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Carbon dioxide storage in deep saline aquifers is considered a possible option to
bring greenhouse gas emissions under control. The understanding of the underlying
mechanisms, such as convective mixing and associated mechanisms, affecting this mix-
ing may have an impact on the long-term sequestration process in deep saline aqui-
fers. One of the significant aspects of the flow of miscible species in porous media is
velocity dependent dispersion. The effect of dispersion on dissolution of carbon dioxide
(CO2) into brine is investigated by full nonlinear numerical simulations. This study
reveals that dispersion may dramatically change the trend of CO2 dissolution into
brine. It was found that the dissolution of CO2 increases as dispersion strength
increases. The mixing pattern also shows three different mechanisms: diffusion, con-
vection, and a highly nonlinear interaction mechanism. However, the medium disper-
sivity ratios were found to slightly affect the mixing, while having an impact on the fin-
gering pattern. VVC 2010 American Institute of Chemical Engineers AIChE J, 57: 561–570, 2011
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Introduction

The main greenhouse gas from the combustion of fossil fuel
is carbon dioxide (CO2), one of the major contributors to cli-
mate change while different studies on the capture and seques-
tering of CO2 are currently being performed; geological
sequestration is an immediate option and a technologically fea-
sible process. Carbon dioxide may be sequestrated in various
geological formations, such as depleted oil and gas reservoirs,
uneconomical coal beds for coal bed methane recovery, and
deep saline aquifers. One of the many geologic CO2 sequestra-
tion options is the injection into saline aquifers that are capable
of storing large volumes of CO2 from power plants without
the need for long transport pipelines.

The major concern of CO2 storage is the potential for
CO2 leakage through imperfect confinement. Upon injection

of CO2 into saline aquifers, CO2 may be stored by various
trapping mechanisms. In fact, several mechanisms are
involved in the storage process. Some gas may be trapped as
residual gas saturation (residual gas trapping),1 or by dissolu-
tion into the brine,2–4 and some gas may react with host
minerals to precipitate carbonates5–7 (mineral trapping).

In this work, our focus is only on solubility trapping,
where CO2 is trapped by dissolution in brine. Once CO2 is
injected into a saline aquifer, it dissolves into the formation
brine and saturates the fresh brine as it migrates upward due
to its buoyancy. Brine with dissolved CO2 will be denser
than resident formation brine; and, due to gravity override,
the boundary layer is unstable. This instability results in a
convective mixing, which, in turn, increases CO2 dissolution
into brine. Different properties, such as adverse mobility ra-
tio, medium heterogeneity, and anisotropic dispersion, may
have significant impacts on such diffusive boundary layer
instability.

One of the aspects that may be important in the sequestra-
tion of CO2 is dispersion phenomena. Dispersion usually
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affects the solute transport in porous media. Since the early
1950s, there has been active interest in this topic, motivated
mainly by applications in oil recovery and contaminant elim-
ination from underground. Depending on the media charac-
teristics and also on the fluid properties, dispersion of the
solute in the media is expected to be influenced. This may
be, in part, due to the fact that there is no definite dispersion
model for variable viscosity and/or density driven displace-
ments in porous media. Still, there have been a few attempts
to analyze the role of dispersion by incorporating various
models that were developed for capillary flow or were based
on continuum models. Some of these studies have focused
on the linear stability analysis of the flow.

In particular, in a pioneering work, Tan and Homsy8 per-
formed a linear stability for a system with an anisotropic dis-
persion coefficient, where the authors considered a linear
relationship between the velocity field and the dispersion
coefficients in the flow and transverse directions, while
crossflow coefficients were set to be zero. Their results indi-
cated that the small transverse dispersion led to an increase
in the growth rate and a shift to smaller fingers, while large
transverse dispersion totally stabilized the displacement.

A subsequent analysis using a transversely isotropic dis-
persion tensor with a fixed ratio of transverse to longitudinal
dispersivity was conducted by Yortsos and Zeybek.9 The sta-
bility analysis focused on the flow with a velocity-dependent
dispersion coefficient. Following convection-dispersion for-
malism, the base state at conditions of unfavorable mobility
contrast was analyzed. It was found that the velocity depend-
ence of the dispersion induced a destabilizing influence at
short wavelengths. This effect, which was in contrast to the
stabilizing effects commonly associated with dispersion, was
highly pronounced near the onset of the displacement. Zim-
merman and Homsy10,11 conducted a full nonlinear simula-
tion for a system with adverse viscosity ratio and anisotropic
dispersion. Other works, such as miscible quarter five-spot
displacements,12 stability analysis of miscible flows in a ra-
dial Hele-Shaw cell13 and effect of dispersion on viscous fin-
gering,14 can be considered as works related to anisotropic
dispersion for different flow systems in porous media.

Dispersion can be considered a very important factor in an
aquifer that may highly affect the solute migration. As
shown by Gelhar et al.,15 the reservoirs and aquifers may
have a wide range of dispersivity coefficients, depending on

the type of medium. The authors conducted a critical review
of dispersivity observation from 59 different field sites. The
information was developed by compiling extensive tabula-
tions of information on aquifer type, hydraulic properties,
flow configuration, type of monitoring network, tracer,
method of data interpretation, overall scale of observation
and longitudinal, horizontal transverse, and vertical trans-
verse dispersivities from original sources. They found that
the data indicated a trend of systematic increase of the longi-
tudinal dispersivity with an observation scale, but the trend
was much less clear when the reliability of the data was con-
sidered. The longitudinal dispersivities ranged from 10�2 to
10�5 m, and the ratio of transverse to longitudinal dispersiv-
ity coefficient was shown to vary from 0.1 to 1. The early
studies by Bear suggested that the dispersion tensor is veloc-
ity-dependent, while more complex approaches based on sto-
chastic, continuum and network models have also been used
to analyze dispersion in real porous media and explained
such dependency.16,17

In what follows, we aim to incorporate the dispersion
model presented by Bear and Bachmat18 to find out how ani-
sotropic dispersion may influence the CO2 sequestration pro-
cess. A full nonlinear simulation is presented following a
quantitative analysis of the flow system.

Mathematical Model

In the current study, we consider a vertical rectilinear ge-
ometry, in which dissolved CO2 with its larger density is on
top of the brine, which is less dense. The supercritical CO2

(scCO2) usually accumulates at the top of aquifer and is dis-
solved into the brine.

Figure 1a depicts the geometry considered here, where the
dissolved CO2 is denser than the resident formation brine
and likely makes the interface between CO2 and the resident
brine unstable, resulting in convective mixing. The supercrit-
ical phase is assumed to be thermodynamically in equilib-
rium with the brine, such that the constant concentration of
dissolved CO2 can be established at the CO2-brine interface.
Figure 1b shows the behavior of the system late in the pro-
cess, during the convective mixing. In the present study,
only the miscible unstable front was studied and examined
numerically.

Figure 1. A schematic of the CO2 sequestration process: (a) early in the process and (b) late in the process.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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To elucidate how anisotropic dispersion may influence the
convective mixing during the CO2 sequestration process, a
set of partial differential equations governing the above flow
system is required to be solved numerically. The governing
equations are the equation of motion (Darcy’s equation), the
convection-diffusion equation and the equation of continuity.
The Boussinesq approximation is assumed here to simplify
the continuity equation, where the density variation due to
CO2 dissolution is considered to be very small. Accordingly,
we may treat density, q, as a constant in all terms in the
equations of motion, except the one in the external force.
This assumption has been validated in some studies.19 The
equations are:

u ¼ �K

l
rP� qg e

_
� �

(1)

/
@c

@t
þ u:rc ¼ / r:D:rcð Þ (2)

r:u ¼ 0 (3)

q ¼ q0 þ Dqca (4)

where C and q represent concentrations of the dissolved CO2

and fluid density, respectively, while K, l, u, P, and f
represent medium permeability, fluid viscosity, the Darcy
velocity vector, pressure and medium porosity, respectively.
The density is also assumed to vary with the concentration of
dissolved CO2, such that Dq represents the density difference
between CO2 saturated brine and the resident formation brine.
It is necessary to mention that, in our analysis, the porous
medium is isotropic and only the dispersion is anisotropic. In
fact, for an isotropic medium, the fourth rank dispersion tensor
is related to only two constants.18 The dispersion tensor, D, is
considered velocity dependent. In general form, the dispersion
tensor along the flow streamline is expressed as18:

D ¼ D0Iþ Dm ¼ D0 0

0 D0

� �
þ aL uj j 0

0 aT uj j
� �

(5)

where D0 and Dm are the molecular diffusion coefficient and
the mechanical dispersion contribution, respectively, and I
represents the identity matrix. Here, aL and aT are referred to
as the dispersivity coefficients and can be considered to
represent the strength of the dispersion in the longitudinal and
transverse directions, respectively. We perform an orthogonal
transformation to formulate the dispersion tensor in the fixed
Cartesian reference frame. The new dispersion tensor is:

D ¼ D0 þ aT uj jð ÞIþ aL � aTð Þ uu
?

uj j (6)

The mechanical dispersion tensor in the transformed space can
be shown as:

Dm ¼ 1

u2 þ v2
u2aL uj j þ v2aT uj j uvaL uj j � uvaT uj j
uvaL uj j � uvaT uj j v2aL uj j þ u2aT uj j

� �
(7)

One should note that the dispersion tensor is generally
anisotropic, except when aL ¼ aT or in the absence of flow.
It is also worth mentioning that, when aL ¼ aT, the dispersion

tensor is isotropic, but not constant and varies linearly with the
norm of the velocity vector. The boundary conditions, which
are required for a CO2 sequestration process are:

c y; 0; tð Þ ¼ c0
@c y;H; tð Þ

@z
¼ 0 (8)

c 0; z; tð Þ ¼ c L; z; tð Þ c 0; z; tð Þ ¼ c L; z; tð Þ v 0; z; tð Þ ¼ v L; z; tð Þ
(9)

u y; 0; tð Þ ¼ v y; 0; tð Þ ¼ 0 u y;H; tð Þ ¼ v y;H; tð Þ ¼ 0 (10)

The aspect ratio of the geometry is defined as A ¼ L/H. We
need to mention that the boundary conditions in the y-direction
are considered to be periodic. The problem is solved only for
one slice of the aquifer. The required initial conditions are:

c y; z; 0ð Þ ¼ c0 u y; z; 0ð Þ ¼ v y; z; 0ð Þ ¼ 0 (11)

For convenience, the above set of equations are made
dimensionless as u* ¼ u,v/ub, c

* ¼ c/c0, t
* ¼ tub/fH, P

* ¼
P/DqgH, and z*, y* ¼ z, y/H, where ub is the maximum
buoyancy velocity defined as ub ¼ KDqg/l. Equations 1–4 are
reformulated into the new form and, after dropping the
superscripts, we obtain:

u ¼ � rP� qêð Þ (12)

@c

@t
þ u:rc ¼ 1

Ra
r:D:rcð Þ (13)

r:u ¼ 0 (14)

q ¼ q0 þ ca (15)

By substituting the dispersion tensor in the convection-
diffusion equation, we end up with the following equation:

@c
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þ u
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þ v
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@
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2
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�
ð16Þ

where S and a are two-dimensional numbers that represent the
longitudinal dispersion strength and dispersivity ratio, respec-
tively, as given by:

a ¼ aT
aL

S ¼ aLub
D0 þ aLub

(17)

Accordingly, a larger S represents a system with stronger
longitudinal dispersion, and a smaller a describes a flow
system that is strongly anisotropic.

It can be clearly seen that both a and S cannot be larger
than one. We take the curl of Darcy’s equation to eliminate
the pressure term from equations, resulting in:

@v

@z
� @u

@y
¼ � @q

@y
(18)
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Ra represents the Rayleigh number and Ra ¼ KDqgH/fDLl,
where DL is DL ¼ D0 þ aLub. The boundary and initial
conditions are also changed in the new formulation:

c y; 0; tð Þ ¼ 1
@c y; l; tð Þ

@z
¼ 0 (19)

c 0; z; tð Þ¼c A; z; tð Þ u 0; z; tð Þ¼ u A; z; tð Þ v 0; z; tð Þ¼ v A; z; tð Þ
(20)

u y; 0; tð Þ ¼ v y; 0; tð Þ ¼ 0 u y; 1; tð Þ ¼ v y; 1; tð Þ ¼ 0 (21)

c y; z; 0ð Þ ¼ 1 u y; z; 0ð Þ ¼ v y; z; 0ð Þ ¼ 0 (22)

The Rayleigh number range of analyses is between 500 and
1000, based on the data provided for the different aquifers.3

The authors have shown that the Rayleigh numbers for the
aquifers subject to convection are in the range 200–1000.

To numerically solve the equations, the equations are
reformulated into vorticity and stream function formulations.
The velocity field can be written as:

u ¼ @w
@y

; v ¼ � @w
@z

(23)

The reformulated equations are:

r2w ¼ �x (24)

@c

@t
¼ � @w

@y

@c

@z
þ @w

@z

@c

@y
þ r:D:rcð Þ (25)

x ¼ � @c

@y
(26)

The same boundary and initial conditions as Eqs. 19–22 are
applied here.

Numerical Approach

The dynamic complexity of dispersive flows in porous
media and around the boundary layer requires the use of
highly accurate numerical methods to investigate the problem.
The nonlinearity in both the momentum and convection-diffu-
sion equations and the sharp changes in density profile at the
gas-liquid interface are well known to lead to a stiff numerical
problem that requires high performing and numerically stable
algorithms. To solve the problem, a second-order finite differ-
ence is implemented in the z-direction, while a highly accurate
spectral method is used in the transverse direction. Perturba-
tions are introduced at the boundary and a semi-implicit time
discretization is also used to conduct a full numerical simula-
tion. Typically, 250 � 256 nodes are used in the simulation
for high values of Rayleigh number. Since the scheme is not
fully implicit in time, simulations occasionally show numeri-
cal instability at high values of Rayleigh numbers (Ra [
1000), as well as for small values of the ratio of the dispersiv-
ity coefficients (a \ 0.1). To overcome the problem, correc-
tion-evaluation and under-relaxation schemes were iterated
until the desired convergence criterion, which had been set to
10�4, was accomplished. The numerical convergence was
checked with a comparison of the results for different mesh
numbers. The code has been also validated for different geo-
metries in a previous study.14

Results and Discussion

We attempted to perform a systematic examination for dif-
ferent scenarios to realize how the dispersion strength (S)
and medium dispersivity ratio (a) may affect the instability
for an unstable diffusive boundary layer during a CO2

sequestration process. The domain aspect ratio is selected in
such a way that the length of the domain is much larger
than the wavelength of the instabilities. The simulations
started by introducing small disturbances in the concentra-
tion field around the boundary layer indicated in Figure 1a.
We initially represented how the instability may develop for
moderate dispersive and anisotropic flow system. We also
initially considered the fingering mechanisms and the devel-
opment for an anisotropic dispersive system, following a dis-
cussion on impact of the dispersion strength and medium
dispersivity on the dissolution of CO2 into brine. A two-
dimensional nonlinear stability analysis was carried out here
with the expectation that the results for averaged quantities
will not be different when the third dimension is included. A
recent study for nondispersive CO2 sequestration has
revealed that the results for two- and three-dimensional anal-
yses are close to each other with a negligible difference.20

However, it has been previously shown21 that, when the fluid
is injected at an angle to the direction of gravity, the two-
and three-dimensional fingering results are different.

Figure 2. Time trace concentration contours of dis-
solved CO2 in brine for S 5 0.5, a 5 0.5, and
Ra 5 1000.
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Instability development

Figure 2 illustrates time trace concentration contours for S
¼ 0.5, a ¼ 0.5, and Ra is equal to 1000. The concentration
maps indicate the time evolution of instabilities. The fingering
pattern seems strong and nonlinear interactions can be found
at large times. Different mechanisms, such as merging or split-
ting, may also be realized at longer times. In fact, the perturba-
tions that are introduced at early time grow gradually resulting
long fingers at late time interacting nonlinearly.

To determine how the concentration of dissolved CO2 is
affected by the hydrodynamics of the flow system or may vary
during the sequestration process, the mixing length is plotted
and shown in Figure 3. The mixing length is defined as the
length measured from the boundary to the place where the av-
erage transverse concentration is larger than or equal to 0.01.
This length can reveal the trend of instability growth over
time. In fact, the increment of the mixing length represents the
growth of fingers, such that a larger mixing length is an indica-
tion of larger fingers and, in turn, larger growth of instability.

Three different zones can be clearly distinguished from
the mixing length variation. These zones are shown by three
different numbers on Figure 3 (1, 2, and 3). The length ini-
tially (zone 1) changes with a smaller slope than the other
zones. As the measured slope in the first zone indicates that
mixing length changes with t0.5, one can conclude that the
diffusion mechanism is initially dominant. This can be attrib-
uted to the diffusion stage, where the convective forces are
not significant enough to affect the hydrodynamics of the
flow system. A transition then occurs; and, the mixing length
enters into the second stage, where the variation is faster and
the perturbations have grown (zone 2). The time during
which the transition begins may be attributed to the onset of
convection. The vector analysis can clearly reveal that the
velocity vectors are relatively larger than earlier in the pro-
cess, such that convection can play a major role in the mass
transportation. This can be simply observed from Figure 2

where, between time traces 2 and 4, fingers have developed,
representing the existence of convective mixing.

Another transition occurs, and the mixing length changes
are quicker (zone 3). This zone corresponds to strong con-
vection, where nonlinear interaction can be clearly realized
from the concentration contours. Indeed, the perturbations
are enough large at longer times to result in larger velocity
vectors in both directions. These large velocities, in turn,
result in the interaction of the fingers, faster growth of the
fingers, and faster growth of the mixing zone and length.
The current analysis was tested for Ra ¼ 500 and 1000, and
all of the cases clearly indicate these three zones of transi-
tion. These zones can be considered as a general trend in
which the mixing area varies linearly in each zone.

Further analysis can be conducted by the calculation of
the concentration/longitudinal-velocity covariance, which is
a measure of how concentration and longitudinal velocity
change together. The covariance is calculated as:

Covðc; uÞ ¼ E½ðc� EðcÞÞ:ðu� EðuÞÞ� (27)

Figure 4 illustrates the trend of covariance variation with time,
where the covariance initially increases as time passes,
reaching a maximum, but decreases over a longer period
time. In fact, this reveals that the variation of the longitudinal
velocity to concentration is initially slower, representing
diffusion dominance; however, it varies faster at later in the
process, when convection becomes important. This may be
attributed to the fast growth of perturbations in the early stage
when convection starts. The peak represents the time that the
fingers reach the bottom of the aquifer and the medium
becomes saturated by dissolved CO2. Indeed, the fingers
expand more laterally when touching the bottom of aquifer
and result in a weakening of the longitudinal velocity. In the
decreasing stage, the variation of the dissolved CO2 concen-
tration and velocity magnitude is slower, as the medium is
more occupied by the dissolved CO2 and finds a more
homogenous profile. At very late times in the process, when

Figure 3. Mixing length variation with time for S 5 0.5,
a 5 0.5, and Ra 5 1000.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

Figure 4. Concentration/longitudinal-velocity covari-
ance variation with time for S 5 0.5, a 5 0.5,
and Ra 5 1000.
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the aquifer is highly saturated by dissolved CO2, the variation
of the concentration/velocity is less pronounced and the rate of
covariance changes becomes smaller.

Effect of dispersion strength on the instability

A previous study dealing with the effects of dispersion on a
horizontal miscible flow system, where one fluid was injected
into the porous medium, showed that the medium dispersivity
term had an important effect on the instability growth.14 Fur-
ther investigation was performed in this study to find out how
dispersion may affect the flow system and, specifically, the
dissolution of CO2 in brine. It is necessary to mention that,
when S is equal to zero, this corresponds to an isotropic system
with only a molecular diffusion coefficient, while a large S
corresponds to the highly dispersive flow system. In this study,
we consider three different dispersion strengths: S ¼ 0 (iso-
tropic system, no dispersion), S ¼ 0.35 (moderate dispersive
system) and S ¼ 0.7 (highly dispersive system).

Figure 5 depicts the change in the instability development
as the dispersion strength increases. It can be observed that the
fingering pattern dramatically changes as the dispersion is
enhanced, such that more fingers and highly nonlinear interac-
tions can be found as the dispersion strength increases. The
trend of instability is totally different for a small dispersion
strength than that for a large one. The fingers also touch the
bottom of the aquifer faster when the flow system is highly
dispersive, representing more dissolution of CO2 into the
brine. In fact, one may notice that a larger dispersion strength
means a smaller ratio of either viscous forces or diffusion to
the buoyancy forces in the longitudinal direction. Accordingly,
larger buoyancy forces, in turn, result in faster growth of per-
turbations over time, which can cause a more complicated
structure of fingers and also more dissolution of CO2 into
brine. Indeed, this should result in larger velocity vectors and
higher convective mixing.

As velocity plays a relatively large role on the dispersive
flow systems, a snapshot of velocity vectors has been plot-
ted, which are overshadowed on the concentration contours

in Figure 6. The absolute velocity values for different cases
discussed in Figure 5 indicate larger values as the dispersion
strength increases. The velocity vectors in Figure 6 represent
a strong interfinger flow. The circulation of flow can be also
found around the finger tips, where brine and dissolved CO2

are circulated and mixing occurs. The velocity magnitude gets
smaller far from the fingers. As mentioned, the velocity vector
magnitude increases as the dispersion strength increases for
the same Rayleigh number. Consequently, one may expect
stronger mixing when the flow system is dispersive. More ex-
amination may be conducted using quantitative analysis of dif-
ferent parameters. We measured the average amount of dis-
solved CO2 into brine, the mixing length as previously
described, and the area swept by the dissolved CO2.

We performed a quantitative analysis to show the effect
of dispersion to a greater extent. Figure 7 depicts the average
mixing length for different dispersion strengths. The curves
clearly show the three different regions discussed in Figure
3, where diffusion is initially dominant and convective mix-
ing is the dominant mechanism involved in the mixing pro-
cess. It can be seen that the mixing length is initially larger
when the dispersion strength is small, but the trend changes
later and becomes larger for more dispersive systems. As
shown, the velocities reach higher values for dispersive
flows, resulting in a faster growth of fingers. Accordingly,
one may expect that mixing length grows faster for disper-
sive cases at later times, when the convection is dominant.

As the dispersion is velocity dependent (Eq. 6), we may
categorize the mass transfer mechanisms into diffusion and
convection-dispersion. Since the system is initially at a sta-
tionary condition, diffusion is the dominant process. How-
ever, the concentration gradient in the transverse direction
(y-direction) is stronger early in the process, which can result

Figure 5. Effect of dispersion strength on the instability
development at t 5 9, Ra 5 500, and a 5 0.2.

Figure 6. A snapshot of velocity vectors for a highly dis-
persive system S5 0.7, a5 0.2, and Ra 5 500.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

566 DOI 10.1002/aic Published on behalf of the AIChE March 2011 Vol. 57, No. 3 AIChE Journal



in vortices and, in turn, a stronger velocity field. To investi-
gate this, we needed to examine the hydrodynamics of the
flow system early in the process. Figure 8 illustrates the
overshadowing of the velocity vectors on the concentration
field for two limiting scenarios, S ¼ 0 and S ¼ 0.7, in an
early phase. The picture clearly shows that the velocity vec-
tors are much larger in the dispersive case than in the non-
dispersive one. Indeed, the length of the vectors represents
their magnitude.

It can be observed that the boundary layer remains diffu-
sive for nondispersive flows, while perturbations have grown
considerably for dispersive systems. For a dispersive flow
system, the circulation around the finger tips brings the CO2

undersaturated brine upwards and mixes with the CO2 satu-
rated brine. However, the mass transfer is dominated by an
isotropic diffusion (a ¼ 1) in all directions for nondispersive
systems early in the process, resulting in a more diffusive
boundary layer and, in turn, a longer mixing length. The
mass transfer mechanism becomes totally convection; and,
dispersion dominates later in the process, as the velocity
magnitude gets large enough. In general, one can conclude
that diffusion plays a more significant role in the early phase
for nondispersive flow systems than for dispersive ones. This
may be the reason that mixing lengths may initially develop
faster in nondispersive systems.

Using mixing length variation, one may notice that the
onset of convection is faster for dispersive systems. This can
be simply realized using the change in the slope of the mix-
ing length curve, similar to what is shown in Figure 3, repre-
senting a transition from the diffusion stage to the convec-
tive stage, as indicated in Figure 7. To further advance the
above discussion, we conducted an additional investigation
by measuring the average concentration of dissolved CO2 in
brine for the whole domain and also by the mass flux at the
boundary. Figure 9 indicates the variation of the average dis-
solved concentration of CO2 into brine. It can be revealed
that the curves follow a trend similar to the mixing length,
such that it is initially higher for nondispersive system, but
becomes smaller later for the nondispersive case. The three
zones of transitions can be also distinguished here.

Although the differences are small for moderate dispersive
and nondispersive systems, the highly dispersive flow system
shows a gap from the two other cases. Consequently, this
may represent a high rate of mass transfer of CO2 at the
boundary. The mass flux can be measured at the boundary,
by taking an average of the concentration gradient along the
boundary. Figure 10 illustrates the variation of the CO2 mass
flux at the boundary. The curves show fluctuations in the
later stage of the process, which may be attributed to a large
value for the velocity magnitude in all directions, which, in
turn, results in a high nonlinear interaction of the fingers.
Again, we find a higher flux early in the process for a non-
dispersive system, when diffusion is dominant; whereas there
is a higher rate of flux for dispersive systems in the later
stage, when convection becomes the dominant mechanism.

The mass flux at the top boundary initially decreases, as
diffusion controls the mechanism of mass transportation and
makes the concentration profile relatively even. The first
peak may represent the onset of convection, when the flux
increases very rapidly. As shown before, this may take lon-
ger for a system with no dispersion or with moderate disper-
sion strength. The convection enhances mixing, and this is
the reason that the flux increases at the boundary; however,
the flux then decreases continuously. As times goes by, the
medium becomes saturated with dissolved CO2, and the total
average of concentration increases. Accordingly, this may
result in a reduction in flux at the boundary.

Effect of medium dispersivity on the instability

The collected data by Gelhar et al.15 shows that the me-
dium dispersivity ratio may change in a wide range between
0.1 and 1, depending on the type of reservoir or aquifer. We

Figure 7. Mixing length variation for different disper-
sion strength values at a 5 0.2 and Ra 5 500.

Figure 8. Snapshot of velocity vectors for two different S, Ra ¼ 500 early in the process (t ¼ 1).
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considered four different scenarios in which the flow system
was highly dispersive, but the medium dispersivity ratios
varied from 0.1 to 1. Figure 11 illustrates the instability de-
velopment for a highly dispersive system (S ¼ 0.7) at differ-
ent medium dispersivity ratios. The fingering pattern indi-
cates different mechanisms, including merging and splitting,
for different cases. The concentration maps also reveal that
medium dispersivity affects the instability development late
in the process.

Our analysis shows that the impact of medium dispersivity
ratios early in the process is not considerable, but they influ-
ence the patterns as time passes, when the velocity magni-
tude becomes enough high. However, quantitative analyses

by measuring the flux, mixing length, and average concentra-
tion of the dissolved CO2 indicate slight differences for dif-
ferent scenarios. In fact, one may conclude that medium dis-
persivity ratios may only affect the fingering pattern, while
having a negligible impact on the mixing process. These
results are somewhat different with a horizontal system with
an initial injection velocity and viscosity difference, where
the medium dispersivity ratio played a significant role.14

However, for higher Rayleigh numbers, the velocity magni-
tude can reach larger values, may vary and needs further
investigation. Consequently, one may conclude for such a
system, which is initially at a stationary condition and with
the range of parameters studied here, the dissolution of CO2

may be only affected by dispersion strength. Medium disper-
sivity was found to have an impact only on the fingering pat-
tern.

Figure 12 depicts the variation of the swept area by the
dissolved CO2 with time. In this analysis, a concentration
threshold of 0.05 is assumed. The curves clearly present the
three zones discussed in Figure 3, where the transition from
diffusion to convection and highly nonlinear interaction can
be simply realized. The curves closely overshadow each
other, representing the slight effect of the medium dispersiv-
ity ratios on the convective mixing during the CO2 seques-
tration process.

Figure 12 also indicates that the system with anisotropy
can saturate the medium with dissolved CO2 slightly faster.
The medium is almost swept by dissolved CO2 around the
dimensionless time of 10. To scale back the system to real
time, we may simply convert the times. For instance, for a
slice of an aquifer (40 m � 160 m) in which the permeabil-
ity, porosity, viscosity, and density differences are 67 mD,

Figure 10. Variation of the average flux of carbon diox-
ide at the boundary for different dispersion
strength values at a 5 0.2 and Ra 5 500.

Figure 11. Concentration contours of dissolved carbon
dioxide for different medium dispersivity
ratios at S 5 0.7, t 5 11, and Ra 5 500.

Figure 9. Variation of average concentration of dis-
solved carbon dioxide in brine over time for
different dispersion strength values at a 5 0.2
and Ra 5 500.
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0.22, 0.82 mPa s, and 6 kg/m3, respectively, the dimension-
less time of 10 represents 580 years.

Further investigation can be conducted by measuring the
average flux at the boundary for a highly dispersive system
and different medium dispersivity ratios. Figure 13 indicates
the variation of the average flux for different medium disper-
sivity ratios. It is clear that the flux is slightly affected by
medium dispersivity ratios; however, the flux is larger when
medium dispersivity is decreased. This may be attributed to
the slightly larger velocity values for the smaller medium
dispersivity ratio. The sharp decrease in the flux later in the
process may be attributed to the medium saturation by the
dissolved CO2 and also by the fingers touching the bottom
of aquifer. In particular, one may notice that the onset time
of convection remains almost unchanged for all scenarios. In
general, it can be concluded that the effect of medium dis-
persivity ratios on the CO2 sequestration process is small.

Summary and Conclusions

Thorough examinations were conducted to determine how
anisotropic dispersion may affect the dissolution of carbon
dioxide into brine during a sequestration process. Dispersion
influences the physics of the flow system during the convec-
tive mixing process and makes the hydrodynamics of the
flow more complex. We considered a simple rectilinear ge-
ometry with aspect ratios of four, where the dissolution of
carbon dioxide was affected by dispersion. Dispersion has
been presented by a tensor, which was velocity dependent in
all directions. Generally, we highlight the impact of this ve-
locity dependent dispersion tensor on the development of
instability at a diffusive unstable boundary layer.

The results revealed that the dispersion strength highly
affects the fingering patterns. It was shown that dispersion
can enhance the mixing and reduce the onset of convection.
In fact, higher dispersion means faster dissolution of carbon

dioxide into brine. From a quantitative analysis, one may
find that the sequestration process, including dispersion, may
be categorized in three different zones. First, the mass trans-
fer is dominated by diffusion; then, a transition occurs to the
second zone, where convection starts and dissolution of car-
bon dioxide becomes dominated by convective mixing.
Finally, dissolution of carbon dioxide gets faster as the rate
of changes of some properties, like mixing length, flux at the
boundary or average concentration of dissolved carbon diox-
ide, becomes faster. In fact, the third zone is dominated by
highly nonlinear interactions of fingers.

The analysis also showed that the medium dispersivity
ratios slightly affect the mixing. The fingering trend was
only changed at longer times, where the velocities were
larger. The quantitative analysis for such flow systems
revealed that the medium is saturated with dissolved carbon
dioxide around the same time for different anisotropies. It
can be generally concluded that dispersion can play a signifi-
cant role during a carbon dioxide sequestration process. In
particular, the strength of dispersion in aquifers will be of
great importance.
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