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A B S T R A C T

We study the effect of brine composition on CO2 dissolution in brine. In particular, we address the effect of brine
composition on the onset of convection through experiments, numerical simulations, and theoretical analyses.
We use two brine solutions—one containing sodium chloride (NaCl) and one containing mixtures of NaCl and
calcium chloride (CaCl2)—to study their differences in terms of the onset of convection. We perform experiments
in isothermal conditions (∼50 C) with pressure range of 500–535 psi for different salinities and permeabilities
(Rayleigh number of 2900 to 4900). Our experimental conditions and set-up design allow us to avoid problems
associated with analogue fluids as well as with blind cells. We also conduct linear stability analysis (LSA) and
high-resolution direct numerical simulations (DNS). We analyze pressure data and calculate other parameters
such as diffusion coefficient, viscosity, and solubility. Specifically, we obtain the onset of convection from
pressure decay curves and critical wave number from image analyses. We show that the onset of convection
occurs earlier with higher wave number in brine solutions containing NaCl. Pressure results show that using
mixture of NaCl and CaCl2 results in a higher CO2 diffusion coefficient, which in turn damps convective in-
stabilities. Thus, the onset time of instabilities is later and finger growth rate is smaller for brines with NaCl and
CaCl2. Our DNS results show that deviation between the cumulative dissolved CO2 as well as the dissolved CO2

due to only diffusion process occurs earlier for NaCl solution. We found a dimensionless Rayleigh-dependent
onset of instability with parameters that are close for two mixtures. However, differences in the CO2 diffusivity
result in smaller Rayleigh numbers for NaCl and CaCl2 containing mixtures. Our results have practical im-
plications for CO2 geological sequestration in saline aquifers.

1. Introduction

Extra CO2 emission into atmosphere could deteriorate the en-
vironment (Zhang et al., 2018a; Li and Zhang, 2018). CO2 sequestration
in geological formations is now considered as a viable solution to re-
duce CO2 concentration in the atmosphere (Holloway, 2005; Schrag,
2007; Gershenzon et al., 2014; Zhang et al., 2018b). Among geological
formations, saline aquifers are main targets for CO2 geological se-
questration due to their chemistry, reasonable permeability and por-
osity, and, more importantly, widespread distribution (Riaz and Cinar,
2014; Mahmoodpour and Rostami, 2017; Soltanian et al., 2016a, 2018).
However, one major concern is CO2 leakage from the target formation
because of the presence of open fractures or faults, as well as the po-
tential presence of abandoned wells away from the injection locations
(Kim and Song, 2017; Soltanian et al., 2018).

Structural trapping, capillary trapping, solubility trapping, and mi-
neral trapping are trapping mechanisms associated with CO2 seques-
tration in saline aquifers (Emami-Meybodi et al., 2015). CO2 dissolution
in brine is an important trapping mechanism towards permanent CO2

storage (Javaheri et al., 2010; Szulczewski et al., 2013; Martinez and
Hesse, 2016; Newell et al., 2018; Shi et al., 2018). Diffusion of CO2

molecules into brine initiates the dissolution process (Soltanian et al.,
2016b, 2017; Amooie et al., 2018). The resulting diffusive layer is more
dense than the formation brine, leading to density-driven instabilities
(Soltanian et al., 2017). As these instabilities grow, they migrate toward
the formation bottom through convection. This accelerates the dis-
solution rate through bringing fresh brine (i.e., brine without the dis-
solved CO2) to CO2-brine interface and sharpening CO2 concentration
gradient (Hassanzadeh et al., 2005, 2007; Farajzadeh et al., 2007a;
Emami-Meybodi et al., 2015). Since convection plays an important role
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in decreasing formation pressure in response to CO2 injection, it can
enhance cap rock integrity. Estimating when onset of convection occurs
is essential in any CO2 sequestration project. To provide such estima-
tion is one goal of this paper.

There is an extensive body of literature on theoretical and experi-
mental studies of the CO2 dissolution in brine and the onset of con-
vection. Rayleigh number ( =Ra k g H

µ DCO2
; which shows the strength of

the convective dissolution over the diffusive one) and dimensionless
time ( =tc

tD
H
CO2

2 or =tc
k g

µ DCO

2 2 2
2 2

) are used to report findings in prior work,
where DCO2, H, g, μ, φ, Δρ, and k are respectively diffusion coefficient,
domain height, gravitational acceleration, viscosity, porosity, density
difference, and permeability (Ennis-King et al., 2005; Riaz et al., 2006;
Mahmoodpour et al., 2018a). It is also common to use correlations such
as =t c Rac

c
1 2 between the Rayleigh number and the dimensionless time

(c1 and c2 are constant values). Also, linear stability analysis (LSA)
based on quasi steady-state approximation (QSSA) is a common ap-
proach to study onset of instabilities (Emami-Meybodi and
Hassanzadeh, 2013; Emami-Meybodi, 2017). However, mass transfer
increase due to convective flow is not captured by LSA. Therefore, di-
rect numerical simulations (DNS) are used to examine nonlinear dy-
namics of convective instabilities (Farajzadeh et al., 2011; Soltanian
et al., 2016a, 2017; Amooie et al., 2017a, 2017b).

To reach high-pressure conditions in laboratory experiments is not a
straightforward task, especially in the context of convection in porous
media. Analogue fluids (e.g., propylene glycol-water system) are
usually considered, instead, to examine the dissolution process (Ennis-
King et al., 2005; Neufeld and Jerome, 2010; Backhaus et al., 2011;
MacMinn et al., 2012, 2013; Taheri et al., 2012; Slim et al., 2013; Tsai
et al., 2013; Agartan et al., 2015). However, analogue fluids show
differences in comparison with CO2-brine systems (Jafari-Raad and
Hassanzadeh, 2015). There are few studies in high-pressure blind PVT
cells, but they do not allow visual capturing of instabilities and the
resulting convection (Yang and Gu, 2006; Farajzadeh et al., 2009;
Nazari-Moghaddam et al. 2012, 2015; Seyyedi et al., 2014; Newell
et al., 2018). Pressure decay data are analyzed in the latter experiments
in order to quantitatively study the dissolution behavior. The simulta-
neous use of qualitative (visual examination) and quantitative (pressure
decay) data provides an excellent means to better understand the dis-
solution processes. There are only a few studies that have utilized the
combination of such data, but they are limited to atmospheric pressure
conditions (Taheri et al., 2017, 2018). In this paper, we study the onset
of convection using visual analyses as well as pressure decay data in
high-pressure conditions that can better represent the in-situ conditions
of saline aquifers as the main CO2 sequestration target sites. To this end,
we have specifically designed and constructed a high-pressure Hele-
Shaw cell in order to both qualitatively and quantitatively elucidate the

underlying processes.
Most studies cited above were performed in systems with pure water

(i.e., with no salinity). However, brine is typically composed of dif-
ferent salts (Aggelopoulos et al., 2011). Data on brine composition
shows dominance of chloride (Cl−) and sodium (Na+) ions. Among
other cations, calcium (Ca2+) is the most frequent one (Wellman et al.,
2003; Gaus et al., 2005; Xu et al., 2006; Bacon et al., 2009; Azin et al.,
2013; Mohamed et al., 2013; Wang et al., 2016; Vu et al., 2017; Shi
et al., 2018). In this study, we consider the effects of salinity by using
two brine solutions, one with only sodium chloride (NaCl) and one with
NaCl and calcium chloride (CaCl2).

This paper is organized as follows: We present our methodology in
Section 2, which has three parts. Part 1 of Section 2 describes our ex-
perimental design and conditions. In part 2, we discuss governing
equations for direct numerical simulation (DNS) and give information
about input parameters. In part 3, we explain our linear stability ana-
lysis (LSA) method. In Section 3, we present our results. Finally, in
Section 4 we highlight the concluding remarks of our work.

2. Methodology

CO2 dissolution in brine starts with diffusion process that creates a
diffusive boundary layer under the CO2-brine interface. Since brine
with dissolved CO2 is more dense than the underlying brine, the system
is gravitationally unstable. When the diffusive boundary layer is thick
enough, gravitational instabilities occur in the system. At a sufficiently
high Ra (> 55, Szulczewski et al., 2013), instabilities grow with time
and manifest in convective fingers. To accurately capture the first ap-
pearance of convective fingers (the dimensionless time in DNS is t̂c DNS, )
and corresponding wave number ( c DNS, is wave number in DNS), high-
resolution numerical simulations are required. In experiments, dis-
solved CO2 concentration should reach a detectable pH so that the
convective fingers are clear enough to see. Direct numerical simulations
with input parameters from experiments can provide an approximation
for t̂c DNS, .

At early times, convective fingers are not strong enough to sig-
nificantly change the dissolution rate. As time increases, convective
fingers interact with each other and create stronger fingers. These fin-
gers bring the fresh brine with no dissolved CO2 into the CO2-brine
interface and sharpen the CO2 concentration gradient. With higher
concentration gradient at CO2-brine interface the dissolution rate in-
creases and partial pressure of gas phase changes with higher rate than
diffusion mechanism. If we consider only the diffusion mechanism, the
dissolution flux and pressure reduction rate would decrease with time.
Because, the concentration gradient which is the driving force for dif-
fusion mechanism decreases. Activation of the density-driven

Nomenclature

C Solute concentration
c Dimensionless solute concentration
Cs Equilibrium concentration at interface
DCO2 Diffusion coefficient
g Gravity acceleration
H Height of the saturated porous medium
k Permeability
L Length of the system
M Molecular weight
n Number of moles
P Pressure
R Gas constant
Ra Rayleigh number
T Temperature
t Time

tc Critical time for onset of instability
v Dimensionless Darcy velocity
x Mole fraction
yco2 Mole fraction of CO2 in gas phase
Z Gas compressibility factor
Φ Fugacity coefficient
β Densification coefficient
ζ Interaction coefficient
κ Wave number
λ Interaction coefficient
μ Viscosity
ν Partial molar volume
μCO2 Chemical potential of CO2

ρ Density
τ Dimensionless time
φ Porosity
ω Growth rate
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convection increases the dissolution flux and pressure reduction rate.
Therefore, the time at which pressure curve experiences a rapid decline
after the diffusion mechanism shows the onset of convection. This time
and the corresponding wavenumber are detected as the onset of con-
vection (the dimensionless time in experiments is t̂c EXP, ) and critical
wavenumber for onset of convection ( c EXP, ), respectively. Therefore,
we face with three different phenomena and we have used three
methods to capture them: 1) onset of instabilities (LSA), 2) first ap-
pearance of convective fingers and initial deviation of dissolved CO2

concentration from the only diffusion dominated mechanism (DNS),
and 3) rapid decline in pressure curves after the diffusion dominated
regime (experimental tests, EXP). Our approach for calculating these
values is explained below.

2.1. Experimental procedure

We designed and constructed a high-pressure Hele-Shaw cell for this
study (see Fig. 1). This cell allows obtaining both qualitative (visual
examination) and quantitative (pressure decay) data on CO2 dissolution
process. The cell has a 2.5 cm thickness with aluminum frame covered
with a 5 cm thickness plexiglass enabling the visual examination. To
prevent plexiglass expansion under high-pressure conditions, we at-
tached a steel frame to the main frame. The main frame has an internal
volume of 2700 cm3 (36 cm×30 cm x 2.5 cm). In comparison to cells
used in prior work here we used a wider opening (2.5 cm) that allows
adding porous structure into the cell. In bulk fluid experiments, onset of
convection happens in early times and there is not sufficient data in
diffusion-dominated regime to calculate diffusion coefficient. In the
presence of porous media (system with lower permeability than bulk
fluid), we have pressure data from diffusion-dominated regime, and we
calculate diffusion coefficient from experimental data. In addition, this
device has negligible boundary effects due to its size, as compared to
Hele-Shaw cells used previously. We used this Hele-Shaw cell within
our experimental setup in Fig. 2.

As mentioned in the introduction section, literature review about
the brine composition revealed the dominance of chloride (Cl−) and
sodium (Na+) ions. Among other cations, calcium (Ca2+) is the most
frequent one. Therefore, we chose NaCl and CaCl2 salts to understand
the effect of brine composition. We tested reduction of NaCl amount to
80% of its initial value and for remaining 20%, we added CaCl2. For
example, in the corresponding solution of 1 Molal (M hereafter) NaCl,
we used 0.8M NaCl and 0.1M CaCl2. This way there is similar con-
centration of Cl− in two solutions and for each divalent cation of Ca2+

there are two monovalent cations of Na+ in the corresponding solution.
We selected two levels of salinity in a way that our experimental tests
be a good representative of brine compositions based on the literature.

Initial pressures for the tests are in the range of 502.6–535.3 psi. We
had restrictions about the higher pressures. However, the designed
Hele-Shaw was tested for higher pressure; but for safety issues we used

this range of pressure. All tests are performed in an isothermal condi-
tion with temperature of 50 °C. We introduced brine into the cell by
continuous mixing and gradually adding NaCl or mixture of NaCl and
CaCl2 into water. Bromocresol green is used as a pH indicator with
0.02% weight fraction in brine. The Hele-Shaw cell was packed with
desired glass beads (representing permeability range of 400–550 Darcy)
by shaking. We checked the smaller glass beads (for lower permeability
values); but in this way, we missed the quality of pictures. With glass
beads larger than the implemented ones (for higher permeability va-
lues), onset of convection happens earlier and there are limited pressure
data in diffusive dominant regime. Therefore, calculation of the diffu-
sion coefficient values will be difficult. Based on these explanations, we
used the reported range of permeability for porous media. Note that
porosity is ∼0.36 for all cases described below.

The effect of capillary pressure is negligible due to high perme-
ability values. However, in order to increase the accuracy, we packed
the cell to the desired height of brine with glass beads (CO2 is injected
into the void upper section) to eliminate the capillary transition zone.
This way, we obtain comparable results with those in prior work (DNS
or LSA studies) where the potential effects of capillarity within the
sharp CO2-brine interface was neglected.

The cell is placed in the oven and vacuum pump is used to saturate it
with brine and the pH indicator solution. Then, the transfer vessel cy-
linder is loaded with CO2 gas phase. CO2-containing cell is pressurized,
and all equipment in the oven is kept under the °50 C for at least 12 h.
Before inserting gas mixture into the cell, a pump vacuumizes the cell.
A valve between gas cylinder and the cell is opened gradually to reduce
possible disturbances. Once we obtain a desired pressure, we close the
cylinder valve and open the pressure gauge valve. Since the tests are
performed in constant volume conditions, dissolution of CO2 into brine
decreases the pressure of the cell. Thus, pressure data provide a quan-
titative measure for CO2 dissolution. We continuously monitor pressure
and temperature data. We also continuously take photos using a digital
camera (see Fig. 2a).

Overall, we conducted four tests with NaCl (2 and 1 Molal) and four
tests with mixture of NaCl and CaCl2 (1.6 and 0.8 Molal NaCl) (see
Table 1). The implemented approach in this study helps to reduce the
possible errors in order to guarantee the reproducibility. Before each
test, the Hele-Shaw was dismantled, washed and dried. Based on the
previous explanations, the effect of capillary pressure is excluded
through the sharp gas-liquid interface. Continuous mixing during the
preparing of brine helps to have a homogeneous mixture in which all of
the introduced salts was dissolved. Leakage tests have been done before
each test. Also, the trend of pressure data is tracked during the test.
Based on the visual capability of the system, a horizontal and smooth
surface is implemented for gas-liquid interface and in this way, the
possible errors from the slop and morphology of the interface is de-
creased. We have used thermocouple to track the temperature con-
tinuously and possible errors from the temperature fluctuation is

Fig. 1. Constructed high-pressure Hele-Shaw cell: a) dismantled structure; b) connected structure, and c) model domain with initial and boundary conditions for DNS
(u, c, and cs shows the velocity and concentrations of CO2 within the domain and at CO2-brine interface, respectively).
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obviated by introducing the temperature effect in calculation of CO2

moles ( =PV znRT ). Also, we have exact values of the gas phase volume
too. Since, the impurity along the CO2 may affect the onset of con-
vection (Mahmoodpour et al., 2018b); therefore, before introducing the
CO2, we have used the vacuum pump to evacuate system from the air.
We introduced the CO2 gas gradually to the system in order to reduce
the possible disturbances.

2.2. Numerical simulation

We developed a two-dimensional (2D) direct numerical simulation
(DNS) model for this work. The initial and boundary conditions are
shown in Fig. 1C. We performed DNS for all cases in Table 1 with
homogeneous permeability and porosity values. We examined the be-
havior of system in the aqueous phase. Water is almost incompressible
in our experiments; we used Boussinesq approximation in order to write
our governing equations below:

=V. 0 (1)

=D C V C C
t

. ( ) .CO CO CO
CO

2 2 2
2

(2)

where Darcy's law is used to describe fluid flow:

=V K P g
µ

( ).
(3)

where V, φ, DCO2, CCO2, k, μ, P, ρ and g show the Darcy velocity, por-
osity, diffusion coefficient of CO2, concentration of CO2, permeability,
viscosity, pressure, density and gravity acceleration constant respec-
tively. Density of NaCl solution is calculated based on the Potter and
Brown's model (Potter and Brown, 1977). In order to obtain density of
NaCl and CaCl2 solution mixture, we used the proposed model by
Ghafri et al. (2012), which considers relative density of NaCl and CaCl2
mixture to NaCl solution (see Appendix A).

The density difference between CO2-rich brine and fresh brine is the
driving force for the convection. To calculate the density of CO2-rich
brine, we used the approach by Garcia (2001):

= + + +
=

M x M x M x M xaq

aq

w w s s s s

b i

NCG

i i
1 1 2 2

1 (4)

where subscripts aq, w, s, b, and i are used for the resulting solution,
water, dissolved salts, brine, and dissolved gases, respectively. Also,
NCG, x and ν represent the number of components in gas phase (here
NCG=1), solubility values and the partial molar volume. CO2 solubi-
lity in brine was calculated by the proposed model of Duan et al.
(2006). Partial molar volumes are obtained following Garcia (2001).
Detailed information is provided in the Appendix Section.

Initially, there is no dissolved CO2 in brine (i.e., = =C t x z( 0, , ) 0).
Lateral boundaries are no-flow and no-flux ( =U 0 and = 0C

x ) fol-
lowing our experimental set up. This is also true for the bottom
boundary. At the top boundary, the brine is in equilibrium with the
CO2. Equilibrium concentration of CO2 is calculated based on the de-
scribed solubility model and the imposed boundary condition of

=C t x C( , , 0) CO
eq

2
. . For each time step in our simulations, we integrate

the amount of dissolved CO2 concentration over the model domain and
convert it to the mole of dissolved gas through real gas equation-of-state
(EOS). All parameters are updated for each time step including density,
viscosity, solubility, and diffusion coefficient based on the new pressure
obtained by EOS:

=p
p v

z RT
n z RT

v
int
CO

int
CO diss

CO
CO2

2
2

2

(5)

where pint
CO

.
2, zint

CO
.
2 and ndiss

CO
.
2 represent the initial pressure of CO2, com-

pressibility factor of CO2 in the initial condition and amount of dis-
solved CO2 in each time respectively. Volume changes of water due to
CO2 dissolution is considered negligible. Therefore, the height of water
is remained constant.

To impose initial instabilities numerically, we use a sinusoidal
perturbation of = + ( )c 1 0.01 sin 40top

x
L2 on the top boundary in which

we impose perturbation on the concentration field over the gas-liquid
interface (see Farajzadeh et al., 2007b). The equations described above
are coupled and solved using a Finite Element Method with 51,332
triangular elements (with maximum element size of 2mm) in COMSOL
5.2.

2.3. Linear stability analysis (LSA)

We also study the onset of instabilities using linear stability analysis

Fig. 2. Experimental set up. (a) High-pressure pump, (b) PVT cylinder, (c) Hele-Shaw cell, (d) Camera, (e) Thermocouple, (f) Pressure gauge, (g) Data acquisition
system, and (h) a PC for data storage.

Table 1
Brine composition, permeability, and initial pressure condition for all cases.

Case Brine composition (Molal) Permeability (D) Initial pressure (psi)

1 2 NaCl 550 523.1
2 2 NaCl 400 511.2
3 1 NaCl 550 535.3
4 1 NaCl 400 510.6
5 1.6 NaCl + 0.2 CaCl2 550 512.7
6 1.6 NaCl + 0.2 CaCl2 400 514.7
7 0.8 NaCl + 0.1 CaCl2 550 502.6
8 0.8 NaCl + 0.1 CaCl2 400 505.5
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(LSA). This will complement our experimental and numerical simula-
tion results. We believe that our results, especially our experimental
data, provide base cases for future tests on theoretical and numerical
simulation analyses.

We considered a 2D homogeneous media with a length of 36 cm and
a height of 23 cm. We assume a sharp CO2-brine interface given neg-
ligible capillary effects explained in the previous section. For the top
boundary, we used a constant concentration for CO2 (Cint.). Density is a
linear function of CO2 concentration in brine with

= + C(1 )b CO CO2 2 , where band CO2 represent the density of brine
and densification coefficient due to the CO2 dissolution respectively. To
perform LSA, we converted governing equations (Eqs. (1)–(3)) to their
non-dimensional forms. Natural velocity of the system (k g

µ
) is se-

lected to scale velocities, following Slim (2014). At early times, the
thickness of diffusive layer ( D

k g
µ CO2 ) provides a natural scale for the

length (Riaz et al., 2006; Wen et al., 2018). With D
k g

µ CO2 2
2 2 2 , D

k
µ CO2 ,

CCO
s

2 and = Cb CO CO
s

2 2 as scales for the time, pressure, concentra-
tion and density, the governing equations are obtained in their di-
mensionless forms as (also see Kim and Song, 2017):

=v. 0 (6)

= +v p k ˆ (7)

+ =c v c c.CO
CO CO

2
2

2
2 (8)

where v, p, ˆ, cCO2, and represent the dimensionless format of Darcy
velocity, pressure, density, CO2 concentration, and time respectively.
Initially, diffusion is dominated mechanism for dissolution, and the
diffusive transport is represented by:

=c c
z

CO CO2
0 2

2
0

2 (9)

where the initial and boundary conditions are:

=c z( , ) 0CO2
0 (10)

= =c c
z

Ra(0, ) 1 & ( , ) 0CO
CO

2
0 2

0

(11)

An analytical solution to Eq. (9) is thus obtained as:

=
=

c
n

n
n

n
n

1 2 2
(2 1)

sin 2 1 z exp 2 1
CO

n
2

0

1

2
2

(12)

Since the penetration depth of the diffusive boundary layer is
smaller than the domain size, our domain behaves semi-infinitely and
the initial concentration is described as:

=c erfc z
4CO2

0

(13)

In order to implement the LSA, small perturbations in velocity (v*)
and concentration (cCO2) are introduced to our governing equations
above. Ignoring higher-order terms results in the perturbed equations
as:

=v Ra cxz x CO
2 2

2 (14)

=c v c
Z

c
txz CO

CO CO2
2

2
0

2
(15)

where boundary conditions are:

= = = = = =c z v z c z v z( 0) ( 0) ( ) ( ) 0CO CO2 2 (16)

Perturbed quantities are described by Fourier analysis as:

= +
v x z t

c x z t
v z t

c z t
i x t

( , , )
( , , )

( , )
( , )

exp( )
CO CO2 2 (17)

where κ and ω are wave number and growth rate of perturbations.
Substituting Eq. (17) into Eqs. (14) and (15) yields the following
equations:

=v
z

v Ra c( ) CO
2

2
2 2

2 (18)

=c
z

c v c
z

cCO
CO

CO
CO

2
2

2
2

2
2

0

2 (19)

The v
z

2
2 , c

z
CO

2
2

2 , and c
z

CO2
0

terms are discretized with the three-point
centered Lagrange polynomial approximation (Singh and Bhadauria,
2009). With this approximation, Eqs. (18) and (19) leads to an algebraic
Eigenvalue problem below:

=D I v Ra c[( )][ ]v CO
2 2

2 (20)

=D I c v c
z

c[( )][ ] [ ] [ ][ ]c CO
CO

CO
2

2
2

0

2 (21)

where we calculated Dv and Dc are coefficient matrices which are ob-
tained by Finite Differences (FD) discretization of the second deriva-
tives of v

z

2
2 and c

z
CO

2
2

2 (see Mahmoodpour et al., 2018b). The V** is
obtained from Eq. (20) and substituted into Eq. (21):

=D I c Ra D I c c
z

c[( )][ ] ( [( )] ) [ ][ ]c CO v CO
CO

CO
2

2
2 2 1

2
2

0

2

(22)

CO2 properties are incorporated into Eq. (22). The resulting eigen-
value problem is solved numerically. The maximum value of the coef-
ficient matrix in the real part of the eigenvalue is considered as the
growth rate in the values of Ra, t and κ. The time at which ω becomes
positive for the first time is selected as onset of instability. The related
wavenumber is defined as the critical wavenumber for a given set of Ra
and t.

Fig. 3. Pressure curve for all cases in Table 1. Corresponding cases in two mixtures are represented with similar markers. In Case 1 to Case 4, the brine salinity is only
by NaCl, and in Case 5 to Case 8, the brine salinity is by NaCl and CaCl2. Arrows and mentioned times show the onset of convection for each Case.

S. Mahmoodpour et al. Computers and Geosciences 124 (2019) 1–13

5



FD is used to discretize nonlinear terms in Eqs. (20) and (21) ( v
z

2
2 ,

c
z
CO

2
2

2 , and c
z

CO2
0

). To reach convergence we performed mesh refinement
on the upper part of the numerical domain where the changes in con-
centration gradient are rapid (Emami-Meybodi and Hassanzadeh, 2013;
Jafari-Raad and Hassanzadeh, 2016, 2017). We used the equation
below for mesh refinement:

=
=

z z
z

i
i

i
N

i1 (23)

where zi and N refer to the depth of the ith grid cell and number of grid
cells, respectively.

3. Results and discussions

In this section, we present our experimental results as well as results
of our DNS and LSA. Our results below help to better understand how
brine composition may affect the onset of convection during CO2 geo-
logical sequestration.

Pressure decay curves for NaCl solutions (Case 1 to 4) as well as
their corresponding experiments with NaCl and CaCl2 mixtures (Case 5
to Case 8) are shown in Fig. 3 (with accuracy of ± 0.1 psi). Qualitative
data for some of these pressure curves are presented in the Supple-
mentary videos. At early times, diffusion process is dominated, and the
pressure decay has a small decline. There is also no evidence of fin-
gering instabilities. Even though corresponding cases in two mixtures
have the same permeability, the pressure decay rate in early times is
smaller for NaCl solutions. CO2 solubility is close for both mixtures with
that for NaCl solutions being slightly higher (∼2%). Details of the
model for the solubility calculation is provided in Appendix A. Since,
involving parameters in Rayleigh number formulation (permeability,
density difference, height of saturated porous media, viscosity and
porosity) except the diffusion coefficient of CO2 are almost the same for
corresponding cases in two mixtures; therefore, the diffusion coefficient
of CO2 causes these differences in pressure curves of corresponding
cases in two mixtures. Higher pressure reduction rate during diffusion
dominated regimes in NaCl and CaCl2 mixture than corresponding cases
in NaCl mixture shows that CO2 diffusivity in NaCl and CaCl2 mixture is
higher. Reasons for this observation could be related to lower molality
for NaCl and CaCl2 mixture as well as different molecular interactions
in different salt solutions. We used Eqs. (1) and (2) to calculate CO2

diffusivity in brine by matching simulation results with experimental
data. Since, we can neglect the convective term during the diffusive
dominated regime; therefore, direct numerical simulation of this period
is a simple task. We have used direct numerical simulation to obtain
diffusion coefficient by matching between numerical and experimental
results (details of numerical simulation methodology is available in our
previous study (Mahmoodpour and Rostami, 2017). Results are

reported in Table 2 revealing that the NaCl and mixture of NaCl and
CaCl2 mainly change the diffusion coefficients. Consider that Case 1 and
Case 3, Case 2 and Case 4, Case 5 and Case 7, and Case 6 and Case 8
which have similar properties except their salinity (Table 1).

At early times, the dissolution process is controlled by diffusion
mechanism. Since, concentration gradient is the driving force for dif-
fusion mechanism and it decrease with time; therefore, the dissolution
flux decreases. This reduction in dissolution flux and corresponding
decline in pressure curves continue until the convection mechanism is
activated and brings fresh brine (brine without dissolved CO2 gas) into
CO2-brine interface and sharpens the concentration gradient. Therefore,
with onset of convection, dissolution flux increases and we see a rapid
decline in pressure curves after the diffusion dominated regime. This
time is detected visually from pressure curves and represented in Fig. 3
for all cases. Based on this explanation, onset of convection corresponds
to the minimum of dissolution flux too. To check the detected times
from the pressure curves, we compare these points with dissolution flux
curves and this confirmed the represented times for onset of convection.
Details of the dissolution flux calculation is provided in our previous
work (Mahmoodpour et al., 2018b).

Fig. 4 shows some snapshots from the experimental tests. Images
from the process progressing are important from some points: 1) we can
calculate the critical wave number (number of the convective fingers
divided by gas-liquid interface length at onset of convection); 2) we can
obtain the exact height of the saturated porous media (which is im-
portant for Ra) and volume of gas phase (which is important for dis-
solution flux calculation); 3) it is possible to track the interaction be-
tween convective fingers (especially from the supplementary videos); 4)
by imposing almost smooth and horizontal gas-liquid interface, possible
errors from the morphology and slope of the interface is decreased; 5)
capillary pressure effect is decreased through implementing a sharp gas-
liquid interface; 6) these figures give some insights from the dissolution
process too. They show that rapid decline in the pressure curves hap-
pens later than appearance of the convective fingers. Actually, con-
vective fingers need time to interact with each other to create stronger
fingers. These stronger fingers can change the trend of pressure curves
(dissolution flux) considerably. Therefore, there is a time difference
between appearance of the convective fingers and the rapid decline in
pressure curves.

How are our results applicable to real reservoir conditions? To an-
swer this question, we found scalable correlations. We followed an
approach in prior work in which key parameters are presented based on
dimensionless numbers (Riaz et al., 2006; Hassanzadeh et al., 2007;
Kim and Song, 2017; Taheri et al., 2017). We converted our experi-
mentally obtained onset of convection (t) to a non-dimensional form
using =t̂ tD

Hc,EXP
CO2

2 (H is the height of the saturated porous media).
Dimensionless times are presented in Table 2. The NaCl and CaCl2
mixtures result in delays in the onset of convection for cases with the

Table 2
Summarized results of experimental tests; DNS and LSA including diffusion coefficient (DCO2), density difference ( ), viscosity (μ), dimensionless onset of instability
(t̂c LSA, ) and convection (from experiments: t̂c EXP, and from DNS: t̂c DNS, ) with the corresponding wave number (from experiment: c EXP, ; from LSA: c LSA, and from DNS:

c DNS, ); Reported values for Ra are based on initial pressures for each case.

Case Experiment LSA DNS Ra

DCO2x109

m2/s
kg m/ 3 μ cp t̂ xc EXP, 104

tD
H2

c EXP, t̂c LSA, x106t k g
µ DCO

2 2 2
2 2

c LSA, t̂c DNS, x105 tD
H2

c DNS,

1 3.8 3.37 0.679 6.88 50 2.80 254 8.19 119.4 4444
2 3.7 3.32 0.679 13.01 37.5 5.18 186 13.43 88.9 3272
3 5 4.32 0.608 5.67 59.4 2.36 270 5.67 138.9 4841
4 4.9 4.23 0.608 10.23 46.9 4.49 202 12.23 102.8 3514
5 4.2 3.29 0.685 9.05 36.1 3.66 220 10.00 108.3 3893
6 4.1 3.31 0.685 16.04 30.6 6.51 166 17.67 80.6 2919
7 5.3 4.10 0.614 7.21 55.6 3.02 238 7.81 116.7 4283
8 5.2 4.19 0.614 12.50 44.4 5.28 182 14.16 88.9 3242
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same permeability. We plot the onset times versus Rayleigh number on
logarithmic scale in Fig. 5 demonstrating tc scales with Ra as
t Rac

2. Dimension format of this relationship (t D
H

onset CO2
2

tD µ
k g H onset

D µ
k g

CO CO2
2 2 2

2 2 2 2
2 2 2

2 2 2 ) reveals the independency of the onset of
convention from the length scale (i.e., height of system). Also, it shows

that the onset of convection is directly related to the diffusion coeffi-
cient (t Donset CO2), and in this way the NaCl and CaCl2 mixture shows
later onset of convection while other parameters are close to those of
the NaCl mixture (comparison between Case 1 and Case 5, Case 2 and
Case 6, Case 3 and Case 7, and Case 4 and Case 8). To choose an ap-
propriate aquifer, the onset of convection is an important factor.

Fig. 4. Snapshots from the dissolution process for all cases. Same times are used for all cases to compare the convective fingers positions and distributions in all cases.
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Therefore, the resulting relations here can be used to rank different
aquifers with different permeability and brine composition. We found
the corresponding wavenumber for the onset of convection by counting
the number of convective fingers over the domain width and dividing it
by the length of the system (at =t tonset). Results are reported in Table 2.

The tc and kc are plotted versus Ra on logarithmic scale in Fig. 5,
showing kc scales with Ra as k Rac

1. The critical wavenumber for the
onset of convection versus Ra shows similar trends for both NaCl and
CaCl2 mixture and NaCl solution (Fig. 5). Also, this trend of the wa-
venumber versus Ra number shows that to better capture the con-
vective flow in numerical simulations we need to reduce the grid block
size based on the provided relation. In particular, it is required to use
grid block with a size smaller than wavenumber for robustly capturing
the system behavior (see Soltanian et al., 2016b). We implemented the
grid blocks smaller than wavenumber in our direct numerical simula-
tions. Also, we suggest to use grid blocks size based on this trend to
study the similar process in a wide range of Ra.

Fig. 5 also shows the obtained tc and κ versus Ra for LSA. The results
confirm linear relations in logarithmic plot. An important observation is

that the onset of convection in experimental data show the same trend
as in LSA (t Ra and t Raˆ ˆc EXP c LSA,

2
,

2). To compare different cases
theoretically, we calculated growth rate of instabilities based on wave
numbers (Eq. (22)) in Fig. 6. It is clear that the growth rates are higher
in brine with NaCl than the brine with NaC and CaCl2, emphasizing the
higher damping of instabilities in NaCl and CaCl2 solution. As shown,
diffusion coefficient is higher in NaCl and CaCl2. Therefore, this higher
diffusion coefficient reduces the downward movement of convective
fingers. Comparing convective fingers and their position in the Sup-
plementary videos clearly shows this effect in our experiments.

Our results demonstrate that salinity could delay the onset fingering
and intensify the potential influence of diffusion process as restoring
force during gravitational fingering of CO2-rich brine (comparing the
results for Case 1 and Case 3, Case 2 and Case 4, Case 5 and Case 7, and
Case 6 and Case 8). Our results are consistent with results of numerical
simulations (e.g., by Soltanian et al. (2016a,b, 2017)) suggesting dif-
fusion as the damping factor. Therefore, our suggestion is to in-
corporate the potential effects of salt solution on brine properties when
studying convection processes.

Fig. 5. Left panel) Dimensionless onset time versus Ra on logarithmic scales. Linear relationships are clear for all cases; Right panel) Critical wave number for
instability and convection onset versus Ra on logarithmic scale. Results of linear stability analysis, direct numerical simulation and experimental tests are represented
by legends of LSA, DNS and EXP in the marker section respectively. Results are reported based on their Ra values; therefore, it is possible to find each case in these
plots based on Ra values in Table 2.

Fig. 6. Comparison of growth rate versus wave number for cases in Table 1 times of = = =t t and t3x10 ; 6x10 9x10c c c,1
6

,2
6

,3
6 : a) Case 1 and 5, b) Case 2 and 6, c)

Case 3 and 7, and d) Case 4 and 8.
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As described in Section 2 and Fig. 5 shows (linear trends for onset of
instability and onset of convection in logarithmic scale), there is a time
difference between onset of instability and onset of convection. We should
emphasize that it takes some time until the dissolved CO2 reaches the
point at which the solution color is detectably changed (pH reaches to
detectable levels with pH indicator) and one can detect the convective
fingers by visual examination (see Supplementary videos). Also, dis-
solution process requires some time until the convective fingers get
stronger and can change the pressure curve in a meaningful way. The
nonlinear behavior of system after the onset of instability is not de-
tectable with LSA. To capture the system behavior in the range of the
time from onset of instability to onset of convection from experimental
data, we use DNS with input parameters extracted from our experi-
mental data. The time at which the dissolved CO2 concentration from
DNS (which considers cumulative effects of the diffusion and convec-
tion regimes) deviates from the diffusive regime for the first time can be
obtained with a high temporal resolution. We found this time for all
cases and represented in Fig. 7. The deviation time between dissolved
CO2 amount from pure diffusion regime and overall dissolution is re-
ported based on the ( =t̂ tD

Hc,DNS 2 ). Dimensionless time for the onset of
convection and critical wave number from DNS are plotted in Fig. 5.
Linear curves with similar trends of the experimental data and LSA
results fit the DNS results. This trend confirms that during the time from
onset of instability to detectable time in pressure curves from experi-
mental tests, the interaction between convective fingers (merging to
creating stronger fingers) are well scaled with Ra.

4. Conclusions

We have conducted series of experiments at high-pressure condi-
tions to examine the potential effects of brine composition on the onset
of convection during CO2 sequestration in saline aquifers. Instead of
using analogue fluids to perform our experiments, we built a real CO2-
brine system that does not pose the problems associated with using
analogue fluids (e.g., a non-monotonic density profile). Thus, we pro-
vided original insights from the dissolution of CO2 in brine at high-
pressure conditions in laboratory. Our set-up also reduces the boundary
effects on convective fingers. Additionally, using set-up with high-per-
meability values in previous work results in a quick initiation of fin-
gering; consequently, there are not enough data on the diffusion-
dominated regime. Here, our experimental set-up allowed for using a
wider opening in our Hele-Shaw cell. This enabled us to use glass beads
to represent porous media. In this way, we obtained data during the
diffusion-dominated regime to calculate diffusion coefficient of CO2

from the pressure decay curve. The onset of convection was also de-
tectable from pressure decay curves. We also performed direct numer-
ical simulations and linear stability analyses to make comparisons with

our experiments.
Four tests with NaCl brine at different salinity and permeability

values were performed and compared with four NaCl and CaCl2 solu-
tions with the same overall salinity and permeability. We combined
quantitative (pressure data) and qualitative (image) results to reduce
possible errors. Our results reveal that CO2 diffusion is the most im-
portant factor for the onset of convection between corresponding cases
in two mixtures and is significantly different in two mixtures; CO2 so-
lubility and brine viscosity are similar in two mixtures. Also, porosity
and permeability are the same for corresponding cases. Therefore, the
CO2 diffusion coefficient needs to be measured or calculated accurately
in brines with different salinity.

Comparison between visual data and pressure data shows that the
faster decline in pressure curve after the diffusion dominated regime,
occurs later than the convective fingers appear. This is because smaller
convective fingers need to interact and merge in order to create
stronger fingers until they are able to alter the trend of pressure curve.
Therefore, we used linear stability analyses to examine system beha-
vior. Results indicate that the higher diffusion coefficient in brine so-
lutions containing NaCl and CaCl2 mixture damps the instabilities.
Therefore, there is delay in the onset of instabilities for NaCl and CaCl2
mixture, and instabilities grow with a lower rate compared to brine
with only NaCl. The critical wave number of instability for NaCl and
CaCl2 mixture is lower than that of NaCl. To examine the nonlinear
behavior of system after the onset of instabilities, we used high-re-
solution direct numerical simulations. Our numerical simulation results
detect the initial deviation of dissolved CO2 concentration from the
diffusion regime.

Our scaling analyses on the onset of instability and onset of con-
vection can be explained by a relation of =t aRac

b with b∼-2 in all our
analyses. Higher diffusion coefficient in NaCl and CaCl2 mixture (lower
Ra) results in delays of onset of instability and convection. Critical wave
number could be explained by a relation of = cRac

d. Comparison of
the scaling relationships shows that d∼1 for all cases. These trends
reveal that density-difference instabilities are created, grow, and
eventuate in the convective fingers corresponding to their Rayleigh
number.
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Fig. 7. Cumulative dissolved CO2 concentration (in dimensionless format) based on the dimensionless time from the DNS results. Deviation time from the pure
diffusion mechanism is represented by vertical lines and data are reported in Table 2.
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Appendix A

A. 1. Solubility of CO2 in brine

Here we present a well-known correlation below for calculating CO2 solubility in brine (Duan and Sun, 2003; Duan et al., 2006):

= + + + + + + +x y P
µ
RT

m m m m m m m m m mln ln( ) 2 ( 2 2 ) ( ) 0.07CO CO CO
CO

CO Na Na K Ca Mg CO Na Cl Cl Na K Mg Ca SO2 2 2
2

1(0)

2 2 4 (A1)

where T is in Kelvin and pressure is in bar. The µCO2
1(0), CO Na2 , and mCO Na Cl Cl2 are standard chemical potential, interaction parameter between CO2

and Na+, and interaction parameter between CO2, Na+, and Cl−, respectively. Following equation is used to calculate these parameters:

= + + + + + + + + + +Par T P c c T c
T

c T c
T

c P c PlnT c P
T

c P
T

c P
T

c TlnP( , )
(630 ) (630 ) (630 )1 2

3
4

2 5
6 7 8 9 10

2

2 11 (A2)

The fugacity coefficient ( )CO2 is calculated from the following non-iterative equation:

= + + + + + + + +
+ +

c c c T c
T

c
T

P c c T c
T

P
c c T

P150 lnCO

c
T

2 1 2 3
4 5

6 7
8 2

9 10
11

(A3)

Constants c1-c15 are presented in Table A1.

Table A1
Parameters of c1-c15 which are required in CO2 solubility equations.

Constant µCO
RT

2
1(0) CO Na2 mCO Na Cl Cl2 CO2

c1 28.9447706 −0.411370585 3.36389723E-4 1.0
c2 −0.0354581768 6.07632013E-4 −1.98298980E-5 4.7586835E-3
c3 −4770.67077 97.5347708 – −3.3569963E-6
c4 1.02782768E-5 – – 0.0
c5 33.8126098 – – −1.3179396
c6 9.04037140E-3 – – −3.8389101E-6
c7 −1.14934031E-3 – – 0.0
c8 −0.307405726 −0.0237622469 2.12220830E-3 2.2815104E-3
c9 −0.0907301486 0.0170656236 −5.24873303E-3 0.0
c10 9.32713393E-4 – – 0.0
c11 – 1.41335834E-5 – 0.0

A. 2. Viscosity of NaCl solution

We followed the approach by Mao and Duan (2009) to obtain viscosity of NaCl solution by:

= + +
µ

µ
Am Bm Cmln brine of CO

H O

2

2

2 3

(A4)

where A, B and C are functions of temperature (in K):

= + +A c c T c T1 2 3
2 (A5)

= + +B c c T c T4 5 6
2 (A6)

= +C c c T7 8 (A7)

The c1-c8 constants are obtained from experimental data and are presented in Table A2.

A. 3. Viscosity

To obtain the viscosity of the NaCl and CaCl2 containing solution, a simple mixing rule is used (Zhang et al., 1997):

= +µ µ µmix CaCl NaCl. 2 (A8)

= +µ µ µ(1 )mix H O mix. 2 . (A9)

= + + + +µ c m c m c m c m c mNaCl NaCl NaCl NaCl NaCl NaCl1
0.5

2 3
2

4
3.5

5
7 (A10)

= + + + +µ c m c m c m c m c mCaCl CaCl CaCl CaCl CaCl CaCl2 6 2
0.5

7 2 8 2
2

9 2
3.5

10 2
7 (A11)

where c1-c10 are calculated from experimental data on specific salt concentrations. In the required concentrations, parameters are interpolated. For 1
M. concentration of brine, these values are presented in Table A2.
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Table A2
Required parameters for the viscosity models

Constant Mao & Duan's model Zhang et al. model

c1 −0.21319213 0.0061
c2 0.13651589E-2 –
c3 −0.12191756E-5 0.01040
c4 0.69161945E-1 0.000756
c5 −0.27292263E-3 –
c6 0.20852448E-6 0.0157
c7 −0.25988855E-2 0.271
c8 0.77989227E-5 0.04712
c9 – 0.00941
c10 – 0.00003

A. 4. Brine density

NaCl solution density is (Potter and Brown, 1977):

=
+

+ + +
M m

A m B m C m
1000

1000b
w NaCl NaCl w

NaCl w NaCl w NaCl w0 0
1.5

0
2 (A12)

To obtain the NaCl and CaCl2 solution density, the relative density of the NaCl and CaCl2 mixture to the NaCl solution is calculated by Al Ghafri
et al. model (Al Ghafri et al., 2012).

= +
+

T P m T m C m B T m P
B T m P T

( , , ) ( , ) 1 ( )x ln ( , )
( , ) ( )b ref

ref

1

(A13)

= + + + + +P T
P
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1 2
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where Tc and Pc are critical values and = ( )1 T
Tc
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= + +C m m m( ) 0 1 2
1.5 (A17)

= + + + + + +
T

c c c c c c
( )

1
c

0
1

1
3 2

2
3 3

5
3 4

16
3 5

43
3 6

110
3

(A18)

where c1=1.992741; c2=1.099653; c3=−0.510839; c4=−1.754935; c5=−45.517035; c6=674694.45; β00=−1622.40; β01=9383.80;
β02=−14893.80; β03=7309.10; γ0=0.11725; σ1=−7.859518; σ2=1.844083; σ3=−11.786650; σ4=22.680741; σ5=−15.961872 and
σ6=1.801225. Required parameters for NaCl and CaCl2 are presented in Table A3.

Table A3
Parameters for density calculation of NaCl and CaCl2 brine

Con. α10 α11 α12 α13 α14 α20 α21

NaCl 2863.158 −46844.356 120760.118 −116867.722 40285.426 −2000.028 34013.518
CaCl2 2546.760 −39884.946 102056.957 −98403.334 33976.048 −1362.157 22785.572
Con. α22 α23 α24 α30 α31 α32 α33

NaCl −88557.123 86351.784 −29910.216 413.046 −7125.857 18640.780 −18244.074
CaCl2 −59216.108 57894.824 −20222.898 217.778 −3770.645 9908.135 −9793.484
Con. α34 β10 β11 β12 β13 γ1 γ2
NaCl 6335.275 241.57 −980.97 1482.31 −750.98 −0.00134 0.00056
CaCl2 3455.587 307.24 −1259.10 2034.03 −1084.94 −0.00493 0.00231

A. 5. Partial molar volume

Partial molar volume of CO2 in water is obtained by (Garcia, 2001):

= +V T T T37.51 9.585x10 8.740x10 5.044x10CO
2 4 2 7 3

2 (A19)

where T is in degrees Celsius and VCO2 is in cm3/mole.
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Appendix B. Supplementary data

Supplementary data related to this article can be found at https://doi.org/10.1016/j.cageo.2018.12.002.
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