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Abstract We apply a multi-component reactive transport lattice Boltzmann model
developed in previous studies to modeling the injection of a CO9 saturated brine into
various porous media structures at temperature T=25 and 80°C. The porous media
are originally consisted of calcite. A chemical system consisting of Nat, Ca?t, Mg?t,
HT, CO3(aq), and C1™ is considered. The fluid flow, advection and diffusion of aqueous
species, homogeneous reactions occurring in the bulk fluid, as well as the dissolution
of calcite and precipitation of dolomite are simulated at the pore scale. The effects of
porous media structure on reactive transport are investigated. The results are compared
with continuum scale modeling and the agreement and discrepancy are discussed. This
work may shed some light on the fundamental physics occurring at the pore scale for
reactive transport involved in geologic CO9 sequestration.

1 Introduction

Disposal of COy in geologic formations represents one of the most promising near-
term solutions to the problem of reducing carbon emissions into the atmosphere [1)].
Still, the public must be assured by convincing scientific research that COg may be
safely injected and sequestered. As predictive models are utilized to assess the im-
pact of COy injection on the subsurface, these simulators must account for multiple
physiochemical processes involving interactions between the injected COs4, the brine
in the pore spaces, and the minerals lining the pores. For example, injection of COy
into limestone formations may increase the permeability of the rock near the wellbore
through processes such as wormholing, while precipitation of carbonate minerals may
reduce permeability, as a result of pH increases caused by reaction with the host rock.
All these processes are ultimately governed by pore-scale interfacial phenomena, which
occur at scales of microns. However, because of the wide disparity in scales ranging
from pore to field, it is virtually impossible to solve the pore-scale governing equations

Q. Kang

Computational Earth Science Group {(EES-16), Los Alamos National Laboratory
Tel.: +1-505-6659663

Fax: +1-505-6658737

E-mail: gkang@lanl.gov


mailto:qkang@lanl.gov

at the field scale. Instead, in modeling geologic COg sequestration, a continuum for-
mulation based on spatial averages taken over length scales much larger than typical
pore and mineral grain sizes is often utilized, implying the existence of a representative
elemental volume (REV) [2]. As a result, spatial heterogeneities at smaller scales are
unresolved and the aggregate effect of the porescale processes are taken into account
through various effective constitutive parameters such as permeability, dispersivity,
tortuosity, and specific mineral surface area. One of the goals of performing pore-scale
simulations is to obtain values for these constitutive parameters through upscaling the
pore-scale results. Other goals are to identify key parameters and physiochemical pro-
cesses that control macroscopic phenomena, to validate continuum descriptions, and
to determine the most appropriate form of the continuum formulation (single, dual,
multiple continua) that can best approximate the pore-scale results [3].

Because of its importance, the general problem of reactive transport at the pore
scale has been studied extensively using various approaches under different simplifying
conditions [4-17]. However, only recently has the full complexity of the strongly coupled
flow, transport, and precipitation/dissolution reactions in realistic geochemical systems
been considered [18-21].

Recently, Kang et al. {18,19] developed a lattice Boltzmann (LB) pore-scale model
for stmulating reactive transport in systems with multiple aqueous components and
minerals. This model takes into account advection, diffusion, homogeneous reactions
among multiple aqueous species, heterogeneous reactions between the aqueous solution
and minerals, as well as the resulting geometrical changes in pore space. In this con-
tribution, this model will be applied to modeling injection of a COqy saturated brine
solution into various porous media structures originally consisted of calcite. The disso-
lution of calcite and precipitation of dolomite will be simulated and the effects of the
porous media structure on reactive transport will be investigated.

2 Numerical Methods

For completeness, we first briefly present the pore-scale LB model for multicomponent
reactive transport in porous media developed in previous studies. We also describe
enhancements to the model since then. Interested readers may refer to [18,19] for more
details.

2.1 Incompressible lattice Boltzmann model for fluid flow

It is well known that the conventional LB method actually solves the compressible pore-
scale Navier-Stokes (N8} equations in the nearly incompressible limit with an equation
of state representing an ideal gas law. The density variation and Mach number of
the fluid must be very small for an accurate simulation of incompressible flows. These
requirements, especially small density variations, limit the applicability of conventional
L.B models for practical problems involving flow through porous media, because in these
problems, fluid motion is often driven by large pressure gradients, or, equivalently,
elevated density gradients. For low permeable media, even if the pore velocity (Mach
number) is small, the pressure (density) gradient can be very large. Therefore, use of
the conventional LB model to simulate flow in porous media may introduce significant
density changes (and hence compressibility error). Furthermore, when the velocity field



obtained from the conventional LB model is applied to solute transport simulation, one
may obtain an unphysical breakthrough curve {breakthrough too early) for a tracer,
or worse, an unphysical disequilibrium of an otherwise chemically equilibrated system
for reactive solutes {3].

To eliminate these compressible effects, here we use an incompressible LB model
constructed by Guo et al. [22]. The pore-scale flow of a single aqueous fluid phase is
simulated by the following evolution equation:

fa(xJ) - fgq(x’ t) .

fa(x + eaét,t + (St) = fa(x7 t) - T

1
In the above equation, 6t is the time increment, fo the distribution function along the
« direction in velocity space, fq! the corresponding equilibrium distribution function,
and 7 the dimensionless relaxation time. For the commonly used two-dimensional,
nine-speed LB model (D2Q9), as shown in figure 1 the discrete velocities ey have the
following form:
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For the incompressible LB model, the equilibrium distribution is defined by Guo et al.
[22]:
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In these equations, ¢ = dx/8t, where dx Is the space increment, and p and u are the
pressure and velocity of the fluid, respectively. The corresponding weight coefficients
are wg = 4/9, wa = 1/9 for &« = 1,2, 3,4, and wy = 1/36 for o = 5,6,7,8.
Equation (3) has been shown to recover the following incompressible NS equations
[22):
V-u=0, (5)
Ju

__1 2
5 + V- (uu) = prJer u, (6)

with the velocity and pressure given by
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and the viscosity is determined by

o y ‘x 2

2.2 Homogeneous reactions in the bulk fluid

In a previous paper, Kang et al. [18] have derived the following LB equation for the
total primary species concentrations for chemical systems with reactions written in
canonical form:

G(xj(x> t) - Gi%(lp’ u)

Gaj(x +eqdt t + 8t) = Guj(x,1) — -~ , U=1,---,Ng), (10)

where N is the number of primary species, ¥; is the total concentration of the jth
primary species, G,; is its distribution function along the o direction, GZ"; is the
corresponding equilibrium distribution function, en are velocity vectors, 8t is the time
increment, and Taq is the dimensionless relaxation time. Here we use D2Q4 model for
solute transport, as it has been shown to have comparable accuracy with the D2Q8
model but better computational efficiency [19]. The equilibrium distribution takes the
following linear form:

oY
Goj =7 + 55(ea ). (11)
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Noble [23] has shown that equation (10) can recover the following pore-scale advection-
diffusion equation for ¥;:

Ye,(a=1-4). (12)
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as the flux of the total concentration of the jth primary species due to both advection
and diffusion. The diffusivity is given by

{Taq — 1/2)(8z)?
261 :

Assuming the homogeneous reactions are in instantaneous equilibrium, we have the
following mass action equations [24,25]:

D= (16)

Ne
Ci = ()7 K [ () (n
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where v;; are the stoichiometric coefficients, K; is the equilibrium constant of the ith
homogeneous reaction, ~; is the activity coefficient of the ith secondary species, and
Cj; and C are solute concentrations for primary and secondary species, respectively.
They are related to ¥; by

Nn
¥y =Cj+ sziCia (18)
=1
where Ng is the number of independent homogeneous reactions, or, equivalently, sec-
ondary species.

2.3 Heterogeneous reactions at mineral interfaces
Heterogeneous reactions taking place at mineral interfaces are incorporated through

boundary conditions. The following boundary condition for the total concentrations ¥;
has been employed in the paper by Kang et al. [18]:

N,

8‘? kil

8*7;- = E . ijkm (1 - KQO)- (19)
=

In this equation, n is the direction normal to the interface pointing toward the Auid
phase, km is the reaction rate constant, Ky, is the equilibrium constant, and the ion
activity product Qm is defined by

N
Qm = [Jeuciim. (20)

F=1

In this study, we use the improved LB implementation of the above boundary condition,
which strictly conserves mass during the heterogeneous reactions [19]. The formulation
of the unknown distribution functions at the fuid/solid interface depends on the ori-
entation of the surface. For a wall node shown in Figure 2, the unknown distribution
function G245 can be calculated by:

Gyj = /2 — Gy, (21)
where ¥; is determined from equation (18) after C; is calculated from the following

nonlinear algebraic equation through Newton-Raphson iteration method:

N
7B R
2G4, = 71 e Vimkm (1 = KmQm). 22)
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2.4 Update of solid phase
Since the solid movement with fluid flow is not considered, the volume of the stationary
solids satisfies the following equation: '

AV, —
8—? B Vmaml:m (23)



where Vi, Vi, and am are dimensionless volume, molar volume, and specific surface
area of the mth mineral, respectively. Solute diffusion in the solid phase is neglected and
mineral reactions are assumed to only occur at the fuid-solid interface. Each interface
node represents a control volume (a control area in the 2D case) with asize of 1x 1 (in
lattice units) and is located at the center of this volume. As can be seen from figure
2, node Q is the center of the control volume surrounded by dashed lines. The initial
control volume is given a dimensionless volume Vf,’l. The volume is updated at each
time step explicitly according to the equation

Vin(t + 6t) = Vin(t) + VimamInst, (24)

where & is the time increment. In this study both & and am equal unity in lattice
units.

‘When Vi, reaches certain threshold values, the pore geometry needs to be updated.
For dissolution, the solid node associated with Vi, can be simply removed (i.e., changed
to a pore node), when V;, reaches zero. For precipitation, however, there are multiple
ways to add a solid node when Vi, reaches a certain threshold value. A random-growth
method was proposed by Kang et al. for single-species [16] and multi-component sys-
tems [18]. In that method, the growth has no preference in any particular direction and
the method has been shown to be lattice-effect free. Growth in preferred directions can
be achieved by incorporating corresponding physics in the growth rules. For example,
polygonal and dendritic crystals with symmetry have been produced by aligning the
direction of growth to that of the maximum concentration gradient and different mor-
phologies have been obtained by varying the probability of adding a solid node in that
direction [26].

In the above methods, the grid size is assumed to be small enough that each node
is only represented by one mineral at one time, and the effect of both dissolution and
precipitation is recorded at that node through equation (24). In reality, changes of solid
morphology can involve scales much smaller than the lattice or pore size used in the
simulations. In this study, we assume that each node can be represented by multiple
minerals whose initial total volume fraction amounts to unity. The volume fraction of
each mineral is still updated by equation (24) and dissolution recorded in the solid
node. Mass accumulation due to precipitation, however, is recorded at the neighboring
pore nodes. As seen in figure 2, when

Y V(@ =0, (25)

node  is changed to a fluid node. When

D Vm(S) =1, (26)

node § becomes a solid node consisted of multiple minerals. In contrast to previous
methods [16,18] for updating pore geometry, the current method can account for co-
existence of multiple minerals at the same node and the growth is deterministic rather
than random. However, the underlying physical properties/processes associated with
various growth methods are not clear and need to be identified through high resolution
microscopic experiments.



3 Simulation Examples
3.1 Porous media structures

Fig. 3 shows porous media structures used in the simulations. They are periodic array of
small circles (geol), large circles (geo2), horizontal ellipses (geo3), and vertical ellipses
{geod), respectively. Table 1 lists the properties of the four porous media, including
particle size, porosity, and permeability. The size (area) of the small circle is the same
as that of the horizontal or vertical ellipse, while that of the large circle is three times
greater. The specific surface area of the ellipses is slightly higher than that of the small
circle, while the large circle has the smallest specific surface area. Particle size and
porosity are prescribed when the images are generated, and permeability is calculated
using the incompressible LB model presented here. The same structures have been
used in [27)] to investigate the effects of porous media geometry on a transverse mixing-
limited chemical reaction. Unlike the micromixing problem, in our study, the structure
is periodic in the y direction. Therefore, we can use only one REV in that direction
and a relative long domain in the main flow direction. Figure 4 shows an REV for the
small circle porous structure, with a size of 48 x 48. Hence the grid size is 1728 X 48,
1728 x 96, 1728 x 36, and 1728 x 64 for the four porous media, respectively. The grid
resolution is 1 x 10™° m (10 microns).

3.2 Chemical system and reaction kinetics

The chemical system in the aqueous phase can be described by six components: Na™,
Ca?t Mg?*, HT, CO%(aq), and CI™, and a number of complexes (secondary species)
of varying importance: OH™, C()g_, HCOZ, CaCOj, CaHCO;” , CaOH™, MgCO3,
MgHCOF, MgOH™, NaCl°, NaHCO$, and NaOH®.

Cualcite According to Chou et al. [28] the calcite rate law has the form

R=—(kiag+ +k2851,004(aq) + k3) [1 — KecQocl, (27)

where k;, kg, and k3 are the reaction rate constants, ag+ and ay,c0,(aq) refer to
the activities of H and HCOy, respectively, Ko is the equilibrium constant, and
Qcc the ion activity product. The values of kq, k2, and k3 at 25°C are 0.89x 1074,
5.01x 1078, and 6.6x 10~ mol cm~2%s™!, respectively. The calcite reaction rate is pH-
dependent under acidic conditions and becomes almost constant above a pll of about
7.

Dolomite According to Gautelier et al. [29] the dolomite rate in the pH range 0.5-5 is
given by

R = —kafy+ (1 - Kgo1Qaol) - (28)

Values for k and n are listed in Table 2.



Temperature dependence The temperature dependence of the kinetic rate constants is
given by the Arrhenius expression

)= [22 (5~ 2]

where kg denotes the rate constant at the reference temperature Ty, usually taken to
be 25°C, R denotes the gas constant, and AF the mineral activation energy.
By comparison, the diffusion coefficient depends on temperature according to the

relation: i

D (T) = Dyexp { A;’D (% - ,ll,oﬂ : (30)
Clearly, both the reaction rate constants and diffusion coefficient increase with tem-
perature. Two temperature points (T =25°C and 80°C) are considered in this study.
T =80°C is probably more close to the working environment of geologic CO3 sequestra-
tion. The rate constants (kq, kg, and k3) for calcite at this temperature are calculated
through equation (29} based on their values at 25°C and AE =35 kJ/mol. The diffu-
sion coefficient of all aqueous species is assumed to be 1x107%m? /s at 25°C and its
value at 80°C is calculated using equation (30) with AEp=14 kJ/mol. The equilibrium
constants for different temperature points are read in from an existing database.

3.3 Boundary and initial conditions

A constant pressure gradient is imposed across the domain to establish a steady state
flow field. The pressure is prescribed such that the steady-state flux for all the four
initial porous media are the same (168.27 m/year). For such a long domain, the conven-
tional LB model will result in a velocity field whose mean velocity increases along the
x direction due to its inherent compressibility. The incompressible LB model presented
here, however, is free of such a problem and will provide a velocity field with constant
mean velocity.

The initial fluid is 2.69 M NaCl brine with pH of 7.75, in equilibrium with minerals
calcite and dolomite. The initial composition of the grains is calcite. When flow reaches
steadly state, a fluid of pH 3.87 in equilibrium with 179 bars CO2(g) and dolomite is
injected from the left. Because of the injection of a solution with lower pH and higher
CQOy concentration, calcite dissolves, causing oversaturation of dolomite, and hence its
precipitation. Zero gradient boundary conditions are imposed at the outlet for solute
concentration.

3.4 Simulation results

Fig. 5 shows steady-state stream lines and contours of vertical velocity predicted by
the LB model for the vertical ellipse porous medium. It is clear that the pore velocity
is fully resolved. Other simulation results are shown in Figures 6 through 13.

Figures 6 and 7 show distribution of volume-averaged (over an REV) volume frac-
tion of calcite and dolomite along the x-direction at time t=9500 seconds for all the
four porous structures, and for temperature T=25°C and 80°C, respectively. For all
the cases, the volume fraction of calcite decreases from its initial value (0.58) due to



dissolution while that of dolomite increases from its initial value (0) due to precipi-
tation. The symbols of calcite and dolomite seem to be symmetric, meaning that the
calcite dissolution and dolomite precipitation are complementary. Wherever calcite dis-
solves most, dolomite precipitates most. Unlike continuum scale model, here the volume
fraction of calcite never reduces to zero, because of the armoring effect considered in
the pore scale modeling. The precipitation of dolomite on top of the dissolving calcite
may block the passage for the agueous species to access the calcite, halting its further
dissolution.

While the volume fraction varies smoothly along the z direction for T=25°C, it
has a jump at some point for T=80°C, downstream from which the calcite is unre-
acted. There exists a sharp interface {reaction front) when the temperature is high
{or equivalently, the reactions are fast). The reaction front of the large circle structure
propagates much further than that of the other three porous media, and the mineral
volume fraction for the horizontal ellipse structure almost coincides with that for the
vertical ellipse structure. These results are quite different from those of the micromixing
problem [27], where product formation is almost identical for small and large circles,
but very different for the two ellipse structures. There are three reasons for this differ-
ence: first, the chemical reaction considered is different, while a homogeneous reaction
assumed to be instantaneous is considered in the micromixing problem, in the present
study, we are concerned about the heterogeneous reactions between the solution and
minerals, which is treated kinetically. Second, in the former problem, the interfacial
contact area between reactive species plumes is a controlling factor for mixing and
extent of chemical reaction. The porous media structure only affects the process by
influencing the contact between the two reacting fluids. In the latter problem, how-
ever, the reactions occur between the solution and minerals that make up the porous
media. Therefore, the interfacial contact area between the solution and the minerals
is a controlling factor, and specific surface area plays an important role. Third, in the
former problem, the two reacting fluids are injected from the top and bottom of the
structure, respectively, while in the latter problem, the transverse direction is periodic
and there is no concentration gradient in that direction at the REV scale.

Figure 8 shows volume fraction for the large circle and horizontal ellipse structures
at T=80°C and t=7000, 9500, and 12000 seconds. For both structures, the reaction
front moves at an approximately constant velocity. Clearly, the front of the large circle
structure propagates faster (/s 40 m/year) than that of the horizontal ellipse structure
(= 20 m/year). Roughly the front velocity is inversely proportional to the volume of
reactive calcite (0.58 — 0.53 = 0.05 versus 0.58 — 0.47 = 0.11). This is consistent with
the conclusion from the continuum scale model {30]. However, the front velocity is also
roughly inversely proportional to the specific surface area (6.9 versus 15.2 as shown in
Table 1). This finding contradicts the continuum scale model, in which the front velocity
is independent of surface area [30]. This discrepancy may be due to the armoring effect
that is explicitly accounted for in the pore scale modeling. Interestingly, the ratio of the
volume fraction of reactive calcite equals that of the specific surface area (both 0.45:1).
However, since the armoring effect in the current method may depend on the specific
way to update the solid phase, how accurate this finding is needs further scrutiny.

Continuum scale modeling using the computer code FLOTRAN [31] is also per-
formed for horizontal ellipse structure at temperature=80°C, Two sets of calculations
are shown in figure 9 for the volume fractions of calcite and dolomite: one assumes all
calcite (58%) is reactive, and the other only 11% of the calcite is reactive, correspond-
ing to the LB simulation caused by armoring of the calcite surface. In the case with all
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calcite reactive the reaction front advances more slowly compared to the LB simula-
tion, and in the other case more rapidly. It is possible to fit the front position by varing
the volume fraction of reactive calcite. However, it is not possible to fit both of them
simultaneously. The reason may be that in the LB simulation, the calcite surface is
covered by dolomite gradually. This process is simulated in the continuum scale model
by using a constant value for the volume fraction of the reactive calcite derived from
the LB simulation at a longer time. The use of this single constant may be insufficient
to capture the dynamic process of armoring.

Figures 10 and 11 show spacial distribution of volume fraction and reaction rate
of calcite and dolomite for the small circle structure at t=9500 seconds, for T=25°C
and 80°C, respectively. Only part of the domain is shown for better visualization. The
dissolution of calcite and precipitation of dolomite can be seen clearly. For both tem-
perature points, the dolomite reaction rate is always positive, meaning that dolomite
only precipitates. The calcite reaction rate, however, can be either positive or negative,
indicating reprecipitation of calcite.

For T=25°C, there is non-zero reaction rate for both calcite and dolomite at the
surface of the circles throughout the domain. For T=80°C, however, the rate at the
upstream of the reaction front is zero. This is consistent with the concentration contours
shown in figures 12 and 13. Clearly there is spacial variation in the concentration of
aqueous species for the lower temperature. But the concentration is almost uniform at
the upstream of the reaction front for the high temperature case.

4 Conclusions

We applied a multi-component reactive transport LB model developed in previous
studies to modeling the injection of a COgy saturated brine solution into various porous
media structures at temperature T=25 and 80°C. The porous media were originally
consisted of calcite. A chemical system consisting of Nat, Ca®+, Mgt H', CO3(aq),
and Cl™ was considered, with calcite dissolution and dolomite precipitation. It is shown
that the LB model is able to provide detailed information on fluid velocity, solute
concentration, mineral composition and reaction rates, as well as the evolution of the
porous media geometry. It is found that for the higher temperature, there is a sharp
reaction front, downstream from which the minerals are unreacted, and upstream from
which the reaction rates reduce to zero. The front moves at an approximately constant
velocity independent of surface area, and the velocity is roughly inversely proportional
to the volume fraction of the reactive calcite, consistent with the continuum scale
model. However, the front velocity is also found to be roughly inversely proportional
to the specific surface, contradicting the continuum scale model. For both T=25 and
80°C, dolomite only precipitates but calcite dissolves and reprecipitates. The grain
orientation has little effect on the reactive transport at the REV scale. The numerical
results presented here are still subject to confirmation by high resolution microscopic
experiments. Nevertheless, the results presented may help understand the fundamental
physicochemical processes during COgy sequestration in geologic formations. A three-
dimensional multi-phase multi-component model is under development and the results
will be presented in future publications.
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Table 1 Porous media properties.

Structure Particle size m? Porosity Specific surface area m~! Permeability m?
small circles (geol) 6.61 x 10~ % 0.42 1.38 x 107 8.58 x 10— 11
large circles (geo2) 2.66 x 10~7 0.42 6.9 x 10% 3.38 x 1010
horizontal ellipses (geo3) 6.66 x 10—° 0.42 1.52 x 107 1.02 x 1010
vertical ellipses (geo4) 6.66 x 10~% 0.42 1.52 x 107 3.20 x 10~

Table 2 Kinetic rate parameters for dolomite from Gautelier et al. [29].

T[°C] k[mol cm—?s~!] n
25°C 9.82x 108 0.63
50°C 5.13 X 10~7 0.73

80°C 1.77 X 10~° 0.80
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Fig. 2 Schematic illustration of a D2Q4 lattice at a wall node.
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Fig. 3 Porous media structures used in the simulations.
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Fig. 4 A representative elemental volume_for the periodic array of small circles.
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Fig. 5 Velocity field (stream lines and contours of vertical velocity) predicted by the LB model
for the vertical ellipse porous medium.
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Fig. 9 Continuum scale and LB simulation results of calcite and dolomite volume fraction for
horizontal ellipse structure at temperature=80°C and time=7000, 9500, and 12000 seconds.
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0.11, respectively, in the continuum scale simulations.
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the small circle porous medium at time=9500 seconds and temperature=25°C.
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Fig. 11 Spacial distribution of volume fraction and reaction rate of calcite and dolomite for
the small circle porous medium at time=9500 seconds and temperature=80°C.
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Fig. 12 Concentration distribution of aqueous species for the small circle porous medium at
time=9500 seconds and temperature=25°C.
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Fig. 13 Concentration distribution of aqueous species for the small circle porous medium at
time=9500 seconds and temperature=80°C.



