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A B S T R A C T

Wellbore leakage tops the list of perceived risks to the long-term geologic storage of CO2, because wells provide a
direct path between the CO2 storage reservoir and the atmosphere. In this paper, we have coupled a two-phase
flow model with our original framework that combined models for reactive transport of carbonated brine,
geochemistry of reacting cement, and geomechanics to predict the permeability evolution of cement fractures.
This addition makes the framework suitable for field conditions in geological storage sites, permitting simulation
of contact between cement and mixtures of brine and supercritical CO2.

Due to lack of conclusive experimental data, we tried both linear and Corey relative permeability models to
simulate flow of the two phases in cement fractures. The model also includes two options to account for the
inconsistent experimental observations regarding cement reactivity with two-phase CO2-brine mixtures. One
option assumes that the reactive surface area is independent of the brine saturation and the second option
assumes that the reactive surface area is proportional to the brine saturation.

We have applied the model to predict the extent of cement alteration, the conditions under which fractures
seal, the time it takes to seal a fracture, and the leakage rates of CO2 and brine when damage zones in the
wellbore are exposed to two-phase CO2-brine mixtures. Initial brine residence time and the initial fracture
aperture are critical parameters that affect the fracture sealing behavior. We also evaluated the importance of the
model assumptions regarding relative permeability and cement reactivity. Our results illustrate the need to
understand how mixtures of carbon dioxide and brine flow through fractures and react with cement to make
reasonable predictions regarding well integrity. For example, a reduction in the cement reactivity with two-
phase CO2-brine mixture can not only significantly increase the sealing time for fractures but may also prevent
fracture sealing.

1. Introduction

Depleted oil and gas reservoirs are prime candidates for injection of
supercritical CO2 for carbon dioxide storage (IPCC, 2005). However,
sites with a history of oil and gas exploration and production activities
typically contain abandoned wells, which may compromise the in-
tegrity of the storage site. While such abandoned wells are plugged with
cement to prevent leakage, poor cement bonding or failure due to
stresses (Zhang and Bachu, 2011; Nygaard et al., 2014) can create
fractures in the cement, or at the cement-formation or cement-casing
interfaces. These damage zones may allow carbon dioxide to leak from
the reservoir, bringing single-phase and two-phase mixtures of super-
critical/gaseous CO2 and brine in contact with the wellbore cement.
The purpose of this study is to understand the behavior of these mul-
tiphase mixtures and their interaction with wellbore cement.

Reactions between cement and carbonated brine alter cement's
chemical, mechanical, and hydraulic properties. Under different cir-
cumstances these coupled processes can either hamper or even improve
the cement's ability to seal the well. While several experiments have
shown that reactions between CO2-saturated brine and cement result in
altered cement layers (Zhang and Bachu, 2011; Carey, 2013; Carroll
et al., 2016), it is unclear how cement reacts with a two-phase mixture
of brine and supercritical CO2, or with brine-saturated supercritical CO2

(i.e. “wet” supercritical CO2). There have been insufficient experimental
studies to determine how cement fractures respond to flows involving
two-phase mixtures of brine and CO2. Several batch experimental stu-
dies have attempted to characterize the interactions between cement
and supercritical CO2 but their results have been inconclusive. While
some studies have shown that cement exposed to wet supercritical CO2

results in the formation of reaction fronts within the cement (Barlet-
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Gouédard et al., 2007; Rimmelé et al., 2008; Fabbri et al., 2009; Mito
et al., 2015), others have observed uniform carbonation instead
(Kutchko et al., 2008; Jung and Um, 2013). In the latter case, Kutchko
et al. (2008) attributed the absence of reaction fronts to the lack of
water. With regards to the rates of reactions, some studies showed no
significant difference in the rate of alteration of cement upon exposure
to carbonated brine or wet supercritical CO2 (Barlet-Gouédard et al.,
2007; Rimmelé et al., 2008; Lesti et al., 2013). Others have observed
faster (Mito et al., 2015) or slower (Kutchko et al., 2008; Jung and Um,
2013) rates of alteration with wet supercritical CO2 compared to car-
bonated brine. Kutchko et al. (2008) attributed the slow alteration rate
with wet supercritical CO2 to the lack of an aqueous phase to facilitate
the diffusion of ions. Conversely, Mito et al. (2015) attributed the fast
alteration rate with wet supercritical CO2 to the lack of a diffusion
barrier in the absence of water. In a different set of experiments, where
wet and oven-dried cement samples were exposed to wet supercritical
CO2, Fabbri et al. (2009) showed that reaction fronts are present when
wet cement in exposed to wet supercritical CO2 and are absent when
the cement was dried. They also found that the rate of degradation was
lower in wet cement compared to dry cement, which they attributed to
the diffusion barrier created by water in the wet cement. Although
water plays a key role in the alteration of cement by carbon dioxide, the
conflicting experimental observations make it difficult to identify the
conditions under which water facilitates rather than inhibits these re-
actions. Differences in both the preparation and composition of cement
samples, the details of which are often difficult to identify in the pub-
lished literature, further muddles this issue.

It is essential to evaluate the behavior of mixtures of supercritical
CO2 and brine to accurately quantify the risk of carbon dioxide and
brine leaking from a storage reservoir through damage in well cement.
Differences in density, viscosity and relative permeability of the two
phases have significant impacts on the flow rates of the individual
phases in multiphase flow.

Over the last few years, we have developed an experimentally ca-
librated framework that couples reactive transport of carbonated brine,
geochemistry of reacting cement, and geomechanics to predict the
permeability evolution of leakage paths in cement exposed to carbo-
nated brine (Walsh et al., 2013, 2014a,b; Iyer et al., 2017). In this
paper, we extend our model to include two-phase flow of supercritical
CO2 and brine through leakage paths to make the model applicable to
field conditions. We use the model to evaluate how two-phase flow
impacts the chemical alteration of cement compared to carbonated
brine. We also use the model to predict carbon dioxide and brine
leakage rates through damage zones. The assumptions adopted for the
relative permeability of CO2 and brine flowing in fractures, and their
reactivity with cement have a significant impact on the model's pre-
dictions. In light of the current lack of consensus regarding both of
these factors, we investigate extremes in both cases in order to evaluate
their impact on the chemical alteration of cement and the leakage rate
of carbon dioxide and brine.

2. Model description

The present model builds on earlier work done to simulate the in-
teraction between well cement and CO2-saturated brine flowing
through a fracture (Walsh et al., 2013, 2014a,b; Iyer et al., 2017). The
original framework coupled a single-phase flow model for brine flow
through a fracture, a reactive-transport model to predict the brine
concentrations, a geochemical model for the CO2-cement reactions, and
a mechanical model to predict the change in fracture aperture due to
the chemically altered cement. The models are implemented in the
GEOS multi-physics framework developed at Lawrence Livermore Na-
tional Laboratory (Settgast et al., 2017). Here, we describe how this
framework can be extended to include a multiphase flow model to
capture the flow of two-phase mixtures of brine and supercritical CO2.
We also describe the assumptions made with regards to the uncertainty

surrounding (i) the relative permeability model for two-phase flow
through fractures, and (ii) the impact of saturation on cement alteration
rate.

2.1. Two-phase flow model

To model the two-phase flow of brine and carbon dioxide through a
fracture, we first perform a mass balance for both brine and carbon
dioxide. A depth-averaged mass balance for brine yields:

∂

∂
+ ∇ =

t
bρ ϕS bρ v( ) ·( ) 0,w w w w (1)

where the subscript w denotes the brine phase, b is the fracture aper-
ture, ρi is the density of phase i, ϕ is the porosity of the medium, which
is 1 in the case of a fracture, Si is the saturation of phase i, and vi is the
superficial velocity of phase i. In this manuscript, our analysis is con-
fined to one-dimensional flows for which the depth-averaged velocity
vector can be represented as a scalar. Nevertheless, the approach and
the code itself is applicable to flows through two-dimensional fractures,
and consequently we leave the depth-averaged velocity as a vector. In
addition, we have neglected the mass of brine diffusing in or out of the
cement or solubilizing in the CO2 phase, as these terms are expected to
be significant only when the brine saturation is very low.

As carbon dioxide flows through the fracture, some of it is dissolved
in the brine which subsequently diffuses into the cement and reacts
with it. A mass balance of the carbon dioxide present in the CO2 and the
brine phases yields

∂

∂
+ − + ∇ + + =( )

t
bϕ ρ S ρ S b ρ ρ Rv v( (1 )) ·( ( )) 0,g w w g w g w w g g, , C (2)

where the subscript g denotes the CO2 phase, ρg w, is the solubility of
carbon dioxide in the brine phase, and RC is the rate at which carbon
dioxide is consumed in the reactions with cement.

The velocities of the two phases in Eqs. (1) and (2) are calculated
using the extension of Darcy's law for multiphase flow:

= − ∇ −
μ

p ρv g
kk

( ),i
r i

i
i i

,

(3)

where the subscript i denotes the brine and CO2 phases, k is the per-
meability of the fracture, kr,i is the relative permeability of phase i, μi is
the viscosity of phase i, pi is the pressure of phase i, and g is the gravity
vector. As carbon dioxide and brine are immiscible, the two phases will
have different pressures due to capillary forces:

− =p p
γ θ

r
2 cos

,w g
c (4)

where the capillary pressure, −p pw g , is a function of the wetting angle
θ, the surface tension between the phases γ, and the radius of curvature
rc. In a fracture the radius of curvature is well approximated as half the
aperture (rc= b/2), hence the smaller the aperture the larger the ca-
pillary pressure. Mixtures of supercritical CO2 and brine have an in-
terfacial tension of around 30mN/m (Chalbaud et al., 2009). An
aperture of 50 μm and a wetting angle of 30° (Saraji et al., 2013) gives a
capillary pressure of 2 kPa. As we are applying this formulation to
fractures with an aperture of 50–500 μm at average pressures around
10MPa, we have assumed that the capillary pressure is small and have
neglected it. Therefore, the pressure in both phases is the same and is
denoted by p.

The permeability of the fracture in Eq. (3) is calculated using the
following approximation (Witherspoon et al., 1980; Zimmerman and
Bodvarsson, 1996):

=k b
12

.
2

(5)

Modeling two phase flow in fractures is still an active area of re-
search. In the microfluidics literature two-phase flow is modeled by
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predicting the flow patterns observed at different flow conditions
(Kawahara et al., 2002). However, in the earth science literature two-
phase flow in fractures is modeled using the concept of relative per-
meability (Persoff and Pruess, 1995). In this manuscript we have also
used relative permeability to describe two-phase flow in fractures. The
relative permeability in Eq. (3) is a measure of the effective perme-
ability of a phase in the presence of a second phase and varies between
0 and 1. It is typically modeled as a function of saturation. The simplest
relative permeability model assumes that each phase does not interfere
with the flow of the other and therefore, each phase's relative perme-
ability is equal to its saturation:

=k S ,r i e i, , (6)

where Se,i is the effective saturation of phase i. The effective saturation
is equal to

=
−

−
S

S S
S S

,e i
i i

i i
,

min

max min (7)

in which Si
max and Si

min are the maximum and minimum values of sa-
turation for phase i calculated using the residual saturations of both
phases. The above linear relative permeability model is based on the
experimental work done by Romm and can over estimate the relative
permeability of the phases (Persoff and Pruess, 1995). Other models
have been developed based on the pore size distribution of the media
(Bear, 1988). One such model developed by Corey (1954) is given by:

=

= − −

k S
k S S(1 ) (1 ),

r e

r e e

,wet ,wet
4

,non-wet ,wet
2

,wet
2

(8)

where the subscripts wet and non-wet refer to the wetting and non-
wetting phases, respectively. When using the Corey relative perme-
ability model, we assume that brine is the wetting phase. There are
several other relative permeability models which have been proposed
for different material and fluid combinations.

It should be noted that relative permeability models have been
primarily developed for three dimensional flows, in which it is possible
to have two simultaneous percolating phases. This is not the case for
two dimensional flows where in all but the most channelized flows only
one percolating phase is possible. As a result, in two dimensions the two
phases must change their configuration (through bubbles or changing
connectivity) in order to flow. Thus, there is a question as to how ap-
plicable relative permeability models developed for three dimensional
media are to fracture flows. Evidence also suggests that the actual form
of the relative permeability is strongly influenced by both the fracture
geometry and the applied pressure gradient (Walsh and Carroll, 2013).
In the absence of experimental data or consensus on the relative per-
meabilities for two-phase mixtures of brine and carbon dioxide flowing
through cement fractures, we have used both the linear and the Corey
relative permeability models to understand their impact on the model
predictions. As discussed in Walsh and Carroll (2013), while not perfect
representations for two dimensional flows, relative permeability of
wide fractures with high pressure gradients are bounded by the linear
permeability model, while thin fractures with lower pressure gradients
are better approximated by the Corey model (though greater phase
interference can be observed in some cases). To improve model de-
velopment, laboratory and field-scale studies that characterize CO2-
brine flow in cement fractures are essential.

Finally, to solve the two mass balances in Eqs. (1) and (2), models
are required to calculate density, solubility, and viscosity as a function
of pressure (in our calculations we have assumed the temperature to
remain constant at 60 °C). The brine density and viscosity are calculated
using the correlations developed by Phillips et al. (1981) for NaCl so-
lutions. The molality of the brine, for the purpose of calculating its
density and viscosity, is fixed at 1m. The viscosity of pure water re-
quired for the brine viscosity calculations was obtained from the cor-
relation developed by Meyer et al. (1968) (Miller, 1977). CO2 viscosity

was calculated using the equation developed by Fenghour et al. (1998).
To simplify the CO2 density calculations, we fitted a 4th order poly-
nomial to density data at 60 °C and between 10 and 40MPa obtained
from the model by Span and Wagner (1996). The polynomial function
and the coefficients are reported in Table S1 in the supplementary
material. Similarly, to simplify the CO2 solubility calculations, we fitted
a 4th order polynomial to the solubility data for a 1m NaCl solution at
60 °C and between 10 and 40MPa obtained from the model by Duan
and Sun (2003). The polynomial function and the associated coeffi-
cients are listed in Table S2 in the supplementary material.

Eqs. (1) and (2) are solved using a finite volume method to calculate
the pressure and saturation along the fracture. This information is then
used in Eq. (3) to calculate the velocities of the brine and CO2 phases
along the fracture.

To couple the two-phase flow model to the geochemical model, we
need to calculate the concentrations of carbon and calcium along the
fracture. It is assumed that the rate of solubilization (i.e. dissolution and
speciation) of carbon dioxide in brine is significantly faster than the rate
at which the aqueous carbon species react with the cement. Therefore,
the carbon concentration in the brine is always fixed at its solubility and
the rate at which carbon is consumed in the reaction with cement is
accounted for in Eq. (2). To calculate the calcium concentration along
the fracture, a mass balance on calcium is performed to get:

∂

∂
+ ∇ = ∇ ∇ −

t
bS b bS D Rv( [Ca]) ·( [Ca]) ·( [Ca]) ,w w w Ca (9)

where [Ca] is the depth-averaged calcium concentration, D is the dif-
fusion coefficient, and −RCa is the rate at which calcium is generated
through the reactions between carbon and cement. We have assumed
that the concentration gradient across the aperture of the fracture is
negligible and therefore, Eq. (9) can be solved in 2-D. Once the carbon
and calcium concentrations are known, they can be used by the geo-
chemical model to evaluate the extent of reaction within the cement.

2.2. Geochemical model

The geochemical model used in this manuscript was developed by
Walsh et al. (2013, 2014a,b) and Iyer et al. (2017). Only a brief de-
scription of the model is presented here and the details can be found in
the original papers. The model is a “reduced physics” representation of
the well-cement/carbonated-brine system. As acidic carbonated brine
flowing in the fracture diffuses into the cement, it dissolves the por-
tlandite present in cement to release calcium ions, which diffuse out of
the cement. This results in the formation of a portlandite depleted layer
within the cement. Inside the cement, where there is enough carbon
and calcium, calcite precipitates to yield a calcite precipitate layer. If
the calcium diffusing out of the cement is sufficient to saturate the
carbonated brine in the fracture with respect to calcite, the calcite
precipitate layer extends out of the cement into the fracture, and can
potentially seal the damage zone (Huerta et al., 2016; Iyer et al., 2017).
However, if there is insufficient calcium to saturate the brine outside
the cement, then the calcite precipitate layer is confined within the
cement, and an amorphous silicate layer (associated with the dissolu-
tion of other calcium phases) is formed next to the cement-brine in-
terface.

To reduce the complexity of the model, Walsh et al. (2013) assumed
that all reactions occur at the fronts between the altered layers and used
a front tracking method to predict the progress of the reactions. We
consider three distinct reaction fronts – following the geochemical
model outlined by Kutchko et al. (2007).

• At the deepest front, Portlandite dissolution is assumed to occur at
the interface between the unreacted cement and the portlandite
depleted layer.

→ ++ −Ca(OH) Ca 2OH2(s)
2 (10)
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• Next, calcite precipitation is assumed to occur at the front between
the portlandite depleted layer and calcite precipitate layer.

+ →+ −Ca CO CaCO2
3
2

3(s) (11)

• Finally, calcite dissolution is assumed to occur at the front between
the calcite precipitate layer and the amorphous silicate layer.

→ ++ −CaCO Ca CO3(s)
2

3
2 (12)

The calcite dissolution also coincides with the degradation of the
cement's CSH-backbone, releasing additional calcium into the brine.

At each front we calculate the speciation of aqueous components
under equilibrium conditions, considering equilibrium reactions asso-
ciated with aqueous CO2, H2O, H+, OH−, H2CO3, −HCO3 ,

−CO3
2 , Ca2+,

+CaHCO3 , CaCO3, CaSO4, −SO4
2 , CaCl2, CaCl+, Cl−, MgSO4, Mg2+, Na+,

and −NaSO4 .
To model the movement of the fronts, the front velocity is related to

the flux QE of an element E into (or out of) the front as follows:

= − =Q ρ ϕ dx dx1 [[ (1 )]]
d t

Δ
d t

,I I
E

E
E E

M (13)

where = −+ −A A A[[ ]] | |x x denotes the jump in a quantity A across the
front, EM is the molar mass of element E, ρE is the density of element E
in the solid material, xI is the front location, and ΔE is the difference in
the molar density of element E across the front.

The flux QE can be related to the rates of diffusion and reaction at
the front. In prior work we have considered two limits (Walsh et al.,
2013; Iyer et al., 2017). If the rate of reaction is significantly faster than
the rate of diffusion, the reactions can be assumed to be at equilibrium.
As a result, the concentration at the front is equal to the equilibrium
concentration and QE can be calculated based on the diffusive flux to or
from the front (Walsh et al., 2013). However, when the altered cement
layers are very thin, the rate of diffusion can be faster than the rate of
reaction. Due to the thin cement layers, the front concentration can be
assumed to be equal to the brine concentration and QE can be written in
terms of the rate of reaction at the brine conditions (Iyer et al., 2017).
Thus, depending on which phenomenon is slower, the front con-
centration can be accordingly approximated and the front velocity can
be calculated based on the rate of reaction or diffusion. The rates of
consumption or generation of carbon and calcium used in Eqs. (2) and
(9), respectively, can be calculated by summing the fluxes of carbon,
QC, and calcium, QCa, at each of the three fronts.

The geochemical model has to be coupled back to the flow model
because the chemical alteration of the cement can change the perme-
ability of the fracture. For example, precipitation of calcite within the
fracture reduces the fracture aperture. To predict the permeability
evolution of the fracture, the aperture obtained from the geochemical
model is used to calculate the permeability using Eq. (5). This is sub-
sequently used to calculate the pressure, saturation, and the velocity of
the two phases along the fracture using Eqs. (1)–(3). The brine velocity
is used to calculate the calcium concentration along the fracture using
Eq. (9). This enables the reaction front model to update the locations of
the reaction fronts and the value of the fracture aperture. Note that the
fracture aperture can also decrease due to the mechanical deformation
of the chemically altered cement (Walsh et al., 2014b). In this study we
are primarily interested in understanding the effect of two-phase flow
on the permeability evolution of cement fractures and have therefore,
not included the effect of mechanical deformation.

A big uncertainty in modeling reactions between cement and carbon
dioxide in two-phase systems is the role of water on the rate of reaction.
As we have mentioned before, conflicting experimental observations in
the literature make it difficult to identify the conditions under which
the amount of water is too little to sustain the reactions or too much

such that it creates a diffusion barrier. Water generated by the carbo-
nation reaction might also play a role in the cement-CO2 reactions. In
the absence of clear experimental data, in this paper we consider two
extremes. In the first case we assume that the rate of alteration of the
cement remains the same irrespective of the saturation of the fluids
flowing through the fracture. This condition tries to mimic the experi-
mental findings of Barlet-Gouédard et al. (2007), Rimmelé et al. (2008);
and Lesti et al. (2013) who found that the rates of alteration of cement
upon exposure to carbonated brine or wet supercritical CO2 were si-
milar. In the second case, we assume that the amount of reactive surface
area in the fracture is proportional to the brine saturation. As a result,
the rate of alteration decreases as the brine saturation reduces. This
would result in slower rates of alteration of the cement as reported by
Kutchko et al. (2008) and Jung and Um (2013). However, unlike their
experimental observations of uniform carbonation of cement, our
model will still predict the formation of altered layers within the ce-
ment. Currently, we are unable to model the increase in the rate of
alteration of cement due to the deeper penetration of the CO2 phase
within the cement (Mito et al., 2015) as we do not model advection of
carbon dioxide or brine within the cement matrix.

3. Results and discussion

In this section, we use the model to assess the impact of two-phase
flow on (i) the alteration within the cement and the fracture, and (ii)
the risk of brine and carbon dioxide leakage. The effect of the choice of
the relative permeability model and the assumption about cement's
reactivity with the two-phase mixture is also evaluated. In addition,
critical parameters that influence the sealing of cement fractures
through calcite precipitation are determined.

Even though the model is capable of simulating 2-D flows through
heterogeneous fractures, for the sake of simplicity, in this paper we
confine our analysis to 1-D flows along fractures with a constant initial
aperture. Unless otherwise noted the fractures have different apertures
but are 1m long and 20mm wide. They are cement-cement fractures
such that chemical reactions occur through both fracture surfaces. The
values of the model parameters used in the simulations are reported in
Table 1 in Iyer et al. (2017) and have been reproduced in Table S3 in
the supplementary material. The concentrations of all the elements in
brine, except carbon, are set equal to the values listed in Table 2 in Iyer
et al. (2017) which are reproduced in Table S4 in the supplementary
material. Finally, constant pressure drop boundary condition is used for
all the simulations with a mean pressure along the fracture set equal to
12.4 MPa.

3.1. Impact of two-phase flow on cement alteration

In this section, we analyze how cement is altered when a two-phase
mixture of supercritical CO2 and brine flows through a cement–cement
fracture. We use the model described above to predict the extent of
cement alteration for both single-phase flow and two-phase flow
through a fracture with an aperture of 100 μm. For the two-phase case,
we compare the effects of both the linear and the Corey relative per-
meability models (the residual brine and carbon dioxide saturation are
fixed at 0.01).

Fig. 1 shows the location of the three reaction fronts along the
fracture after carbonated brine or a 50:50 two-phase mixture of carbon
dioxide and brine have flown through the fracture for a day. Prior work
by Iyer et al. (2017) and Brunet et al. (2016) showed that the brine flow
rate strongly influences the interactions between cement and carbo-
nated brine. Therefore, to compare similar scenarios, we adjusted the
pressure drop for the simulations such that the initial brine flow rates
are the same. To obtain an initial brine flow rate of 19.4 cc/min, the
pressure drops for the single-phase, and two-phase flow simulations
with the linear and Corey relative permeability models were set at
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0.1MPa, 0.2 MPa, and 1.6MPa, respectively. For the fracture dimen-
sions mentioned before, this flow rate is sufficiently fast to prevent
calcite precipitation within the fracture.

Fig. 1(a) shows that when the reaction rate is unaffected by brine
saturation, the extent of alteration within the cement is almost identical
for all three cases. This suggests that similar to the single-phase case,
the extent of reaction within the cement predominantly depends on the
brine flow rate for the two-phase case. Saturation and the relative
permeability model impact the alteration through their effect on the
brine flow rate. This conclusion does not hold when the reactive surface
area, and therefore the reaction rate, is proportional to the brine sa-
turation as shown in Fig. 1(b). For the same scenario, the extent of
alteration is much lower for the two-phase flow simulation compared to
the single-phase case. However, the extent of alteration is almost
identical for the two relative permeability models. This is because both
cases have the same brine saturation and therefore, the same reactive
surface area. This suggests that if the reactive surface area is assumed to
be proportional to the brine saturation, both the brine flow rate and the
brine saturation affect the extent of alteration within the cement.

While the example in Fig. 1 corresponds to a flow rate that doesn’t
yield any precipitate within the fracture, similar conclusions are drawn
for a flow rate that results in calcite precipitation within the fracture.
This is shown in Section 3 in the supplementary material.

For single-phase flows of carbonated brine, it is possible to en-
counter scenarios in which calcite precipitate within the fracture is
confined to the upstream end of the fracture (Huerta et al., 2016; Iyer
et al., 2017). This occurs when the flow rate is sufficiently low that all
of the carbon entering the fracture is precipitated as calcite in the up-
stream end of the fracture – preventing further reaction downstream.
This is not the case for multiphase flow, because there is substantially
more carbon per unit volume in supercritical CO2 than in carbonated
brine. With this virtually inexhaustible source of carbon, if the condi-
tions are conducive for calcite precipitation, calcite will likely pre-
cipitate in a continuous layer as supercritical CO2 flows all along the
length of the fracture. This is shown in Fig. 2 which plots the reduction
in the fracture aperture due to calcite precipitation within the fracture
for both the single-phase and two-phase cases. The model predictions
shown in Fig. 2 are for a 1m long fracture with an aperture of 50 μm
after 1 day. The initial brine flow rates for all three simulations in Fig. 2
were 0.01 cc/min. For the two-phase flow simulation, it was assumed
that the reactive surface area is unaffected by the brine saturation. If the
reactive surface area is instead assumed to be proportional to the brine
saturation, then the amount of precipitate is reduced (as shown in
Figure S1(d) in the supplementary material).

3.2. Critical parameters that determine fracture sealing

Work by Brunet et al. (2016) and Iyer et al. (2017) has shown that
the initial brine residence time and fracture aperture are central to
determining whether cement fractures exposed to carbonated brine will
seal by calcite precipitation. The brine residence time is a measure of
the average time required for brine to flow along the full length of the
fracture. It is calculated as the ratio of the fracture volume and the
average brine flow rate. Brunet et al. (2016) and Iyer et al. (2017)
produced sealing maps that identified regions which show sealing and
non-sealing behavior in fractures as a function of the initial fracture
aperture and the initial brine residence time. In this section, we eval-
uate which variables play a key role in determining whether a fracture
subjected to two-phase CO2-brine flow will seal.

The initial brine residence time and fracture aperture remain as
critical parameters in determining whether a fracture subjected to two-
phase CO2-brine flow will seal. This is concluded based on sealing maps
constructed for both relative permeability models and several values of
saturation. Fig. 3 shows two representative maps for a 1m long cement
fracture with an inlet brine saturation of 70%: Fig. 3(a) and (b) corre-
spond to the linear and Corey relative permeability models, respec-
tively. In both cases, it is assumed that the reactive surface area is

Fig. 1. Model predictions of the front locations for single-phase and two-phase flow. In plot (a) the reactive surface area is independent of the saturation while in plot (b) the reactive
surface area is proportional to the brine saturation. In both figures, the dashed black line indicates the initial location of the fracture surface. (For interpretation of the references to color
in this figure, the reader is referred to the web version of this article).

Fig. 2. Model predictions of the location of the calcite precipitate layer in the fracture for
single-phase and two-phase simulations (using the linear and Corey relative permeability
model). The dashed black line indicates the initial location of the fracture surface. (For
interpretation of the references to color in this figure, the reader is referred to the web
version of this article).
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unaffected by the brine saturation. Changing the relative permeability
model results in small changes on the sealing map. For two-phase flow
the boundary between the sealing and non-sealing region moves to
slightly lower initial brine residence times compared to the boundary
for single-phase flow (dashed lines in Fig. 3). The slight downward
movement of the boundary in the two-phase sealing maps results from
the decease in fracture aperture and brine saturation due to calcite
precipitation (see Section 3 and Figure S2 in the supplementary mate-
rial). As a result, the reduction in brine flow rate in two-phase flow is
larger than the reduction in brine flow rate in single-phase flow. This
makes it slightly easier to seal the fracture with CO2-brine mixtures
than with carbonated brine when the reactive surface area is unaffected
by brine saturation.

Like relative permeability, changing the initial brine saturation of
the two-phase mixture does not significantly impact the sealing map
when the reactive surface area is unaffected by brine saturation. Figure
S3 illustrates this by comparing sealing maps developed for an inlet
brine saturation of 20% and 70%.

It is important to note that the initial brine residence time, as a
critical parameter, incorporates the effect of several modeling para-
meters including the inlet brine saturation and the relative permeability
model. For a given pressure drop across a fracture, different relative
permeability models and saturations can result in very different initial
brine residence times. Consider a meter-long fracture with an aperture
of 100 μm, subjected to a 70 kPa pressure drop and an inlet brine sa-
turation of 0.7. The sealing map in Fig. 3 shows that the fracture would
stay open if two-phase flow is governed by linear relative permeability
(initial brine residence time=0.24min) and seal if flow is governed by
Corey relative permeability (initial brine residence time=0.7min).
Similarly, applying the same 70 kPa pressure drop while decreasing the
inlet brine saturation to 0.2 increases the initial brine residence time
from 0.24min to 0.89min when flow is governed by linear relative
permeability. The longer residence time at lower brine saturation seals
the fracture (see Figure S3). While the saturation and relative perme-
ability model don’t directly impact the sealing map significantly, they
play a key role in determining the initial brine residence time, a major
indicator of the likelihood that a fracture will seal.

The results discussed in Section 3.2 until this point have assumed
that the reactive surface area is unaffected by the brine saturation. We
also constructed sealing maps to understand the impact of the as-
sumption that the reactive surface area is proportional to the brine
saturation. As shown in Figs. 1(b), S1(b), and S1(d), coupling the

reactive surface area to the brine saturation reduces the rate of al-
teration within the cement and the rate of calcite precipitation inside
the fracture. This makes it harder to seal fractures by means of calcite
precipitation. Therefore, longer residence times are required to seal
fractures, and the boundary between the sealing and non-sealing re-
gions moves to longer residence times when compared to the location of
the boundary when the reactive surface area is unaffected by the brine
saturation. The movement of the boundary increases as the brine sa-
turation of the two-phase mixture decreases because a reduction in
brine saturation decreases the amount of reactive surface. This is illu-
strated in Fig. 4 which shows the sealing map at 20% brine saturation
for the two assumptions regarding the dependence of reactive surface
area on brine saturation.

3.3. Leakage rates and sealing times

The sealing maps presented in the previous section provide in-
formation about the conditions under which a fracture will seal. It is
equally important to know what leakage rates are expected from these

Fig. 3. Sealing map for two-phase flow showing regions of sealing and non-sealing behavior in fractures as a function of the initial fracture aperture and the initial brine residence time.
Model predictions in plot (a) use the linear relative permeability model and in plot (b) use the Corey relative permeability model. It is assumed that the reactive surface area is unaffected
by the brine saturation. The dashed lines denote the sealing and non-sealing regions obtained for single-phase flow (Iyer et al., 2017). (For interpretation of the references to color in this
figure, the reader is referred to the web version of this article).

Fig. 4. Sealing map for two-phase flow with an inlet brine saturation of 20% and the
assumption that the reactive surface area is proportional to the brine saturation. The
dotted lines denote the sealing and non-sealing regions for an inlet brine saturation of
20% and when the reactive surface area is unaffected by the brine saturation. Both maps
use the linear relative permeability model. (For interpretation of the references to color in
this figure, the reader is referred to the web version of this article).
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fractures and, for fractures that do seal, the length of time required. The
sealing time for fractures can be defined in terms of reduction in
leakage rates, permeability, aperture, etc. For simplicity, we defined the
fracture sealing time as the time it takes for the minimum value of the
fracture aperture along the length of the fracture to reduce to 1 μm. This
is a reasonable definition when considering flow through 1-D fractures,
because the effective permeability of a 1-D fracture is strongly affected
by the minimum aperture along the fracture.

Since the amount of calcite precipitate required to seal a fracture
will depend on the initial aperture of the fracture, it is expected that the
sealing time has a strong dependence on the initial fracture aperture. In
Fig. 5, the sealing times for 1m long cement fractures subjected to flow
of 50:50 mixtures of brine and carbon dioxide is plotted as a function of
the initial fracture aperture. For all four simulations, we used the Corey
relative permeability model, an initial brine residence time of 40min,
and a reactive surface area independent of the brine saturation. The
sealing of fractures with a 250 and a 500 μm aperture were simulated
for 50 and 120 days, respectively. The sealing times reported in Fig. 5
are extrapolations of the simulated data to a minimum aperture of 1 μm.
Sealing times increase super-linearly with the initial fracture aperture.
It takes significantly longer to seal larger apertures because thicker
layers of calcite precipitate make it progressively more difficult for the
dissolved ions to diffuse into the brine or cement to carry out the re-
actions.

The impact of other variables (e.g. fracture length, initial flow rate,
inlet saturation, and relative permeability) were also considered. These
variables have minimal impact on the sealing time when the reactive
surface area is independent of saturation (see Section 5 in the supple-
mentary material).

The sealing time is expected to increase substantially when we as-
sume that the reactive surface area is proportional to the brine sa-
turation due to the reduction in reaction rates. One such example is
shown in Fig. 6 which compares the variation of the minimum aperture
with time for a 100 μm fracture for the different reactive surface area
assumptions. Extrapolating the red curve in Fig. 6 to a minimum
aperture of 1 μm yields a sealing time of about 35 days for the case
when the reactive surface area is proportional to brine saturation
compared to 10 days when the reactive surface area is independent of
saturation. This increase in sealing time becomes much more significant
for larger fracture apertures which take much longer to seal as shown in
Fig. 5.

Fig. 7 shows the impact of initial brine flow rate, fracture length,
relative permeability model, and inlet saturation on the sealing time
when the reactive surface area is proportional to the brine saturation.
All of these variables influence how the brine saturation along the
fracture changes with time; which in turn directly affects the rate of

calcite precipitation because the reactive surface area is proportional to
the brine saturation. Thus, these variables have a substantial effect on
the sealing time. When the reactive surface area is independent of sa-
turation, even though these variables affect saturation, they do not
change the rate of calcite precipitation and the time needed to seal the
fracture (see Section 5 in the Supplementary material).

In Fig. 8 we plot the brine and CO2 leakage rates for a meter-long
fracture with an aperture of 100 μm and a width of 20mm, subjected to
a 14 kPa pressure drop. In this example, CO2 leakage rate is sig-
nificantly higher (∼50 times) than brine leakage rate, despite the inlet
saturation being 0.5. As the fracture seals, the brine leakage rate drops
faster than the CO2 leakage rate. This is because the denser and more
viscous brine finds it difficult to flow against gravity as the permeability
of the fracture decreases. While Fig. 8 only shows one example, these
trends are expected for other operating conditions as well in which two-
phase mixtures of brine and carbon dioxide leak through sealing cement
fractures. The quantitative values of the leakage rates will depend not
only on whether the reactive surface area is affected by saturation, but
also on the length, aperture, and width of the fracture, the pressure
drop across the fracture, the saturation of the two-phase mixture, and
the relative permeability model. Fig. 8 illustrates how incorporating a
two-phase flow model in our coupled framework allows us to predict
both the brine and CO2 leakage rates that are important to assess the
leakage risk from a storage site.

Fig. 5. Sealing time for fractures with different apertures. In all four simulations the
reactive surface area is assumed to be independent of the brine saturation.

Fig. 6. Comparison between the sealing time of a 100 μm fracture when the reactive
surface area is independent of the brine saturation and when the reactive surface area is
proportional to the brine saturation. (For interpretation of the references to color in this
figure, the reader is referred to the web version of this article).

Fig. 7. Predicted sealing times for a 100 μm fracture when the reactive surface area is
proportional to the brine saturation. The base case corresponds to an initial brine flow
rate of 0.05 cc/min, length of 1m, Corey relative permeability model, and an inlet brine
saturation of 0.5. For the remainder four simulations all variables, except for the variable
noted in the legend, were set equal to the values for the base case.
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4. Conclusions

While reaction of cement with carbon dioxide is predominantly
mediated by brine, modeling of two-phase flow is necessary to accu-
rately estimate brine and CO2 leakage rates. In this paper, we have
coupled a model for two-phase flow of CO2-brine mixtures to our ori-
ginal numerical framework that combined models of reactive transport
of carbonated brine, geochemistry of reacting cement, and geo-
mechanics to predict the permeability evolution of cement fractures
exposed to carbonated brine. This addition makes the framework more
broadly suited to model field conditions in underground storage sites,
which are expected to comprise supercritical CO2-brine mixtures.

To model two-phase flow through fractures, we used the extension
of Darcy's law for multiphase flow to compute the transmission of the
brine and CO2 phases. In the absence of academic consensus on the
relative permeability of the two fluids in cement fractures, we have
used the linear and Corey relative permeability models in our calcula-
tions. In addition, due to conflicting data regarding the effect of su-
percritical CO2 on the rate of alteration of cement, we compared the
results of modeling two extreme scenarios: (i) reactive surface area is
independent of the saturation of the two-phase mixture; (ii) reactive
surface area is proportional to the brine saturation.

Our model predictions for 1-D fractures show that if the rate of al-
teration of cement is assumed to be independent of the saturation of the
two-phase mixture then the extent of reaction within the cement and in
the fracture is similar for both single and two-phase flow as long as the
initial brine flow rate is the same. The saturation and relative perme-
ability model affect the extent of cement alteration through their effect
on the brine flow rate.

Results from our model demonstrate that the initial brine residence
time and the initial fracture aperture are critical parameters that de-
termine whether a fracture, subjected to two-phase flow, would seal.
This conclusion is also identical to that drawn for single-phase flow
(Brunet et al., 2016; Iyer et al., 2017). While the direct impact of re-
lative permeability models and saturation on the sealing map were
small, both variables are extremely important to determine the brine
residence time for a given pressure condition. Thus, it is necessary to
understand which relative permeability model describes the flow of
carbon dioxide and brine through cement fractures to make reasonable
predictions about the permeability evolution of these fractures.

Significant differences were observed between two-phase and
single-phase flow when the reactive surface area was assumed to be
proportional to the brine saturation. Reduced surface areas led to re-
duced alteration within the cement and inside the fracture for two-
phase flow, requiring longer residence times to seal fractures. This
highlights the necessity of understanding the reactivity of CO2-brine

mixtures with cement, as their reactivity can greatly influence the
sealing of the fluid pathway.

For fractures that were observed to seal, we presented model pre-
dictions of sealing times and leakage rates. The sealing times were
significantly longer when the reactive surface area is proportional to
the brine saturation compared to when the reactive surface area is in-
dependent of saturation. When the reactive surface area is independent
of the brine saturation, the sealing time was primarily influenced by the
initial fracture aperture. The impact of other variables like fracture
length, flow rate, saturation, and relative permeability was insignif-
icant. However, all these variables have a significant impact on the
sealing time when the reactive surface area is assumed to be propor-
tional to the brine saturation.

Critical output from any well integrity model includes CO2 and
brine leakage rates to evaluate the impact on underground drinking
water sources or the atmosphere. CO2 leakage rates can be significantly
higher than brine leakage rates due to its lower density and viscosity
compared to brine. Moreover, these rates can change depending on the
saturation conditions and the relative permeability model used to
model two-phase flow. Thus, even though the reactions between carbon
dioxide and cement are mediated by brine, it is imperative to model the
supercritical CO2 phase as well, to accurately quantify the leakage risk
of carbon dioxide.
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