increases as the CO2 pressure is increased.

Figure 10(a) also shows that the bubble starts to grow at different time intervals after the start of
the experiments. For example, at a CO2 pressure PCO2 = 1.0 bar, the bubble starts to grow around
tstart = 400 s into the experiments for the barrier of height Hw = 4.2 mm, while it starts to grow
at around tstart = 2000 s for Hw = 28 mm. The same is true for the experiments at higher pressure
(PCO2 = 3.0 bar); however, the starting times are decreased to tstart = 60 s for Hw = 4.2 mm and
tstart = 400 seconds for Hw = 28 mm.

We quantify this behavior in Fig. 10(b), where the starting time tstart of the bubble growth is
shown as a function of the barrier height Hw. The dotted lines act as visual guides and further
underline the increase of the starting time of the bubble growth as the barrier height increases, of
course due to the increased distance over which the CO2 has to be transported before reaching
the bottom liquid-gas interface. Furthermore, the influence of the CO2 pressure on the start of
the bubble growth is clear, indicating that higher CO2 pressures result in earlier bubble growth.
This is in agreement with our findings from Figs. 4 and 5, where we observed that the CO2 front
propagates faster at higher CO2 pressures and thus reaches the liquid-bubble interface sooner.
Finally, for PCO2 = 0.5 bar and 1.0 bar points can be seen for which the bubble starts to grow
much sooner than expected. This is due to the occurrence of the shedding of the upwelling plume,
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FIG. 9. Snapshots of typical slug bubble growth experiments within a cylindrical cell of inner diameter
d = 3.0 mm. In (ix) the CO2 pressure is PCO2 = 1.0 bar and the barrier height is Hw = 4.2 mm, for (x) PCO2 =
3.0 bar and Hw = 4.2 mm, for (xi) PCO2 = 1.0 bar and Hw = 19.8 mm, and for (xii) PCO2 = 3.0 bar and Hw =
19.8 mm.

which we observed earlier in Fig. 2 in experiment (ii). As explained previously, the upwelling
plume causes the CO2 front to accelerate to a higher velocity, leading to the front reaching the
bottom interface faster in comparison to experiments in which the shedding of the upwelling plume
does not occur [32]. As a result, the mass transfer between liquid barrier and the trapped bubble
starts earlier, hence why we find these points at which the bubble starts growing earlier than
expected.
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(a) (b)

FIG. 10. (a) Time evolution of the bubble volume Vb minus the initial bubble volume v f for increasing
barrier heights Hw at PCO2 = 1.0 bar (blue) and PCO2 = 3.0 bar (red). (b) Time tstart at which the trapped slug
bubble starts to grow as a function of the barrier height Hw . The dotted lines are included as visual guides.

B. Transport of CO2 across the barrier

We characterize the convective transport of CO2 across the water barrier using the Rayleigh and
Sherwood numbers based on the evolution of the bubble volume in time and the bubble growth rate
which we derived in earlier work [33]:

Raw(t ) = Ra f
Vf

Vb(t )
, where Ra f ≡ βkH PCO2 gH3

w

νD
(9)

and

Shw(t ) = V̇b(t )

Q

Vb(t )

Vf
, where Q ≡ D

πd2

4Hw

(kH RT0). (10)

Here Vf = 30 µl is the volume of the bubble after flushing and pressurisation, Vb(t ) is
the volume of the bubble in time, V̇b(t ) is the bubble growth rate in time. Also recall that
β is the solutal expansion coefficient of CO2, kH the Henry constant of CO2 in water, PCO2

the partial pressure of CO2 inside the experimental chamber, g the acceleration due to gravity,
Hw the height of the water barrier, ν the kinematic viscosity of water, D the diffusion coefficient
of CO2 in water, d the diameter of the cylinder, R the universal gas constant, and T0 = 295 K the
temperature inside the experimental chamber [7,39,40].

Figures 11(a) and 11(b) show the Rayleigh and Sherwood numbers, respectively, as a function of
time calculated using Eqs. (9) and (10) for barrier heights of Hw = 4.2 mm, 17 mm, and 28 mm and
CO2 pressures of PCO2 = 1.0 bar and 3.0 bar. We observe that the Rayleigh number initially starts
at Raw = Ra f and slowly decreases as volume of the bubble increases, however, it remains close to
the starting value Ra f . For the Sherwood number, we observe that, until the bubble starts to grow, it
remains 0 after which it increases to an almost constant value at which point the growth rate of the
bubble balances the decrease in concentration gradient between the outer atmosphere and the gas
bubble. The rate at which the Sherwood number reaches its constant value is of course dependent
on the barrier height and partial CO2 pressure, reaching the constant Sherwood faster for shorter
barriers and higher pressures.
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Hw
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(a) (b)

FIG. 11. (a) Evolution of the Rayleigh number Ra and (b) Sherwood number Sh for increasing barrier
height Hw = 4.2, 17, and 28 mm at PCO2 = 1.0 bar (blue) and PCO2 = 3.0 bar (red), determined using Eqs. (9)
and (10).

Evaluating Eqs. (9) and (10) results in Fig. 12(a), where the time-averaged Shw is plotted against
the time-averaged Raw. Each marker represents an individual experiment, with larger barrier heights
Hw corresponding to larger average Raw. All experiments were performed for the same inner
diameter d = 3 mm. The time-averages are computed over the last 3000 s of each experiment, to
discard the period during which the Sherwood number is not yet at its terminal value. The vertical
and horizontal error bars indicate the range over which Shw and Raw, respectively, decay during
that particular experiment. The black dotted line and surrounding green shaded region provide the
Shw(Raw ) dependence in Shw = (1 + kRaw/1708)1/4, with k = 2.75 ± 1.25, which we obtained
in earlier work for the smaller liquid barriers and which is in agreement with the Grossman-Lohse
theory for Rayleigh-Bénard convection [33,47–49].

Figure 12(a) does, however, clearly show that for each experimental series increasing the barrier
height Hw the Sherwood number eventually reaches a maximum value, while the Rayleigh number
continues to increase. This indicates that at some point the height of the liquid barrier is no longer
the correct relevant length scale to be used in Eq. (9). This makes sense as the Sherwood number
has a clear upper limit because the transport through the barrier saturates above some barrier height,
since adding additional height is not increasing the (convective) CO2 transport through the liquid
barrier because its width is now the limiting factor. This effect can be incorporated by redefining the
Rayleigh number based upon this aspect-ratio-dependent length scale.

In their work, Ahlers et al. provide such a relevant length scale for Rayleigh-Bénard convec-
tion [34],

l = Hw/
√

1 + C/�2 = Hw

√
�2

C + �2
, (11)

where C is a constant that depends on the shape of the cell, and is in fact the same constant as in
Eq. (6). Note that � is now defined as � = d/Hw, based on the diameter d and the barrier height Hw,
whereas previously it was defined with respect to the boundary layer thickness at the onset δ = z f ,c.
Inserting this length scale in the definition of the Rayleigh number leads to

Raw,l = βkH PCO2 gl3

νD
= βkH PCO2 gH3

w

νD

l3

H3
w

= Raw

(
�2

�2 + C

)3/2

. (12)
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(a) (b)

FIG. 12. (a) Time-averaged Sherwood number Shw as a function of the time-averaged Rayleigh number
Raw for partial CO2 pressures ranging from PCO2 = 0.5 bar to 4.0 bar and barrier heights Hw ranging from
3.0 to 28.0 mm. The error bars indicate the range over which Shw (t ) and Raw (t ) decay during that particular
experiment. Each marker represents an individual experiment, with larger barrier heights Hw corresponding to
larger average Raw . All experiments were performed for the same inner diameter d = 3 mm. The black dotted
line and surrounding green-shaded region provide the Shw (Raw ) dependence in Shw = (1 + kRaw/1708)1/4,
with k = 2.75 ± 1.25 [33]. (b) Time-averaged Shw as a function of the rescaled, time-averaged Raw using the
proper length scale l from Eq. (11) for partial CO2 pressures, ranging from PCO2 = 0.5 bar to 4.0 bar.

Rescaling the data from Fig. 12(a) using Eq. (12) results in Fig. 12(b), using C = 0.77, the
best-fit constant for adiabatic sidewalls. We find very reasonable collapse of the data, where the
correction most strongly affects the data for the larger values of Hw, with the only outliers being
the data obtained of the PCO2 = 0.5 bar experiments. This indicates that the partial CO2 pressure
inside the tank may not have been as close to 0.5 bar as expected, which is probably due to the
method used to prepare the gas mixture. As explained in Sec. II, an equal amount of N2 and CO2

gas was injected into an external tank to obtain a 50% N2 and 50% CO2 gas mixture, which was
subsequently injected into the measurement tank for the 0.5 bar experiments. However, we did not
have the means to measure the partial CO2 pressure in the measurement tank, so it could have been
that the partial CO2 pressure was in fact smaller than 0.5 bar. Furthermore, we see that the Rayleigh
number no longer increases once the Sherwood number stabilizes, indicating that Eq. (11) indeed
provides a proper rescaling of the relevant length scale for our experiments. The fact that we now
obtain a good fit for C = 0.77, while for the onset of convection we found C = 1.49 to be the best
fitting value, can possibly be explained by the differences in the systems studied. When looking at
the onset of convection, our system is clearly not in a steady state, with a growing diffusive layer
and therefore changing aspect ratio while in the current experiments our system has in fact reached a
quasi steady state, such that the latter is expected to be more similar to the Rayleigh-Bénard systems
studied in Ref. [34].

V. CONCLUSIONS

We have investigated dissolution and subsequent propagating dynamics of carbon dioxide gas
into liquid barriers of varying height confined to a vertical glass cylinder of varying inner diameter
under atmospheric and increased gas pressures. This allows us to study the influence of confinement
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on the CO2 transport into a narrow liquid barrier. Replacing the ambient air above the cylinder with
a CO2 atmosphere, induces the dissolution of CO2 into the liquid barrier. Initially, the dissolution of
CO2 results in the formation of a CO2-rich water layer, which is denser in comparison to pure
water, at the top gas-liquid interface. While initially stable, continued dissolution of CO2 into
the water barrier results in the layer becoming gravitationally unstable, leading to the onset of
buoyancy-driven convection and, consequently, the shedding of a buoyant plume. By adding sodium
fluorescein, a pH-sensitive fluorophore, we directly visualize the dissolution and propagation of the
CO2 across the liquid barrier.

First, we studied the short-time, transient diffusion of CO2 into the liquid barrier by look-
ing at the onset of convention and its dependence on the cylinder diameter and CO2 pressure
by calculating the critical Rayleigh number at the onset of convection. We find that the crit-
ical Rayleigh number of our system can be described by the theory developed for critical
Rayleigh number in Rayleigh-Bénard convection based on the aspect ratio of the cylinder width
and corresponding front propagation depth. Second, by combining the fluorescence experiments
with particle-tracking velocimetry measurements, we were able to extract the underlying flow
velocities which allows us to study the coupling between density-driven convection and dif-
fusion. Utilizing the framework of Taylor-Aris dispersion, we find an expression which gives
the dependence of the effective diffusion coefficient after the onset of convection as a func-
tion of the Péclet number. Finally, we turned from transient to fully developed mass transfer
across the liquid barrier by quantifying the growth of a slug bubble, trapped below the barrier
using the Sherwood and Rayleigh numbers. We showed that initially the Sherwood number scales
to the 1/4 power of the Rayleigh number, but for sufficiently large barrier heights stagnates,
which we correct by rescaling the Rayleigh number with an aspect-ratio-dependent relevant length
scale.

Our findings may be useful for laterally confined CO2 sequestration operations, e.g., those where
CO2 diffuses from above into a porous medium. Such a medium can be viewed as a collection of
small, vertical channels into which the CO2 diffuses and in which the occurrence of convection
may greatly enhance mass transport into the porous structure. In addition, they may offer insight
in microfluidic or microreactor devices, which include (vertically) segmented gas-liquid systems
or density-changing solutes. Here confined buoyancy-driven convection rolls similar to the ones
observed and studied in our idealized system may very well occur. A better understanding of the
dependence of the formation and propagation dynamics of the convective plume on the geometry
and parameters of the system, may well uncover or explain unexpected mechanics that occur
during the dissolution or mixing of chemical species in a variety of applications similar to the ones
mentioned above.
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APPENDIX: CONVECTIVE INSTABILITY IN A CAPILLARY

In this Appendix we will discuss a simplified model for the convective transport in a narrow
capillary tube. First, we will discuss a simple mechanism for the onset of convective motion in
a capillary, which subsequently leads to an equation of motion in Appendix A 1. Since in the
confined system a purely convective transport of the cross-sectionally averaged CO2-concentration
front is prohibited due to mass conservation, in Appendix A 2 we subsequently discuss how the
concentration front diffusively propagates, in the context of Taylor-Aris diffusion.
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FIG. 13. (a) Sketch of an axisymmetric convective flow of magnitude ū inside a cylindrical capillary of
diameter d , confined by the cylinder walls, the free surface, and some depth zw (t ). The darker areas denote CO2-
rich water, which upon convection onset at the critical Rayleigh number drives the convective flow by moving
down in the center of the capillary. Note that z = 0 at the free surface (which for the purpose of the model is
assumed flat) and z increases with increasing depth. (b) Time evolution of the convective velocity magnitude
ū, computed from the model of Eq. (A8) for capillaries of different width (d = 1.0, 2.0, 2.4, 3.0, 4.0, 5.0 mm)
corresponding to those of the experiments of Fig. 3. The unknown numerical parameters aw = 2.5, av = 2.0,
and az = 0.85 have been chosen such that the asymptotic values ūst of Eq. (A15) are comparable to the mea-
sured velocities reported in Fig. 7. The inset shows the same data zooming in at the first 30 s. (c) Axisymmetric
flow field uz(r) nondimensionalized with the central velocity magnitude Uc from Eq. (A18) and the vertical
pressure gradient ∂ p/∂z, rescaled with 4μUc/R2

i , both plotted as a function of the normalized radial coordinate
r/R. The vertical dotted lines indicate the location of the inner-outer region boundary at r/R = Ri/R = x, and
the cylinder wall at r/R = 1. (d) Time evolution of the diffusive front z f for the data plotted in (b) computed by
inserting the time-dependent Péclet number Pe(t ) = ū(t )d/(2D) into the Taylor-Aris formula Eq. (7) to obtain
a (time-dependent) effective diffusion coefficient which is subsequently used in Eq. (8) to compute z f (t ). Note
that in the Taylor-Aris formula CTA = 120 was used, consistent with the diameter data in Fig. 8.

1. A simplified convection model

Before we start with the ingredients of the model, we first note that our capillary system is in
the viscous limit. This can be corroborated by computing the Reynolds number Re based on the
experimentally measured convective velocity as reported in Fig. 7, which leads to values between
Re = 0.01 and 0.5 for the smallest and the largest diameter, respectively. Now, assuming that after
onset of convection a (time-dependent) liquid mass Mw(t ) of vertical extent zw(t ) is set into motion
[see Fig. 13(a)] and assuming that ū(t ) is the magnitude of the (vertical) convective flow velocity in
this domain, we may write an equation of motion by equating the vertical momentum change inside
the domain with the sum of the forces acting in the vertical direction

d

dt
(Mwū) = Fz − Fv , (A1)
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where Fz is the buoyancy force caused by the inflow of CO2 into the domain, which is driving the
convective flow, and Fv is the viscous force that opposes the flow. More specifically, one may split
the buoyancy force term into two contributions, namely the mass increase m∗

w that has been caused
by the diffusive transport of CO2 into the capillary at the moment that the layer becomes unstable,
which is a constant determined by the critical Rayleigh number Rac, and the mass increase �m∗

w(t )
caused by uptake of CO2 by the system after convection has set in, which obviously will depend on
the magnitude of the convective flow ū. Inserting the above two quantities into Eq. (A1) gives

d

dt
[Mw(t )ū(t )] = m∗

wg + �m∗
w(t )g − Fv (t ). (A2)

We will now provide estimates for the four terms in the equation. This requires us to dive a bit deeper
into the structure of the flow, which for the sake of definiteness we will assume to be axisymmetric
as sketched in Fig. 13(a). First of all, buoyancy is driving the flow in a region that is confined by the
cylinder walls, the free surface, and some depth zw(t ) which remains to be determined. The flowing
mass Mw can thus be written as Mw(t ) = 1

4πd2zw(t )ρw, where d is the diameter of the capillary and
ρw the density of water (neglecting the small overall increase of the density caused by the uptake of
CO2 for this term).

The first term on the left hand side is determined by the amount of CO2 that has diffused into the
water in the capillary. Neglecting the curved shape of the meniscus, the time tc at which the CO2

layer becomes unstable can be found by inserting the critical layer thickness δc = Kf
√

Dtc [from
Eq. (3)] in the critical Rayleigh number Raδ (t ) = βCsatgδ(t )3/(νD) = Rac, with Csat = kH PCO2 .
Here, for notational simplicity, we assumed that t = 0 corresponds to the time the interface is first
exposed to the CO2 atmosphere. This leads to tc = K−2

f D−1/3[νRac/(βCsatg)]2/3. From Eq. (2) we
can compute the diffusive flux q′′ through the free surface

q′′
z=0 = −D

∂C(z, t )

∂z

∣∣∣∣
z=0

= Csat

√
D

4πt
. (A3)

Multiplying the diffusive flux with the cross-sectional area of the capillary and integrating until tc
gives the mass m∗

CO2
of CO2 diffused into the water at convection onset

m∗
CO2

= 1

4
πd2

∫ tc

t=0
q′′

z=0 = 1

4
d2Csat

√
πDtc . (A4)

Note that this is not yet the sought-after quantity m∗
w which is obtained by multiplying m∗

CO2
with

βρw, since it is the integrated surplus density of the liquid caused by the CO2 uptake that drives the
convection, and not the mass of CO2 in the liquid itself. So finally we obtain

m∗
w = βρwm∗

CO2
=

√
π

4

βρwCsatd2

Kf

(
νDRac

βCsatg

)1/3

. (A5)

It is good to note that in the above expression we have not corrected for finite aspect ratio of the
affected part of the capillary, which may however unproblematically be included along the lines
outlined in Sec. III.

Next we discuss the convective term �m∗
w(t ) in Eq. (A2). As soon as the convective flow of

magnitude ū has set in, fresh liquid will be brought in from the capillary walls to the free surface and
flow towards the center, where the growing diffusive boundary layer will have reached a thickness
δin ∼ √

Dd/(2ū) [50]. Since the speed of entrainment is ū, the mass flow of CO2 into the water
can be estimated as qCO2 ∼ δinūCsat (d/2), where we have estimated the azimuthal lengthscale over
which liquid is entrained as d/2. The surplus mass �m∗

w(t ) added to the system can now be found
by multiplying qCO2 with βρw and integrating over time

�m∗
w(t ) = az

βρwCsatd3/2D1/2

2
√

2

∫ t

s=tc

√
ū(s) ds, (A6)

where we have introduced a numerical prefactor az which is expected to be of order one.
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Finally, the viscous drag Fv in Eq. (A2) can be estimated from the drag force on the inner cylinder
outlined in Fig. 13(a), namely, Fw ≈ μw(∂u/∂r)Acyl , where ∂u/∂r ∼ ū/(d/4) and μw = ρwν and
Acyl = 2π (d/4)zw are the dynamic viscosity of water and the surface area of the inner cylinder,
respectively. Noting that a drag of similar magnitude must act for the upward flow in the outer
cylindrical shell, we may write

Fv = 4πavμwzwū , (A7)

where again we have introduced an order one numerical prefactor av .
Inserting the four terms into Eq. (A2) now leads to the following integral-differential equation for

the unknown parameters ū and zw:

d

dt
(zwū) = � + 


∫ t

s=tc

√
ū(s) ds − zwū

τv

, (A8)

where we have defined the quantities

� = 4m∗
wg

πd2ρw

, 
 = 2az

π
√

2

βCsatD1/2g

d1/2
, τv = d2

16avν
, (A9)

where τv is a viscous time scale, � has the dimensions of a squared velocity and the unit of 
 is
m3/2 s−5/2.

The time evolution of the CO2 concentration in the capillary starts with a first, diffusive stage,
which lasts until the convection onset time tc. At this moment, the CO2-rich layer at the top of
the capillary starts to become unstable and a convective flow sets in. At first, this convective flow
is not yet balanced by viscous forces, and an initial large acceleration occurs. This is the second
or inertial stage. It may be analyzed from Eq. (A8) by neglecting the second term on the right
hand side that accounts for the convective uptake of CO2 at the free surface. Without that term,
the resulting differential equation for the product zwū is readily integrated from tc onwards, with
boundary condition ū(tc) = 0, which leads to the solution

zwū = �τv

(
1 − exp

[
− t − tc

τv

])
, (A10)

where it is good to note that for the parameter range studied in this article the viscous timescale is
of the order of a few tenths of seconds (τv ≈ 0.1–1.5 s for av = 1).

Now, clearly, the above approximation allows us to obtain the time evolution of the product zwū,
but not that of zw and ū separately, which needs additional approximations. Now, from a physical
perspective, it makes sense that speed with which the region that is affected by the convective motion
grows is directly proportional to the convective flow strength, that is,

dzw

dt
= 1

2
awū, (A11)

where aw is again a numerical prefactor of order unity. Inserting the above assumption into
Eq. (A10) allows us to integrate a second time

zw(t ) =
√

zw(tc)2 + aw�τv

[
(t − tc) + τv

(
exp

[
− t − tc

τv

]
− 1

)]
, (A12)

where the boundary condition zw(tc) needs to be defined, but it appears reasonable to assume that it is
something like twice the thickness of the marginally stable CO2-rich layer, namely, zw(tc) = 2δ(tc).
For times much larger than tc one may appreciate that zw goes to infinity as t1/2 and ū to zero as
t−1/2 keeping the product constant zwū ≈ �τv . Clearly, this is due to neglecting the second term on
the right-hand side of Eq. (A8), which accounts for the convective transport into the capillary.

It is straightforward but a bit tedious to use the long-time limit of the above solution to estimate
when the second term on the right-hand side of the equation of motion (A12) becomes of the same
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order as the first. The result is

t − tc =
[

6
√

2

azπ

]4/3[
aw

�τv

]1/3[ m∗
w

βCsatD1/2d3/2ρw

]4/3

, (A13)

which leads to a timescale between 8 and 32 s for the parameter values used in the experiment, that
is, about an order of magnitude larger than the viscous time τv .

Finally, one may numerically solve the pair of ordinary differential-integral equations (A8)
and (A11), using boundary conditions ū(tc) = 0 and zw(tc) = 2δ(tc), the result of which is provided
in Fig. 13(b) for the same parameter values as used in the experiment of Fig. 3. Clearly, the
magnitude of the convective velocity goes to a constant value quite rapidly, which may easily be
understood as a balance of the driving and the viscous force in Eq. (A1): Fz = Fv . Taking the time
derivative of the right-hand side [51] of Eq. (A8) leads to



√

ū = 1

τv

[
ū

dzw

dt
+ zw

dū

dt

]
≈ 1

τv

ū
dzw

dt
, (A14)

where the last approximation is made in search of a steady state solution (dū/dt ≈ 0). Using
Eq. (A11), this expression is readily solved for the steady state value ūst of ū(t )

ūst =
(

2
τv

aw

)2/3

=
(

az

4
√

2avaw

)2/3(
βCsatg

ν

)2/3

D1/3d . (A15)

The values ūst are plotted as the horizontal dashed lines in Fig. 13(b) for the different capillary
diameters and agree well with the asymptotic behavior of ū(t ).

2. Taylor-Aris diffusion

Now that we have formulated an equation of motion for the average convective velocity in the
previous subsection, it is good to stress that, as a result of convection only, the average position of
the front cannot move. For a cylinder that is closed at the bottom, any arbitrary surface S within the
liquid intersecting the cylinder can be closed along the cylinder walls where the velocity is zero,
such that, using Gauss’ formula and incompressibility∫∫

S
	u · d 	S =

∫∫∫
V

( 	∇ · 	u) dV = 0, (A16)

where V is the liquid volume in the cylinder below the intersecting surface S. If we now let S
coincide with the position of the diffusive front at some arbitrary time t , then some time later
the shape of this front may have been altered due to convective flow, as a result of some liquid
streaming upward and some downward with respect to S, but because the net average flow through
S must be zero, this can never lead to a downward (or upward) displacement of the front as a whole.
So the front needs to vertically displace in a diffusive manner and the way in which convection
may enhance this diffusion is by stretching and thereby steepening the diffusive front, as we
already observed in a previous publication [32]. In this stretching process, the thickness of the
front decreases which in turn increases its diffusive propagation speed.

Clearly, the front must be located somewhere in the central part of the convection roll and, as
a result, the situation is similar to the one studied independently by Taylor [41] and Aris [42] for
diffusion enhancement in a Poiseuille flow and later extended by many others [43,44,52–56] to more
general types of flow, including also time-dependent pulsating flows. For an axisymmetric steady
laminar flow v(r) in a cylindrical pipe of radius R one may write that the enhanced diffusion can be
described by an effective diffusion coefficient given by

Deff = D + 2

DR2

∫ R

r=0

[∫ r

s=0
(v(s) − v̄)s ds

]2 dr

r
, (A17)
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where v̄ is the average velocity in the pipe. It is straightforward to show that for Poiseuille flow
v(r) = vc(1 − (r/R)2) the integration leads directly to Eq. (7) with CTA = 48 if the Péclet number
is defined with respect to the mean flow v̄ = vc/2, i.e., Pe = v̄R/D.

However, in our case the flow inside the capillary is expected to depart in many aspects from
a Poisseuille flow, and therefore we decided to construct a solution uz(r) of the axisymmetric
Navier-Stokes equations that satisfies the following conditions: (i) the cylinder is split in an inner
region of radius Ri with a constant upward pressure gradient Ki = (∂ p/∂z)i (leading to a downward
flow), and an outer region with a constant downward pressure gradient of different magnitude
Ko = −(∂ p/∂z)o, (ii) uz(r) and its derivative are continuous in r = Ri, (iii) the net flow is zero,
and (iv) there is no slip at the outer wall. These conditions are necessary and sufficient to fix the
shape of the profile uz(r), the ratios x = Ri/R ≈ 0.5623 and y = Ko/Ki ≈ 1.1386, leading to [57]

uz(r)

Uc
=

{
−(

1 − r2
/

R2
i

)
if r � Ri

−y
(
r2

/
R2

i − 1
) + 2(y + 1) log(r/Ri ) if Ri < r � R

, (A18)

where Uc = −uz(0) is the magnitude of the central velocity. It should be stressed that, although the
flow field (A18) is physical from the viewpoint of the above conditions, it has characteristics that
are not consistent with the system studied, the most salient one being that for these parameters the
upward forcing of the outer region is much larger than the downward forcing of the inner region,
which could only be mended at the cost of one of the other conditions, such as continuity of the
stress at the inner-outer region boundary, or by relaxing the simple form of the pressure gradient
inside the cylinder. The only purpose of the above flow field however is to compute the Taylor-
Aris constant CTA, which may be done by rewriting the expression (A17) as DeffD − D2 where the
integral may be evaluated numerically leading to DeffD − D2 = 8.9696 × 10−3 U 2

c R2. To obtain CTA

one now needs to divide U 2R2 by DeffD − D2, where U is the velocity scale used to define the Péclet
number. Clearly, depending of the choice for U one will obtain a different value for CTA, ranging
from CTA = 6, 14, 26 to 111 where U is respectively the average upward velocity ūo = 0.23Uc,
the maximum upward velocity Umax = 0.35Uc, the average downward velocity |ūi| = 1

2Uc, and the
central velocity Uc. For the experiments discussed in Sec. III D, where the measured velocities are
definitely closer to the largest velocities in the system than the average ones, finding a value of
cTA ≈ 84 is therefore plausible.

In summary, the simplified model of Appendix A 1 predicts a convective velocity that after a
short period of rapid change, consistent with the viscous time scale of several seconds, more slowly
converges towards a steady state velocity. The slow change of the velocity after the first 100 s [cf.
Fig. 13(b)] together with the observation that the position of the diffusive front must be central in
the region affected by convective flow makes it plausible to use the Taylor-Aris formalism derived
for steady axisymmetric flow in a pipe [Eq. (A17)] to determine an effective diffusion coefficient
Deff, which rationalizes the pseudo-diffusive behavior that we have observed after convection onset
in the present and earlier work [32].

To finalize the arguments put forward in this Appendix, using the velocity ū(t ) obtained from
the simplified model depicted in Fig. 13(b), we compute an effective diffusion coefficient Deff(t )
using the Taylor-Aris equation (7) with Pe(t ) = ū(t )d/(2D), and subsequently insert this effective
diffusion coefficient in

z f (t ) − zc = Kf

√
Deff(t )(t − t0), (A19)

to estimate the time evolution of the diffusive front z f (t ) after convection onset at t = tc, which is
subsequently plotted in Fig. 13(d). To take into account that diffusion does not start at the moment of
convection onset but had already been in progress, we (quite arbitrarily) set the initial time t0 in this
equation to the time at which the capillary was brought into contact with the CO2 atmosphere,
i.e., t0 = 0. The curves plotted in Fig. 13(d) at least qualitatively resemble the corresponding
experimental curves in Fig. 3, indicating that the simplified convection model together with the
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thereby induced Taylor-Aris diffusion of the CO2-concentration front capture the essence of the
physics of convective transport in a capillary in the viscous limit.
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