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Carbon dioxide injection into deep saline aquifers is an important option for managing CO2 emissions. Injected CO2 dissolves into formation brines from above, increasing brine density and creating an unstable hydrodynamic state favorable for natural
convection. Long-term buoyancy-driven ﬂow of high-density CO2-saturated brine leads
to faster trapping through improved dissolution and can reduce the risk of CO2 leakage from storage sites. We investigate the role of natural ﬂow of aquifers and associated dispersion on the onset of convection. A linear stability analysis of a transient
concentration ﬁeld in a laterally inﬁnite, horizontal, and saturated porous layer with
steady horizontal ﬂow is presented. The layer is subjected to a sudden rise in CO2 concentration from the top and is closed from the bottom. Solution of the stability equations is obtained using a Galerkin technique and the resulting equations are integrated
numerically. We found simple scaling relationships that follow tDc;60(1 1 PeT)Ra-2
for the onset time of convection and a;0.05Ra/(1 1 PeT) for the wavenumber of the
initial instabilities. Results reveal that transverse dispersion increases the time to onset
of convection for the entire range of Ra. Furthermore, transverse dispersion decreases
the critical wavenumber of the instabilities. These results facilitate screening candidate
sites for geological CO2 storage. Ó 2008 American Institute of Chemical Engineers AIChE J,
55: 475–485, 2009
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Introduction
The modeling of buoyancy-driven ﬂow has a wide range
of applications in science and engineering. The effect of dispersion on convective mixing of ﬂuids in a porous medium
is important for various applications, including CO2 storage,
groundwater motion, contaminant migration, and petroleum
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and geothermal reservoirs. The problem of stability analysis
for clear ﬂuids (i.e., not within a porous medium) under various
boundary conditions has been reported in the literature.1–11
Investigation of the stability analysis of a ﬂuid in a saturated
porous medium can be divided into two categories. The ﬁrst
category is one with an initially stationary ﬂuid in a porous
medium; the second category is one with an initially nonstationary ﬂuid in a porous medium. The problem of hydrodynamic stability of an initially stationary ﬂuid in a porous
medium has been studied extensively in the literature for
various boundary conditions under steady-state and transient
Vol. 55, No. 2
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temperature or concentration ﬁelds.12–21 Different methods
have been used to study stability of time dependent concentration or temperature proﬁles including linear ampliﬁcation
theory,3,6 the energy method,22 the nonlinear amplitude
method,23 maximum transient Rayleigh number theory,11 and
the propagation theory.24 It has been reported that the onset
time predicted by the energy method is almost one order of
magnitude less than actual measured laboratory data,9
whereas the linear ampliﬁcation theory gives values that
more closely agree with the experimental values.3,6,20
Kaviany20 investigated the onset of thermal convection in a
porous medium both theoretically and experimentally. Kim
et al.,25 Kim et al.,26 and Kim and Kim27 studied the onset
of buoyancy-driven ﬂow in a porous medium without basic
ﬂow. Ennis-King and Paterson28 Ennis-King et al.29 and
Hong and Kim30 performed a linear stability analysis to
investigate the role of permeability anisotropy on the onset
of convection. Riaz et al.31 used linear stability analysis
based on the dominant mode of the self-similar diffusion operator and found a scaling relationship for the onset of convection. Xu et al.32 used linear stability analysis to ﬁnd the
onset of convection. Hassanzadeh et al33 studied the effect of
various boundary conditions on the onset of convection in a
porous medium.
All of the aforementioned works assume an initially stationary ﬂuid in a porous medium under a variety of boundary
conditions. For cases where the ﬂuid in the porous medium
is initially ﬂowing, local variations in concentration and temperature gradients may be introduced through the use of the
concept of hydrodynamic dispersion.34 It is known that the
magnitude of the hydrodynamic dispersion is an increasing
function of the pore scale Peclet number, where Peclet number is directly related to the ﬂuid velocity.34 The role of
hydrodynamic dispersion on the stability of an initially nonstationary ﬂuid in a porous medium with steady-state temperature or concentration ﬁelds has also been studied by many
investigators.35–46 Previous studies have shown that natural
ﬂow of aquifers and associated transverse dispersion retard
the convection for a nonstationary ﬂuid in a porous medium
with linear temperature or concentration ﬁelds.39–42 However,
none of the previous works quantiﬁed the role of natural
ﬂow of aquifers and associated dispersion on the onset of
convection for transient temperature or concentration proﬁles,
despite the fact that for practical problems such as the dissolution of CO2 injected into aquifers are transient. Our objective in this article is to understand how background ﬂow in
aquifers can modify the onset of convection in a transient
concentration ﬁeld by deriving a time scale for the onset of
convection as a function of the velocity of background ﬂow.
Finally, we show that natural ﬂow of aquifer and associated dispersion can substantially increase the time scale for
convectively driven dissolution of CO2 in aquifer brines.
Slowing the rate of dissolution is important because it prolongs the duration over which buoyant free-phase CO2 is
present in an aquifer, increasing the possibility that CO2
could migrate upwards perhaps leaking to the surface.

The Physical Problem
The CO2 injected into a saline aquifer is less dense than
the resident brine. Driven by density contrasts, CO2 will
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therefore ﬂow up and then horizontally (in a horizontal aquifer), spreading under the cap rock, and will ﬂow upwards
leaking through any high permeability zones or artiﬁcial penetrations such as abandoned wells with poor cement integrity.
The free-phase CO2 (gas or, more typically, supercritical
ﬂuid) slowly dissolves and diffuses into the formation brine.
Dissolution of most gases in water decreases the ﬂuid density. However, CO2 is one of the few gases for which dissolution increases ﬂuid density.47–50 This increase in density is
the driver for convective dissolution of CO2 injected into
brine-ﬁlled aquifers.
The diffusion of CO2 near the top of the aquifer into formation brine at that location increases the density of brine,
bringing the system to a hydro-dynamically unstable state.
Instabilities can arise from the combination of an unstable
density proﬁle and inherent perturbations within the system.
Such instabilities, if created, cause convective mixing and
greatly accelerate the dissolution of CO2 into the aquifer.28,51,52 The dissolution process has a timescale on many
centuries. In previous work, for example, we have shown
that in the Nisku aquifer in the Alberta basin dissolution of
CO2 by pure diffusion will take thousands of years whereas
convective mixing can dissolve 60% of CO2 in 800 years.52
Although the CO2 remains in the undissolved free phase,
there is a risk of leakage arising from strong buoyancy
driven ﬂow. Assessments of the risk of leakage of CO2 from
a storage formation may need to consider leakage mechanisms and their likelihood of occurrence during the full time
period over which mobile free-phase CO2 is expected to
remain in the reservoir. Convective mixing increases the rate
of dissolution and therefore decreases the timescale (i.e.,
decreases the likelihood) over which leakage is possible.
Once CO2 is dissolved, risk assessments may well ignore the
leakage pathways resulting from the very slow movement of
CO2-saturated brines. Therefore, developing suitable criteria
for the onset of convection is important in the design and
implementation of large-scale geological CO2 storage in saline aquifers.53 Natural ﬂow in aquifers and dispersion might
inﬂuence the onset of such convective mixing. This article
provides the ﬁrst investigation of the role of natural ﬂow of
aquifers and associated dispersion on the onset of buoyancydriven convection in a porous medium when a time-dependent concentration ﬁeld exists.
The remainder of this article is organized as follows. First,
the governing equations are described. Then a linear stability
analysis is presented, followed by a methodology to determine the onset of convection. After that, results of the analysis are presented and discussed. Then, we provide an application of the results for a number of Alberta basin aquifers.
Finally, limitations of the analysis presented are described,
followed by conclusions.

Theoretical Analysis
Governing equations
The physical model and the coordinate system used in this
study are shown in Figure 1. The model is a porous medium
with thickness H saturated with brine and closed from the
bottom. The lateral extent is inﬁnite and brine ﬂows through
the porous medium with a constant background velocity U.
The saturated porous medium has a constant porosity / and
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Figure 1. A schematic of the problem showing boundary conditions.

permeability k. The domain that is initially free of CO2 is
rapidly exposed to a constant CO2 concentration from the
top at time zero, leading to diffusion and increased density at
the top of the formation. It is well known that such a topheavy arrangement is unstable when the Rayleigh number
exceeds a certain critical value. The Darcy model and Boussinesq approximation54 are assumed valid. For such a system,
the governing equations of ﬂow and concentration ﬁeld are
expressed by:
r  v ¼ 0;
k
v ¼  ðrp  qgrzÞ;
l
/Kr2 C  v  rC ¼ /

@C
;
@t

q ¼ qr ð1 þ bCÞ;

(1)

ðal  at Þ
jvj
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/
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(4)

(5)

where d is the Kronecker delta, v is the Darcy velocity, D is
the molecular diffusion coefﬁcient, and al and at are the longitudinal and transverse dispersivity, respectively.34 Dispersivities are often said to represent the effect of spatially unresolved mixing because of pore-scale ﬂow. In practice, dispersivities may also represent mixing because of ﬂow through
inhomogeneous media where the spatial scale of the inhomogeneity is smaller that the scale of measurement or numerical
simulation. Dispersion coefﬁcient K, is usually obtained from
measurements of concentration breakthrough curves. Sternberg presented details for measurements of dispersion coefﬁcient in porous media.55
The stability of such a system is characterized by the value
of a dimensionless group (Ra) given by12,13:

@ 2 C0D @C0D
¼
;
@tD
@z2D

(7)

where the base state is deﬁned by C 5 C0, u0 5 U, v0 5 0,
and w0 5 0 and The dimensionless group PeT is the transverse Peclet number given by:
PeT ¼

(2)

where v is the Darcy velocity vector, p is pressure, C is concentration, l and q are brine viscosity and density, respectively, b is the coefﬁcient of density increase, K is the dispersion tensor, and subscripts r denotes reference.
The dispersion tensor for ﬂow in an isotropic medium can
be written as39:
Kij ¼ Ddij þ

We deﬁne a set of dimensionless variables C0D, zD, tD by
using the scale of concentration Cs, length H, and time H2/D.
Then the base state can be expressed by:

at U
:
D/

(8)

The initial condition is given by C0D 5 0. The boundary
conditions at zD 5 0 and zD 5 1 for the base state are
expressed by C0D 5 1 and qC0D/qzD 5 0, respectively. The
analytical solution for the base solution can be obtained by
separation of variables and is given by56:
C0D ¼ 1 
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In this work, we quantify the effect of dispersion on instability based on the magnitude of PeT as a measure of dispersion.
In the following, we follow previous works of Foster,3,6 Kim
and Kim,27 Ennis-King and Paterson,28 and Hassanzadeh
et al.33 to perform a linear stability analysis for this new
problem of transient concentration ﬁeld in the presence of
background ﬂow.

(6)

Stability Analysis
The base state concentration and velocity are subjected to
an inﬁnitesimal perturbation. The perturbed parameters can
be expressed as C 5 C0 1 C0 and v 5 v0 1 v0 , where the
primed parameters are the perturbation quantities. In terms of
perturbation velocity ﬁeld and at a high aquifer background
velocity one may write:
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
(10)
jvj ¼ ðU þ u0 Þ2 þ v02 þ w02 ﬃ U:

where Dq 5 Csqrb and Cs is the top boundary concentration.
As we shall see, Ra is a key dimensionless group determining the stability behavior of the system.

where u, v, and w are components of the velocity vector in
x-, y-, and z-direction, respectively. The dispersion tensor
elements in the perturbed velocity ﬁeld are given by:

Ra ¼
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Kxx ¼ Dð1 þ PeL Þ;

(11)

Kyy ¼ Kzz ¼ Dð1 þ PeT Þ;

(12)

where PeT 5 atU//D and PeL 5 alU//D are the transverse
and longitudinal Peclet number, respectively.
If second-order nonlinear perturbations are neglected, one
can show that the off-diagonal elements of the dispersion
tensor in the perturbed velocity ﬁeld are zero. Therefore,
neglecting the second-order nonlinear perturbation quantities
and noting that the base concentration distribution is only a
function of time and the vertical coordinate (Eq. 9), the
dimensionless form of the governing equations of the vertical
velocity and concentration (Eqs. 1 and 3) in terms of perturbed quantities are given by:
r2 w0D ¼ Rar21 C0D ;
r

2

C0D

(U 5 0), the convective cells behave like rolls rotating with
an axis perpendicular to the x-direction, in the presence of
the natural ﬂow of an aquifer, the axis of rotation of the
rolls becomes parallel to the direction of natural ﬂow of an
aquifer.
The real part of the concentration amplitude equation
gives:
ð1 þ PeT Þ½D2  a2 CD ðtD ; zD Þ  wD ðtD ; zD Þ

By making use of the Galerkin technique, the amplitude
functions are represented by a system of linearly independent
functions satisfying the boundary conditions3,6,27–29,32,33:
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where !21 5 q2/qx2D 1 q2/qy2D and !22 5 q2/qy2D 1 q2/qz2D ;
C0D has scale Cs; w’ and UD (dimensionless aquifer background velocity) have scale /D/H; and xD and yD have scale
H. The appropriate boundary conditions are no-ﬂow boundaries at the top (zD 5 0) and bottom (zD 5 1) for the velocity
equation as given by wD0 5 wD 5 0 and q2 wD0 /qzD2 5 q2
wD/qzD2 5 0, respectively. The proper boundary conditions
for concentration are constant concentration at the top and
zero mass ﬂux at the bottom as represented by C0 D 5 0 and
qC0 D/qzD 5 0, respectively.
Here we have made the customary assumption that the
perturbed velocity and concentration can be expressed as3:
"
# "
#
wD ðtD ; zD Þ
w0D ðtD ; xD ; yD ; zD Þ
¼
exp½iðax xD þ ay yD Þ;
C0D ðtD ; xD ; yD ; zD Þ
C D ðtD ; zD Þ

CD ¼

 wD ðtD ; zD Þ

@C0 @CD
¼
;
@zD
@D

where D 5 d/dzD.
Separating imaginary and real parts gives:
UD iax CD ðtD ; zD Þ ¼ 0; implyiing that ax ¼ 0
ðlongitudinal rollsÞ: ð18Þ

Al ðtD Þ sinðlpzD Þ;

(20)
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Introducing the aforementioned equations into the amplitude
equations and using the orthogonality property gives:
Elm Al ðtD Þ ¼ Flm RaBl ðtD Þ;

(22)

dBl
¼ Rlm Bl  Jlm Am ;
dtD

(23)

Wlm
where
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(17)

N
X
l¼1

where a 5 (a2x 1 a2y )1/2 is the horizontal wavenumber and i
is the imaginary number. Introducing perturbed quantities
given by Eq. 15 into Eqs. 13 and 14 gives a system of differential equations for the amplitude functions of velocity and
concentration as given by:

½D2  a2  PeL a2x þ PeT ðD2  a2y Þ  UD iax CD ðtD ; zD Þ
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where dlm is the Kronecker delta and E, F, W, J, and R are
N by N matrices.
It can be shown that:
" 8 8
9
9
>
>
ð2ðm  lÞ  1Þ>2 2
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>:
>
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2
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Using Eqs. 22 and 23 and eliminating Al(tD) results in:

Equation 18 suggests that the preferred mode consists of longitudinal rolls aligned along the natural ﬂow of an aquifer.39,40 Although in the absence of natural ﬂow of an aquifer
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where G is an N by N matrix expressed by:
Glm ¼ W1 ½R  RaJE1 F:

(31)

The system of N ordinary differential equations given by Eq.
30 can be solved numerically using standard methods.
Because the evolved convective instabilities appear as longitudinal rolls (ax 5 0), only transverse dispersion would affect
the onset of convection.

Solution Methodology
The system of N ordinary differential equations is solved
using a fourth-order Runge-Kutta method.57 Determination of
the coefﬁcients Al(tD) and Bl(tD) along with Eqs. 20 and 21
gives the amplitude of the disturbances, which may grow (or
decay) with time. As suggested by Foster,3,6 one can deﬁne
an ampliﬁcation factor of the averaged disturbances as:
c¼

8
<Z
:

0

1

wD 2 ðzD ; tD ÞdzD

 Z1

wD 2 ðzD 0ÞdzD

91=2
=
;

:

(32)

0

The ampliﬁcation factor is a measure of the magnitude of the
instability at any time to the magnitude of the initial perturbation introduced. The changes with time of this ampliﬁcation factor provide the basis for a stability analysis. Convergence analysis shows that the number of terms in the amplitude spectrum needed to obtain a converged solution increase
with increasing Rayleigh number. For example, at Ra 5 50,
one needs to include about 20 terms to obtain a converged
solution in Eqs. 20 and 21, whereas a case with Ra 5 3000
needs more than 400 terms.
The results of the stability analysis depend on two factors
introduced through the analysis. First is the initial condition
for the amplitude noise; second is the criterion set for determining the onset of convection. We shall choose the most
stringent conditions for the onset of convection and present
the band of conditions that may correspond to that onset.
In the following, we describe a procedure for determining
the onset of convection.

Choice of Initial Perturbation
To solve the system of ordinary differential equations, initial conditions are needed for the perturbation amplitude.
Foster3,6 studied the growth of disturbances and found that
white noise gives the fastest rate of growth for a case where
a ﬂuid cools from above in a transient manner. We have
investigated the effect of various noise types to ﬁnd the fastest growing noise as an initial condition. Results presented in
the following reveal that white noise is the fastest growing
noise.
Choice of Criteria for the Onset of Instability
As suggested by Kim and Kim,27 two criteria have been
chosen for determining the onset of instability. The ﬁrst criterion is the critical time when the ampliﬁcation factor is at
a minimum, designated as the intrinsic instability time, and
AIChE Journal
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is represented by qc/qtD 5 0. The second criterion is when
the disturbances grow and reach an ampliﬁcation factor of
one, designated as the marginal instability time, and is represented by c 5 1. Foster3,4 proposed that the onset of convection will be manifested when the average velocity disturbance has increased by a factor between one and three orders
of magnitude. He has also shown that the choice of growth
factor, which deﬁnes the nominal critical time, has little
effect on the determination of the critical wavenumber. We
deﬁne the intrinsic instability time as the lower bound and
the marginal instability time as the upper bound on the timescale for the onset of instability in this study. It is noted that
the marginal instability deﬁned here is only an approximation
for the upper bound.
To ﬁnd the critical time and the corresponding critical
wavenumber for a speciﬁc Rayleigh number, the following
procedure is used. First, using a ﬁxed Rayleigh number and a
speciﬁed noise type, marginal and intrinsic instability times
are evaluated for different wavenumbers. Wavenumber is
then varied to ﬁnd the minimum instability times, giving the
critical time and associated critical wavenumber. The smallest critical time, which is obtained by minimization of intrinsic instability time, corresponds to the lower bound of the
instability. On the other hand, the largest critical time, which
is obtained by minimization of the marginal instability time
vs. wavenumber, corresponds to the upper bound of instability. Therefore, for a ﬁxed Rayleigh number and a speciﬁed
noise, critical wavenumber, lower bound, and upper bound of
instability are obtained. Using the aforementioned procedure,
only one point in tDc-Ra or ac-Ra space is obtained. To construct the tDc-Ra or ac-Ra curve that covers a wide range of
Rayleigh numbers, one needs to perform a similar calculation
for all Rayleigh numbers of interest. In the following section,
we used the aforementioned procedure to construct the critical parameter relationships.

Results and Discussion
In the following, we present the sensitivity of the onset of
convection with respect to the initial conditions of the amplitude function. While the theoretical concept of instability
calls for growth of inﬁnitesimal perturbations, in a linear stability analysis such as that performed here, the deﬁnition of
the initial perturbation (initial condition) affects the time for
onset of instability and even the occurrence of instability or
lack thereof. The dependence of the linear stability analysis
on the initial condition is addressed here.3,4,5
Figure 2 shows the effect of different initial conditions on
the growth of the disturbances for a case where the Rayleigh
number Ra 5 200, the dimensionless wavenumber a 5 3.14,
and no dispersion effect. Results reveal that white noise is
the fastest growing disturbance. In the following analysis, the
fastest growing noise type is used.
Figure 3 shows the effect of Rayleigh number on the
growth of disturbances for a dimensionless wavenumber of
3.14. As alluded earlier, at this speciﬁc dimensionless wavenumber, some disturbances might not grow sufﬁciently to
cause convective instabilities (e.g., Ra values of 40 and 50
in this ﬁgure). Figure 4 shows the effect of dimensionless
wavenumber on the growth of disturbances for the case of
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Figure 2. Effect of initial conditions on the growth of
disturbances.
Parametric values on the curves refer to the wavenumber
component of the amplitude function present initially in the
noise.

Ra 5 75. Results show that, by increasing the dimensionless
wavenumber from one to three, the rate of growth of the
ampliﬁcation increases. Further increases in the dimensionless wavenumber lead to a decrease in the rate of growth of
the ampliﬁcation factor, suggesting that there is a particular
dimensionless wavenumber at which the ampliﬁcation factor
grows fastest. Therefore, as described in the ‘‘Choice of criteria for the onset of instability’’ sub-section, there is a critical wavenumber for every Ra, which is the wavenumber

Figure 3. Effect of Rayleigh number on growth of disturbances for white noise as initial condition.
Parametric values on the curves refer to Rayleigh numbers.
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Figure 4. The ampliﬁcation of disturbances as a function of their dimensionless wavenumber for a
white noise as initial condition.
Parametric values on the curves refer to dimensionless
wavenumbers.

leading to the shortest time for the onset of instability. This
behavior is best shown in the following discussion of Figure 5.
Figures 5a–d show the intrinsic (left hand side) and marginal (right hand side) instability times vs. dimensionless
wavenumber for two different Rayleigh numbers of 100 and
3000. The initial condition is a white noise. The designation
of K/D in this ﬁgure denotes the ratio of transverse dispersion to molecular diffusion. As shown previously, longitudinal dispersion does not affect the onset of instability. Therefore, only the effect of transverse dispersion is studied here.
In line with what was suggested earlier, results reveal that
variation of both intrinsic and marginal instability times vs.
wavenumber exhibit a minimum. Figure 5 shows that both
instability times increase with increasing transverse dispersion. In addition, the critical wavenumber decreases with
increasing transverse dispersion, implying that the size of the
initial evolving convection cells increase with increasing
dispersion.
The mixing caused by the transverse dispersion creates an
effective diffusion coefﬁcient that suppresses the concentration gradients, leading to retardation of the convective
instabilities. Therefore, transverse dispersion introduces a
stabilization effect and increases the time to the onset of
convection.
In Figure 6, we have presented the lower and upper
bounds of the onset of convection for the fastest growing
noise (white noise) by combining the effect of molecular diffusion and hydrodynamic dispersion. As indicated in the ﬁgure, results show that the hydrodynamic dispersion and molecular diffusion could be combined into an effective diffusion coefﬁcient, K 5 D(11PeT), leading to a single scaling
relationship for the lower and upper bounds of the onset of
convection. In Figure 6 the critical dimensionless time is
shown as a function of Ra/(11PeT), where the dimensionless
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Figure 5. Intrinsic (left) and marginal (right) instability times as functions of dimensionless wavenumber for different levels of dispersion, for white noise as initial condition, and two Rayleigh numbers of Ra 5 100 [top,
(a) and (b)] and Ra 5 3000 [bottom, (c) and (d)].
The intrinsic instability is calculated based on qc/qtD 5 0, and the marginal instability is calculated by c 5 1. Parametric values on the
curves refer to ratios of transverse dispersion to molecular diffusion.

critical time is calculated based on the effective diffusion
coefﬁcient. The scaling behavior shows that, at high Rayleigh
numbers, dimensionless bounds are inversely proportional to
the Ra2 given by tDc 5 c1(11PeT)Ra22, where c1 5 60 for
the lower bound and c1 5 130 for the upper bound of instability. The lower and upper bounds of instability in terms of
physical parameters can be expressed by:
8 pﬃﬃﬃﬃ92
>/l D>
>
tc ¼ c1 >
:
; ð1 þ PeT Þ:
kDqg

(33)

where tc is the time for onset of convection. This behavior
suggests that the onset of convection is independent of porous layer thickness. Results also demonstrate that, at high
Rayleigh numbers, the onset of convection is directly proporAIChE Journal
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tional to the Peclet number. The dimensionless wavenumber
of the initial convective instabilities is plotted in Figure 7.
Results show that, at high Rayleigh numbers, the wavenumber of the initial convective instabilities follows a 5 0.05Ra/
(11PeT). The critical dimensionless wavenumber is deﬁned
as 2pH/k, where k is wavelength. The initial wavelength of
the convective instabilities in terms of physical parameters
can be expressed by:
k ¼ 40p

/lD
ð1 þ PeT Þ:
kDqg

(34)

Results demonstrate that, at high Rayleigh numbers, the size
of the evolving convection cells are independent of the porous layer thickness and are directly proportional to the Pec-
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Figure 6. Critical dimensionless time as a function of
Ra/(1 1 PeT), where the dimensionless critical time is calculated based on the effective
diffusion coefﬁcient.

let number. Results presented herein can be used to deﬁne
appropriate numerical discretization in ﬂow simulations. Furthermore, in some storage sites, the wavelengths of the instabilities are very small, posing a numerical challenge in accurately modeling large scale ﬂow simulations in such geological formations.

Time Scale Analysis
The relative importance of different processes involved
can be investigated by their characteristic times. The processes that we need to compare are diffusion, dispersion, and
buoyancy. The associated time scales are diffusion (sdiff 5
H2/D), dispersion (sdisp 5 /H2/atU), and buoyancy (sbuoy 5
/lH/kDqg), respectively.58,59 Using the above time scales,
the scaling for the onset of convection given in Eq. 33 can
be represented by:
8
9
1
1 >
>
2
>
>
(35)
þ
tc ¼ csbuoy :
;:
sdiff sdisp

of CO2 per year into secure storage locations (1 km3 per
year is equivalent to ;0.8 gigatons CO2 per year, about 3%
of current emissions, or the volumetric equivalent of oil production at 17 million barrels of oil per day). The ﬂuid ﬂow
dynamics of such large-scale systems are poorly understood
in terms of both local and large scales. One of the central
concerns in geological storage of CO2 is risk of leakage from
the injection sites. Therefore, before implementing largescale injection of CO2 into saline aquifers, engineering tools
for identifying the favorable storage sites need to be developed. This study provides a tool that may facilitate the
choice of suitable candidate sites for CO2 storage. Among
potential aquifers in Canada are those in the Alberta sedimentary basin. The Alberta basin in Canada is a large sedimentary setting along the eastern edge of the Rocky Mountains in central Alberta, Canada. Studies reveal that the formation brines’ velocity in the Alberta basin subsurface is
between 1 and 10 cm/yr.60 In choosing suitable candidates
for large scale geological CO2 storage, the onset of convection may be important because natural convection accelerates
the dissolution of CO2, reducing the time during which buoyant free phase CO2 is present and potentially able to migrate
upwards.
We apply the scaling laws determined earlier to examine
the role of dispersion and the natural ﬂow of aquifers on the
onset of convective mixing. In the calculation of the aquifer
Peclet number, one needs to know at, the transverse dispersivity. Deﬁnition of the dispersivity for large scale ﬂow and
transport simulations is essentially difﬁcult and has been controversial.61 Gelhar et al.62 provided a critical review of data
from ﬁeld scale measurements of dispersivity values and the
associated data reliability. Although signiﬁcant variations
exist, dispersivities generally increase with an increase in the
length scale of measurement. Gelhar et al.62 categorized
the dispersivities obtained from different studies based on
their quality. The intermediate and high quality longitudinal

The time for the onset of convection can be explained by the
scaling given in Eq. 35. The scaling reveals that diffusion
and the dispersion associated with the natural ﬂow of aquifers act in the same direction and opposite to the buoyancy.
The scaling also shows that a larger natural ﬂow in an aquifer results in a smaller dispersion time scale and, hence,
delays the onset of convection. In the following, we have
provided an application for the scaling presented for a number of Alberta basin aquifers in Canada currently under acid
gas injection.

Applications to Geological CO2 Storage
Geological storage of CO2 is one of the important proposed strategies for global warming mitigation. If indeed
geostorage is to play a signiﬁcant role in managing emissions, it will be necessary to inject several cubic kilometers
482
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Figure 7. Critical dimensionless wavenumber as a
function of Ra/(1 1PeT).
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*Numbers correspond to site numbers given in Bachu et al.63,64
†
Density difference between CO2 saturated brine and fresh brine.
{
Peclet number and time are calculated based on maximum at 5 1m and U 5 10 cm/yr.
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In the analysis presented, the porous medium was assumed
homogenous, an assumption that will certainly not be correct
in reality. Permeability heterogeneity might have a large
effect on the onset time and subsequent growth (or decay) of
density-driven instabilities. Therefore, we speculate that, for
real geological formations where, for example, the permeability variations might trigger perturbations, the onset of
convection will likely be different from what has been
derived in this analysis. Permeability variations in real geological formations may be controlled by depositional and
erosional processes (e.g., high-permeability channel deposits)
or structural features (e.g., fractures). The scale of permeability variation is an important factor that might control the
evolution of the density-driven instability. The scale of heterogeneity may vary depending on the type of geological processes that gave rise to the permeability variations in a particular formation. It is likely that the onset of convection and
the evolution of the convective instabilities in heterogeneous
porous media might be closely related to the wavelength of
the evolving density-driven instabilities. Permeability heterogeneity may also control the density-driven instabilities in a
time-dependent manner, where it might trigger an instability
at early time and dissipate that instability at later time, as
reported by Prasad and Simmons.66
Some geological formations include shale layering; i.e.,
where shale layers are sandwiched between fairly homogenous sand layers. The effect of shale layering might affect

K
(mD)

Limitations

Table 1. Onset of Convection for a Number of Alberta Basin Aquifers

dispersivities reported range between 1022 and 101 m for
scales ranging from 1021 to 103 m. Dispersivity values of
the order of 1 cm are in general characteristics of small scale
mixing and values of the order of 10 m reﬂect inhomogeneity in typical geological formations. Most of the ﬁeld scale
measurements reported are related to longitudinal dispersivity
with only nine data points for the vertical transverse dispersivity. The vertical transverse dispersivities reported by Gelhar et al.62 are in general one order of magnitude smaller
than the longitudinal dispersivities and range from 0.001 to 1
m. We have used these values for the minimum and maximum of the vertical transverse dispersivity. Data from injection sites in the Alberta basin are used to perform the analysis. The Rayleigh numbers are calculated using data provided
by Bachu et al.63,64 for these sites. A thermodynamic module
provided by Hassanzadeh et al.65 is used to calculate the
thermodynamic and transport properties. As in site screening
for storage in aquifers, the maximum delay in the onset of
convection is important, we calculated the maximum
expected delay based on the maximum Peclet number. Table
1 gives the calculated onset time for a number of saline aquifers in the Alberta basin for a case with no aquifer background ﬂow and a case with maximum Peclet number. In
addition, the time scales of different processes involved are
calculated as given in Table 1. Results show that the dispersion time scale is within 4–20 times smaller than the diffusion time scale, implying that the dispersion associated with
the natural ﬂow of aquifers could potentially increase the
time to the onset of convection in CO2 storage in such aquifers, and therefore needs to be considered in storage site
screening and characterization.
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the time to the onset of convection depending on the sand
layer thickness. If the thickness of an individual sand layer is
such that the layer Rayleigh number is large enough, the
shale layering does not affect the onset of convection. This is
because, at large Rayleigh numbers, the onset of convection
is shown to be independent of the porous layer thickness.
However, if the shale layers are such that they reduce the
effective height of the sand layer below the critical Rayleigh
number, then accounting for them is very important. Another
important class of heterogeneity is fractured formations,
which may behave similar to a dual porosity/permeability
system. In such a case, it is likely that the three-dimensional
effect becomes very signiﬁcant and controls the onset time
and consequent evolution of the density-driven instabilities.
Another simplifying assumption is the approximation of the
two-phase ﬂow condition by maintaining a constant boundary
condition at the top, which might affect the analysis. Finally,
we do not consider dipping aquifers where the transverse
direction is not in the same direction as gravity.

Conclusions
We have presented a linear stability analysis for a transient concentration ﬁeld in a horizontal saturated and homogenous porous medium in the presence of natural ﬂow
and dispersion. Using ampliﬁcation factor analysis, we
obtained the time of the onset of instability vs. Rayleigh
number (tDc-Ra curve) and approximate sizes of the evolving convection cells. We learned that, for the fastest growing noise (white noise) at high Rayleigh numbers, the lower
and upper bounds of instability are inversely proportional to
Ra2, and that the time for the onset of convection is independent of the porous layer thickness. In addition, for the
fastest growing noise and at high Rayleigh numbers, the
size of the evolving convection cells are also independent
of the porous layer thickness. We also found that the time
for the onset of convection is independent of longitudinal
dispersion and is directly dependent on the transverse dispersion. The role of the natural ﬂow of aquifers is quantiﬁed and is found to potentially retard the onset of convection, leading to a longer dissolution time scale. Moreover,
we found that the diffusive mixing caused by transverse
dispersion generates an effective diffusion coefﬁcient that
smoothes the concentration gradients, and which leads to
increasing the bounds of the instability time and retarding
the convection. Furthermore, we also found that the onset
of convection and initial wavelengths of the instabilities
both are proportional to the Peclet number.
The analysis presented here is used to investigate the onset
of convection for a number of Alberta basin aquifers. Results
suggest that natural ﬂow of aquifers could potentially delay
the onset of convection in those CO2 storage sites. The
results of the current analysis provide approximations for the
onset of instability in the presence of natural ﬂow of aquifers
and dispersion in a transient concentration ﬁeld; this could
facilitate the screening of appropriate candidates for geological CO2 storage. From a theoretical viewpoint, the methodology of the present study can be applied to other problems in
which instabilities develop in a transient concentration or
temperature ﬁeld in the presence of background ﬂow and
associated dispersion.
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