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Convective dissolution, one of the main mechanisms for geological storage of CO,, occurs when
supercritical or gas CO, dissolves partially into an aqueous solution, thus triggering downward convection
of the denser CO,-enriched liquid. Chemical reaction in the liquid can greatly enhance the process. Here,
experimental measurements of convective flow inside a cylinder filled with a sodium hydroxide (NaOH)
solution show that the plume’s velocity can be increased tenfold as compared to a situation with no NaOH.
This tremendous effect is predicted by a model with no adjusting parameters.
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The interplay between chemical reactions and hydro-
dynamic convection can lead to a rich variety of phenom-
ena. These are triggered by the control of chemical
reactions on parameters that directly impact the local
mobility of the fluid during natural convection [1], namely
the fluid’s density [2] or viscosity [3], the molecular
diffusivities of the reactants and products [4,5], or, in
porous media flow and for chemical reactions involving the
solid phase, the medium’s permeability [6]. Such effects
can allow chemical reactions to accelerate convection [7,8]
and even, in otherwise hydrodynamically stable con-
figurations, to trigger hydrodynamic instabilities [9].
Conversely, the convection leads to enhancement of the
diffusion process due to enhanced fluid stretching, which
generally increases concentration gradients transverse to
the stretching direction, thus resulting in larger reaction
rates for diffusion-limited reactive configurations [10—12].

Natural convection of dissolved carbon dioxide (CO,)
within the aqueous phase of deep subsurface permeable
media (aquifers and depleted hydrocarbon reservoirs) is at
the core of one of the four main mechanisms of CO,
subsurface trapping, namely dissolution trapping [13]. It
allows CO, captured from industrial operations to be stored
in the subsurface by gravity over a timescale far extending
the mean atmospheric residence time of CO,, and is thus
considered as a major potential mitigation measure toward
decreasing atmospheric CO, concentration and limiting the
associated raise in atmospheric temperatures. In this con-
text, the injected CO, is in its supercritical phase, and thus
rises by buoyancy to position itself above the resident
aqueous phase (a brine); it then dissolves partially into it
[14] through the supercritical CO,-brine interface. The
mixture layer thus created at the top of the aqueous phase is
denser than the brine underneath, which leads to a
Rayleigh-Taylor instability [9,15]. The resulting convection
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fuels the continuous dissolution of supercritical CO, into
CO,-devoid brine coming up from the bottom of the
geological formation. This so-called convective dissolution
has been investigated extensively both experimentally and
numerically in the past 15 years in the absence of chemical
reactions [13,16-21], but investigations of the net effect of
chemical reactions that can take place in the aqueous phase
remain to be complemented. The influence of acid-base
reactions on convection during dissolution of CO, has been
analyzed in several studies [7,22,23], focusing on the roles
of different densities and molecular diffusivities of the
product and reactants in A + B — C reactions. Thomas
et al. [24] showed that adding a base XOH to the aqueous
phase accelerated convective dissolution in a Hele-Shaw
cell, and compared this effect for different spectators ions
X. These studies [7,22-24] were mostly limited to the early
stages of destabilization, from the onset of convection in
the linear regime to the early stages of fingering.

Here, we address the impact of the aqueous phase’s
basicity on the convective dissolution of CO, in the
aqueous phase. Many previous studies have investigated
the impact of chemical reactions on convection in a liquid
phase when the reaction takes place at the interface between
the liquid and another phase (usually, a gas) [25-27], but
the effect of the solution’s basicity on the dissolution’s
chemical equilibrium itself, and the resulting impact on
natural convection within the liquid, has to our knowledge
only been addressed in a Hele-Shaw configuration and
during initial fingering stages [24]. Here, using a dedicated
experiment and sodium hydroxide (NaOH) to render the
aqueous phase basic, we demonstrate that the resulting
enhancement of convection in the fully nonlinear late-time
convection regime can reach a factor 20. This convection
enhancement is measured in terms of the maximum
dissolved CO, plume velocity as a function of the
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FIG. 1. (a) Top view of the experimental setup where the
cylindrical flow cell (Cyl., red online) is immersed in the cuboid
optical tank and located in the cubic pressure cell. (b) Close-up
side view of the cylindrical cell with the solution exhibiting a
meniscus.

NaOH concentration and of the CO, gas pressure, and
compared to a theoretical prediction, with very good
agreement. These results are to our knowledge the first
insights into the acceleration of convective dissolution
dynamics in the constant flux regime, which is expected
to have the strongest impact on the global dynamics of CO,
dissolution storage in the subsurface.

To obtain a quasistationary flow in the nonlinear con-
vection regime, the experiments are performed on a single
plume of dissolved CO,, in a cylindrical glass container of
radius R = 4 mm (see Fig. 1) filled with water and sodium
hydroxide (NaOH) up to a height H = 16 mm (see detailed
description of the setup in Nadal et al. [28]). The tube is
immersed in a square optical tank containing the same
solution (to reduce radial distortions of the images) and
placed at the center of a pressure cell which is filled in a few
seconds with gaseous CO, at a partial pressure Pco,,
chosen equal to 0.1, 0.3, and 1 bar in three distinct series of
experiments. In each series the concentration Cy,oy in
sodium hydroxide is varied from O to 5M (mol/1). Upon
CO, injection (which defines the initial time ¢ = 0), the
denser layer of CO,-enriched solution destabilizes as
explained above and sinks toward the bottom of the
cylinder, generating a strong plume close to the axis of
the cylinder, surrounded by a weak upward recirculating
flow. Particle image velocimetry [29] measurements are
performed to measure the velocity field, by seeding the
fluid with 6 pm diameter spheres of red-dyed polystyrene
and illuminating the flow cell along a diametral plane by a
150 pm thick red laser sheet. A typical velocity field
obtained during the convection is shown in Fig. 2(a).

An example of profile of the vertical velocity component
w as a function of the distance r to the axis of the cylindrical
cell is plotted in Fig. 2(b). It is favorably compared to the
theoretical profile w(r) of a single viscous plume in the
container [28], characterized by its maximum velocity w
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FIG. 2. (a) Velocity field obtained for Pcp, = 0.3 bar and
Cnaon = 0.1 M at time = 120 s. (b) Radial profile of the
vertical velocity component w at depth z = —R, obtained for
Pco, = 0.3 bar and Cyyon = 0.1 M at £ = 120 s. The solid line
corresponds to the viscous solution given in Eq. (1). The vertical
component of the velocity is negative for sufficiently large radial
positions, and the flow rate calculated over the entire cross
section is zero, as required by fluid mass conservation. D is the
molecular diffusivity of CO, in water. The Rayleigh number
defined by (4) is Ray = 4.3 x 10*.

and its thickness [:

— —w Fy(r/R)
W(r)_ max FI(O) ’
with F,(y)://'l/ll—j“dx+(yz_1)(1—z2). (1)

Note that this radial distribution of the velocity’s vertical
component verifies the conservation of the fluid mass,
which is one of the first principles taken into account when
deriving Eq. (1). Hence, [Rw(r)rdr = 0. This is actually
rigorously true in the limit of small / values (here / ~0.1).
See Ref. [28] for more details.

Fitting Eq. (1) to the data [solid line in Fig. 2(b)], the
maximum vertical velocity w,,,, is extracted and plotted as
a function of time for two different NaOH concentrations
(Fig. 3). In the absence of NaOH (dashed line), after a
transient stage (i.e., after  ~ 0.05R?/D here, where D is the
molecular diffusivity of CO, in water) w,,, becomes
almost stationary. In the presence of sodium hydroxide
(solid line), wy,,, increases strongly over a very short time
and then decreases slowly with time (by about 50% during
the experiment). The striking fact that at 0.1M (solid line)
Wmax Temains 4 times larger than in the absence of sodium
hydroxide for half the experimental time evidences the
strong influence of pH and chemical reactions on the
convection induced by CO, dissolution. In the presence of
NaOH w,,, oscillates around its mean value due to
instabilities occurring for larger Rayleigh numbers [30]
and that may be enhanced by the presence of NaOH. Note
that the nondimensional velocity wy,,cR/D can be viewed
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FIG. 3. Maximum velocity obtained for Pco, = 0.3 bar with

Craon = 0 (dashed line) and Cy,on = 0.1 M (solid line). The
Rayleigh number defined by (4) is Ra, = 4.3 x 10*.

as a global Péclet number based on the plume’s velocity
and the global length scale R.

The maximum vertical velocity component is extracted
at the beginning of the quasistationary stage (i.e., for tD/R?
larger than 0.05) for several concentrations Cy,ong and
three different Pco, (see Fig. 4). At low concentrations
(Crnaon < 3 x 107*M), the plume’s velocity dependence on
Pco, is the one already obtained experimentally in the
absence of sodium hydroxide [28]. From Cy,on = 107°M,
Wmax 10creases significantly with the sodium hydroxide
concentration, up to a factor 10 when Cn,oy = 1M. Above
Crnaon = 1M, wy,, saturates and decreases rapidly (zone
colored in gray).

In the following, we present a model predicting this
dependence of the plume’s velocity on Pco, and Cy,on.

In pure water, dissolved CO, is barely unstable [31] and
we can neglect the reactions CO, + H,O=H,CO; and
H,CO;=H" + HCOj (the first one being the limiting
reaction). In such nonreactive conditions, the spatial dis-
tribution of the CO, concentrations is well described by a
vertical diffusion profile C(r,z) =1 —erf[z/6(r)] [28].
The dependence on the radial coordinate r of the diffusive
width 8, which is due to advection by the (radial) velocity at
the gas-liquid interface, was predicted analytically by
Nadal er al. [28]. However, in a basic solution, the
successive reactions CO, + OH™=HCO3 and HCO3 +
OH~=CO035™ + H,0 take place, the first one being the
limiting irreversible reaction, and the second one being
much faster and reversible. Depending on the local pH, either
the CO, (for pH < 6.4), HCO3 (for 6.4 < pH < 10.3), or
CO3~ (for pH > 10.3) forms will be predominant.

For moderate initial concentrations in NaOH (less
than 107*7) we can expect the presence of HCO3 in the
bulk. Still, the CO, form should be present close to the
surface, where the fluid is depleted in NaOH. For high
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FIG. 4. Maximum vertical velocity component as a function
of Cyaon. obtained for Pcg, = 0.1 bar (O, Ray = 1.4 x 10%),
Pco, =03 bar (V, Ray=43x10%, and Pco, =1 bar
(3, Ray = 1.4 x 10°).

concentrations in NaOH (more than 10737) we can expect
the presence of CO%‘ in the bulk, HCOj3 closer to the
surface, where reaction induces a depletion in OH™, and
still some CO, in the vicinity of the surface [32]. In fact, the
theoretical configuration in the absence of convection
features two horizontal planes at which the concentrations
of the two species involved in the equilibria (CO, and
HCOj3 for the first plane, HCO3 and CO%‘ for the second
one) are identical [33] (see also Fig. S1 in Supplemental
Material [34]). In the presence of convection, these iso-
concentration positions are decreasing functions of the
radial coordinate r, due (again) to advection by the radial
velocity at the free surface. The integration of that model
gives us the density excess in the fluid, which will be used
in the following to derive the plume’s velocity.

For very high concentration in HCO3, precipitation of
sodium bicarbonate NaHCO; at the liquid-gas interface
creates a thin crust which is observed in our experiment.
This probably inhibits the dissolution of CO,, leading to a
drastic reduction of the plume’s velocity for Cy,oy >
1.04M (as given by a solubility of 87 g/l for HCO3).
This region (colored in gray in Fig. 4) is not considered in
the following.

In the absence of sodium hydroxide, Nadal et al. [28]
showed theoretically that the plume’s velocity is

D
wih — O.llSRaé/S[log(Rao)]mE, (2)

and the plume’s width is
I = 1.359Ra;"/%[log(Ray)]~'/*R, (3)

where the Rayleigh number Ra, is defined as
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akHPCO gR3
Ray = M7 CO.9T 4
%0 Dv “)
Here, ¢=9.81m’>s™> is the gravity D =1.8x

10~ m?s~! is the molecular diffusivity of CO, in water,
and v is the kinematic viscosity of the liquid (taking into
account the increase due to the presence of NaOH). ky =
3.4 x 1072M /atm is the Henry’s constant for CO, dis-
solution in water, and a = (1/p)(dp/dC) = 0.011M~" is
the chemical expansion coefficient, C being the concen-
tration in dissolved CO, [see [35]]. In this definition the
term akyPco, corresponds to the liquid’s density increase
at the liquid-gas interface due to absorption of CO, through
the interface. Note that, in addition to the aforementioned
global Péclet number wR/ D, it is also interesting to define a
local Péclet number quantifying the ratio of the radial
diffusive timescale over the plume’s width / to the advective
timescale [/w:

th jth
WODO — 1.156

Pey = Ra. (5)

In the presence of sodium hydroxide, the variations in
density are now due to the presence of the reactants CO,,
HCO3, and CO3~, but also to local variations in the
concentrations of the ions OH™ (which have reacted)
and Na'. Thomas er al. [24] investigated the high con-
centration in the NaOH case, and assumed that the
concentration of OH™ was large so that the HCO3 form
was not present. They thus assumed that the density
difference was mostly due to the presence of CO3,
characterized by a chemical expansion coefficient o'.
Since the concentration of CO3~ is limited by the sodium
hydroxide concentration, the density difference in the
plume reduces to akyPco, + & Cnaon- As a consequence,
in the presence of sodium hydroxide, the Rayleigh number
should be defined as

_ (akyPco, + & Cnaon)gR?

a—=
Dv

. a/CNaOH

Ra =R 1 4+—. 6

v ‘ a0< JrOlkHPcoz (6)

The theoretical velocity of the plume is then given by
Eq. (2) with Ra, replaced by the Rayleigh number Ra
defined above.

The ratio of the velocity in the presence of NaOH to that
in the absence of NaOH is thus equal to

th /C 2/3
W_m —T (1 + “ﬂ) , (7)
WO (Xkacoz

where the coefficient I" takes into account the logarithmic
dependencies: it varies between 1 and 1.17 for the
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FIG. 5. (a) Maximum vertical velocity component, normalized

by the theoretical velocity wil' at Cy,on = 0 given by Eq. (2).
(b) Plume width, normalized by the theoretical plume width
lg‘ at Cnyong =0 given by Eq. (3). Symbols correspond to
Pco, = 0.1 bar (O, Rag=1.4x10%), Pco, =0.3 bar (V,
Ray =43 x 10", and Pco, =1 bar (O, Rag = 1.4 x 10°).
The dotted lines correspond to the theoretical ratio given by
Eqgs. (7) and (8) with o' /a = 0.85/0.82. The dashed lines are for
' /a =2.12. The solid lines use values of &' /a calculated for
each concentration and pressure from the reaction-diffusion
model described in Supplemental Material [34].

experiments considered in this study. This law is plotted
in Fig. 5 forT' =1 and o /a = 0.85/0.82 as predicted by
[24] when taking into account only the solutal effects
(known from the tables of the literature). This prediction is
in good agreement with the experimental results, which
all collapse when plotting w/w as a function of
Cnaon/ (kyPco,). However, the theory slightly underesti-
mates the velocity at moderate concentrations probably due
to diffusive effects which can increase the value of o'/, as
described by [24]. Their Fig. 13 indicates that & /a is
rather equal to 2.12, leading to a prediction plotted as a
dashed line; it predicts correctly the velocity at moderate
concentrations, but overestimates the velocity at large
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concentrations. Redoing for each concentration the calcu-
lation of Thomas et al. [24], but considering now the
presence of all species and reactions including HCO3 (see
the detail of the calculations in Supplemental Material [34],
which includes Refs. [36,37]), leads to the prediction
plotted as a solid line in Fig. 5, which fits the experimental
data extremely well except for the last two points. That tiny
discrepancy at very large concentrations could be due to
saturation of the flux of CO, above the free surface or to
kinetic limitations to the reactions.

Finally, the plume’s width is also plotted in Fig. 5(b) as a
function of the concentration of NaOH. There is a fair
agreement between the experiments and the model

" /Craon | V6
- (1 4 2 NaOH, N“"*‘) (8)
lO akHPCOz

despite large uncertainties in the experimental data.
Note that the local Péclet number in the presence of
sodium hydroxide Pe = wy,//D is theoretically equal
to 1.156v/Ra.

In conclusion, considering the convective dissolution of
CO, into an aqueous solution of sodium hydroxide (NaOH)
in an axisymmetrical geometry and in the late time non-
linear regime, we have measured experimentally the
plume’s vertical velocity and shown that it is well matched
by a theoretical radial profile parametrized by its maximal
velocity and width. We have characterized the dependence
of the maximal velocity and width of the convective plume
on the concentration in NaOH and CO, pressure, and
demonstrated that these dependencies can be explained
by a analytical model without any adjustable parameter.
This was made possible by taking into consideration all
the chemical species, their reactions and equilibrium.
Consequently, the experimental configuration appears to
be a good candidate for a systematic exploration of the
convective dissolution of any gaseous species in reactive
solution, with the objective, for instance, of maximizing the
rate of the potential gaseous absorption (in particular that of
CO,) in the quasistationary regime.

Prospects to this study include the investigation of
porous geometries, where the cylindrical cell will be filled
with a transparent granular porous medium whose refrac-
tive index is matched by that of the resident solution, as
well as different, nonaxisymmetrical, confining geometries.
In a porous medium, pore scale coupling between hetero-
geneous advection and molecular diffusion of solute
species, which in a passive scalar advection context would
result in hydrodynamic dispersion, is also expected to
impact the dynamics of the convection [20].

We thank Anne De Wit for insights, and the Agence
Nationale de la Recherche (ANR) for funding of the ANR
Grant CO2-3D (No. ANR-16-CE06-0001-01).
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