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1. Introduction
Reducing CO2 emissions into the atmosphere has become a focal point to reduce future temperature rises in our 
planet. As a mitigating measure, developing subsurface CO2 injection into saline aquifers can be a partial solu-
tion for the reduction of net greenhouse gas emissions worldwide. However, when injecting supercritical CO2 
(scCO2), salt precipitates because of water vaporization. The outcome is impairment of the reservoir's permeabil-
ity and injectivity. This should be considered in simulation of systems containing CO2-brine displacement (Cui 
et al., 2017; Miri & Hellevang, 2016).

Various studies, based on both simulation and field data, observed salt precipitation and its destructive effects on 
the reservoir. For instance, Baumann et al. (2014) reported a salt saturation about 1.4% within the dry-out region 
with the maximum saturation up to 14.1%, Muller et al. (2009) observed a solid salt precipitation of about 16% 
with a subsequent permeability reduction of about 40%, Bacci et al. (2011) detected a 3%–5% porosity reduction 
and 13%–75% permeability reduction, Kim et al. (2013) reported 20% porosity reduction due to salt precipitation, 
Tang et al. (2014) mentioned a 14.6% and 83.3% reduction in porosity and permeability of their model, respec-
tively, and Grimm Lima et al. (2020) reported 21.98% permeability reduction, in their studies.

When CO2 displaces brine in water-wet systems, a capillary pressure is formed because of the water saturation 
gradient away from the injection. Capillary pressure acts against flow and moves brine backward to the CO2-satu-
rated region (dry-out region) through water films. Here, because of small water vapor pressure, water evaporates 
and solid salt precipitates. Since capillary-driven backflow is a continuous phenomenon, it constantly adds to the 
amount of the precipitated salt inside the dry-out region. Therefore, we hypothesize that overlooking the effect of 
capillary pressure will result in a considerable underestimation in the amount of the precipitated salt. However, 
implementing capillary pressure is complicated because of the various contact angles and surface tensions that 
different minerals have, leading to different irreducible water saturation. Therefore, for the sake of simplicity, 
these effects are not usually considered in models.

Miri and Hellevang (2016) described capillary-driven backflow as one the main salt precipitation mechanisms 
in their study. In another work, Parvin et al. (2020) provided a formulation accounting for capillary backflow 
and salt self-enhancing, showing that capillary pressure can massively increase the amount of the precipitated 

Abstract Salt precipitation within pores of the reservoir is an important phenomenon occurring during CO2 
injection into saline aquifers. The phenomenon results in permeability reduction and injectivity impairment. 
Salt precipitation mainly happens because of water vaporization inside the CO2-saturated (dry-out) region. For 
water-wet systems, the capillary pressure acts toward the lower water saturation regions in the reservoir, thereby 
displacing a film of brine backward to the dry-out region. This results in more precipitation. Overlooking this 
phenomenon, referred to as capillary-driven backflow, results in over-estimations of injectivity in the dried 
region. Here, we have developed an analytical solution based on fractional flow theory and shock waves for 
CO2-brine systems considering the effect of capillary pressure. The validity of the solution is verified by 
comparing the outputs of our model with those of numerical results from a commercial numerical simulator 
for a hypothetical reservoir. An equation is derived to calculate the distance at which capillary pressure is 
most influential, and also the injectivity impairment at injection well due to salt precipitation was reasonably 
accurately estimated. The results emphasize that effects of capillary pressure should not be ignored.
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salt. Similarly, Pruess and Müller (2009) observed the effect of capillary backflow and noted that inclusion of 
capillary pressure increased the amount of the precipitation by a factor of 1.1. Roels et al. (2016) also observed 
that the reservoir's injectivity was greatly reduced because of salt precipitation through capillary pressure in their 
core-flooding model. In another work that included capillary pressure, Kim et al. (2012) also observed a region 
of localized salt precipitation inside the dry-out region with considerably high salt saturation with deteriorating 
well injectivity. In a more recent study, Norouzi et al. (2021) performed a sensitivity analysis on parameters that 
affect capillary-driven backflow and its subsequent salt precipitation. They also observed a considerable increase 
in the amount of the precipitated salt at near injection area for the case with capillary effect.

Accordingly, most studies that considered the effect of capillary pressure are numerical ones. Nonetheless, 
numerical results are highly case dependant and costly both in terms of time and computational costs; therefore, 
analytical solutions can efficiently model CO2-brine systems and salt precipitation without computational costs. 
Most analytical works in this field only considered simple CO2-water displacement systems and gravity currents 
with no mass transfer and salt precipitation. For instance, Hesse et al. (2007) developed the Method of Charac-
teristics to study the migration of CO2 plume after the end of CO2 injection, or using Darcy's equation as well 
as a modified Buckley–Leverett theory, McMillan et al. (2008) developed a model to determine CO2 injectivity 
inside a homogeneous reservoir, with constant pressure at the boundaries, based on phase mobilities and the 
saturation fronts propagation speed. There are few analytical studies available trying to mathematically formulate 
the saturation distribution inside the reservoir considering mass transfer and minerals/salt precipitation. A review 
of these analytical works is in Table 1.

Based on the provided literature review, it is concluded that there is no analytical solution that accounts for the 
“capillary effects on the propagation speed of saturation shocks and on the salt precipitation” in the dry-out 
region. Moreover, as observed from numerical and experimental investigations, capillary-driven backflow signif-
icantly increases the amount of the precipitated salt at near injection well area (Bacci et al., 2011; Baumann 
et al., 2014; Cui et al., 2017, 2018; Grimm Lima et al., 2020; Kim et al., 2013; Muller et al., 2009; Norouzi 
et al., 2021; Tang et al., 2014). Pruess (2009) considered no capillary pressure, and based on the similarity solu-
tion (defined later in this work) derived values for constant solid salt saturation in the dry-out region. Nonetheless, 

Study Methodology

Nordbotten and Celia (2006) •  Developed a similarity solution to find the locations of the interfaces between different 
saturation regions. Their solution is also able to capture CO2 density-driven flow.

Noh et al. (2007) •  Investigated minerals precipitation inside the reservoir through fractional flow theory 
and shock waves definition for cases that CO2 displaced water and water displaced 
CO2. Based on graphical solution (drawing tangent lines), they provided equations to 
calculate the retardation factors and the I and J coordinates of the tangent lines.

Zuluaga and Lake (2008) •  Using a constant capillary diffusion coefficient and numerical integration, they 
proposed a traveling-wave solution to analytically solve water vaporization for dry gas 
(methane) injection into immobile water.

Pruess (2009) •  Used mass balance for the dissolved water into the CO2 stream and the saturation 
profiles from the Buckley-Leverett fractional flow theory and proposed an equation 
that related the average gas saturation 𝐴𝐴

(

�̄�𝑆g

)

 inside the dry-out region to the amount of 
the precipitated salt, which they considered to be constant in the dry-out region.

Zeidouni et al. (2009) •  The similar fractional flow approach is used to formulate gas saturation inside a 
cylindrical reservoir. They also provided equations to estimate salt precipitation inside 
the dry-out region. However, they suggested a uniform and constant precipitation 
inside the drying region.

Mathias et al. (2011) •  Extended an analytical solution to estimate the pressure buildup within the injection 
well area, considering water evaporation, CO2 dissolution into the brine, and salt 
precipitation. However, they considered negligible capillary pressure in their work.

Kelly and Mathias (2018) •  Presented a similarity solution relating capillary pressure and salt precipitation around 
the injection well. Their results revealed that the amount of the precipitated salt is 
highly controlled by the capillary strength and that the presence of capillary pressure 
led to a higher amount of precipitation near injection area.

Table 1 
Analytical Investigations of CO2-Brine Systems Considering Mass Transfer and Salt Precipitation
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in Figure 7 of another work by Pruess and Spycher (2007), it is observed that salt saturation increases by getting 
closer to the injection well, and therefore it is not constant. As a result, the maximum amount of precipitated salt 
in the dry-out region happens close to the injection area and requires a model to be estimated. In the present study, 
we have used fractional flow theory and provided equations to calculate gas saturation distribution and shock 
waves' locations in presence of capillary pressure effect. In addition, two methods are proposed to calculate salt 
precipitation inside the drying region accounting for capillary-driven backflow effects. Finally, the validity of the 
results are confirmed by comparison provided with a numerical compositional reservoir simulator CMG-GEM.

2. Reservoir Model Interpretation
The reservoir considered for the analytical and numerical investigations in the present study is based on (Pruess 
& Spycher, 2007; Zeidouni et al., 2009). It is a sector of a cylindrical reservoir at the depth of 1,200 m, thickness 
of 100 m, and an infinite length (Figure 1). For the numerical simulations, a structured grid with 100 blocks along 
the reservoir radius with grid spacing dx = 0.3–115 m is generated. To implement the infinite reservoir length in 
the numerical case, the pore volume modification method is used, through which the volume of the last gridblock 
is enlarged representing an infinite cell. The reservoir is considered infinite to keep its initial conditions (i.e., 
T0 = 45°C and P0 = 12 MPa) constant during the scCO2 injection period. CO2 is injected uniformly in the super-
critical stage over a period of 10 years (3.15 × 10 8 s) with the rate of 100 kg/s (≈0.15 m 3/s considering the scCO2 
density of about 643.1 kg/m 3 based on (Zeidouni et al., 2009)) and the temperature of Tinj = 45°C. In addition, 
the reservoir is representative of a high-salinity sandstone reservoir with the permeability of 100 mD, porosity of 
12%, and salinity of 15% by weight (≈150,000 ppm).

The reservoir is initially filled by brine, representing a case where CO2 is displacing water (Figure 1). Here, water 
is the wetting phase 𝐴𝐴

(

𝑃𝑃cap = 𝑃𝑃CO2
− 𝑃𝑃water

)

 and is pushed toward the two-phase region, consequently, there will be 
a gradient in water saturation between the dry-out and two phase zones. Therefore a capillary force acting against 
the pressure gradient, resulted from the injection pressure, will form. This results in brine backflow toward the 
dry-out zone. Inside the dry-out zone, because of low water vapor pressure, brine evaporates and a subsequent 
salt precipitation occurs. The fact that brine backflow contributes to salt precipitation will be elaborated in the 
next sections. For gas/liquid relative permeabilities and the capillary pressure between CO2 and brine, Corey 
(Corey, 1954) and van Genuchten (Van Genuchten, 1980) models are used, respectively.

𝑘𝑘ra =

√

𝑆𝑆∗

(

1 −

(

1 −
[

𝑆𝑆
∗
]1∕𝛾𝛾

)𝛾𝛾)2

, where: 𝛾𝛾 = 0.457 and𝑆𝑆
∗
=

𝑆𝑆a − 𝑆𝑆𝑤𝑤𝑤𝑤𝑤𝑤

1 − 𝑆𝑆𝑤𝑤𝑤𝑤𝑤𝑤

 (1a)

�rg =
(

1 − �̂
)2 (

1 − �̂2) , where: �̂ = �a − ����

1 − ���� − ���
 (1b)

𝑃𝑃cap = 𝑃𝑃
0

cap

(

�̂�𝑆
−1∕𝛾𝛾

− 1
)1−𝛾𝛾

, where:𝑃𝑃 0

cap = 0.004MPa (1c)

Figure 1. Schematic of the problem and reservoir specifications. At the bottom right, a sector of the reservoir in left is shown 
with dry-out, two-phase and single aqueous phase zones. A microscopic domain of this sector is zoomed out in the top right 
to highlight the capillary-driven backflow process through the water film.
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Further details of the problem and the reservoir are provided in Table 2, which are based on a previous work by 
Zeidouni et al. (2009).

3. Analytical Solution
3.1. Shock Waves Specifications

In the case where scCO2 is displacing water, if salt is considered in the solution, there exist three phases (solid, 
gas, and liquid) and three components (salt, CO2, and water). In the present study, the effects of geochemical 
reactions are neglected, but we are still able to capture and calculate the amount of the precipitated salt. This is 
because salt precipitation mainly happens because of vaporization of water from the connate brine and its behav-
ior is closely linked with gas and liquid saturations inside the domain. Finding a general analytical solution for 
a three-phase mixture is complex, however, since salt is an immobile phase and its precipitation is correlated to 
brine saturation, it is possible to consider salt as a dependant phase and reduce the problem to a semi-two-phase 
case.

To determine the flow behavior and phase saturations, the initial equation to be solved is the conservation equa-
tion inside the reservoir:

𝜙𝜙𝜙𝜙
𝜕𝜕𝜕𝜕g

𝜕𝜕𝜕𝜕
+

𝜕𝜕𝜕𝜕g

𝜕𝜕𝜕𝜕
= 0 (2)

Based on the fractional flow theory, Buckley and Leverett, (1942) reformed Equation 2 as a function of gas frac-
tional flow as below, in which 𝐴𝐴

𝜕𝜕𝜕𝜕g

𝜕𝜕𝜕𝜕
=

𝑑𝑑𝜕𝜕g

𝑑𝑑𝑑𝑑g

𝜕𝜕𝑑𝑑g

𝜕𝜕𝜕𝜕
 :

𝜕𝜕𝜕𝜕g

𝜕𝜕𝜕𝜕
+

𝑞𝑞inj

𝜙𝜙𝜙𝜙

𝜕𝜕𝜕𝜕g

𝜕𝜕𝜕𝜕
= 0 (3)

Property Symbol Value

Salinity [mole fraction, ppm] Xs 0.0516, 150,000

Reservoir temperature [°C] T0 45

Reservoir pressure [MPa] P0 12

Porosity [%] ϕ 12

Injection rate [kg/s] 𝐴𝐴 𝐴𝐴𝐴 100

Reservoir thickness [m] H 100

Gaseous phase viscosity [Pa.s] μg 0.0496 × 10 −3

Aqueous phase viscosity [Pa.s] μa 0.8260 × 10 −3

Irreducible water saturation Swir 0.3

Critical gaseous phase saturation Sgc 0.05

Equilibrium mole fraction of CO2 in gaseous phase 𝐴𝐴 𝐴𝐴CO2 ,g
 0.9953

Equilibrium mole fraction of CO2 in aqueous phase 𝐴𝐴 𝐴𝐴CO2 ,a
 0.0110

Initial brine saturation Sa, 0 1

Brine density [kmol/m 3] ρa, 0 54.8527

CO2 density [kmol/m 3] ρinj 14.6126

Equilibrium aqueous phase density [kmol/m 3] ρa 54.3046

Equilibrium gaseous phase density [kmol/m 3] ρg 14.6846

NaCl molecular weight [kg/kmol] - 58.43

NaCl density [kmol/m 3] ρs 37.05

Injection well radius [m] rw 0

Capillary force parameter γ 0.457

Table 2 
Reservoir Model and Rock-Fluid Properties (Zeidouni et al., 2009)



Water Resources Research

NOROUZI ET AL.

10.1029/2022WR032612

5 of 17

The intermediate values of brine saturation that have the maximum velocity 
will overtake the lower saturation values, resulting in the formation of satu-
ration discontinuity and shock waves that propagate with a specified velocity.

As CO2 is injected into the aquifer, two shock waves appear including a 
leading (flooding) wave and a trailing (drying) wave. These shock waves 
divide the whole domain into three distinct regions, that is, a dried region, a 
two-phase region, and a wet (water-saturated) region.

The solution to Equation 3 was previously reported by Buckley and Lever-
ett, (1942) as follows:

(

𝑥𝑥

𝑡𝑡

)

Sg

=
𝑞𝑞inj

𝜙𝜙𝜙𝜙

(

𝑑𝑑𝑑𝑑g

𝑑𝑑𝑑𝑑g

)

Sg

 (4)

According to Equation 4, at any given time from the onset of scCO2 injection, 
positions of different water saturation lines can be plotted only by know-
ing the slope of the fg−Sg curve for a specific gas saturation. When plotting 
fg versus Sg (Figure 2a), two points exist that represent the leading and the 
trailing shocks. Therefore, it will be possible to determine the gas saturation 
at the shocks as well as their propagation speed by locating these points. 
To do so, through a graphical approach, two tangent lines are drawn from 
two certain points (I for initial point and J for injection point) to the curve. 
The tangent point, 𝐴𝐴

(

𝑆𝑆
b

g , 𝑓𝑓
b

g

)

 and 𝐴𝐴
(

𝑆𝑆
c

g , 𝑓𝑓
c

g

)

 , specify the leading and the trailing 
shocks, respectively.

For a radial case, Zeidouni et al. (2009) reported the wave similarity variable 
for no capillary case as:

𝜂𝜂no cap =

(

𝑟𝑟
2
− 𝑟𝑟

2

w

𝑡𝑡

)

GCO2

=
𝑞𝑞inj

𝜋𝜋𝜋𝜋𝜋𝜋

(

𝑞𝑞D
𝑑𝑑𝑑𝑑g

𝑑𝑑𝑑𝑑g

)

GCO2

 (5)

where rw is the injection well radius, qD = qt/qinj, qt is the local flow rate, 
and 𝐴𝐴 𝐴𝐴CO2

 is the normalized CO2 global concentration that is a function of Sg 
(𝐴𝐴 𝐴𝐴CO2

= 𝜌𝜌aD𝜔𝜔CO2 ,a
𝑆𝑆𝑎𝑎 + 𝜌𝜌gD𝜔𝜔CO2 ,g

𝑆𝑆𝑔𝑔 , whereas temperature and pressure are 
constant and fluids are at equilibrium everywhere 𝐴𝐴 𝐴𝐴CO2 ,g

 and 𝐴𝐴 𝐴𝐴CO2 ,a
 are constant, and ρaD = ρa/ρinj, ρgD = ρg/ρinj). 

In Equation 5, qD at points b (location of leading shock) and c (location of trailing shock) in Figure 2a is the same 
(Dumore et al., 1984; Zeidouni et al., 2009). Therefore, only one qD needs to be calculated to determine shocks' 
velocities, in which ΔρD = ρaD − ρgD, and 𝐴𝐴 Δ𝜔𝜔CO2

= 𝜔𝜔CO2 ,a
− 𝜔𝜔CO2 ,g

 .

𝑞𝑞D =

(

𝜌𝜌aD𝜔𝜔CO2 ,a
− 𝜌𝜌gD𝜔𝜔CO2 ,g

)

𝑆𝑆g − Δ𝜌𝜌D𝑆𝑆g + 𝜔𝜔Brine,a𝜌𝜌aD

(

𝜌𝜌aD𝜔𝜔CO2 ,a
− 𝜌𝜌gD𝜔𝜔CO2 ,g

)

𝑓𝑓g − Δ𝜌𝜌D𝑓𝑓g + 𝜔𝜔Brine,a𝜌𝜌aD + 𝜌𝜌aD𝜌𝜌gDΔ𝜔𝜔CO2

(

𝑆𝑆g − 𝑓𝑓g

) (6)

To locate points b and c for the shock waves in a radial case, points I and J based on components mole fraction 
(ω) are defined as below and as shown in Figure 2b.

(

� I
g, � I

g
)

=
(

�aD�CO2 ,a

�aD�CO2 ,a − �gD�CO2 ,g
,

�aD�CO2 ,a

�aD�CO2 ,a − �gD�CO2 ,g

)

 (7a)

(

�J
g, � J

g
)

=
(

�aD�Brine,a

�aD�Brine,a − �gD�Water,g
,

�aD�Brine,a

�aD�Brine,a − �gD�Water,g

)

 (7b)

In Equations 4 and 5, capillary pressure is ignored in the definition of the gas phase fractional flow (fg = qg/qt). 
Based on Darcy's law, for incompressible fluids, this parameter is defined as:

𝑓𝑓g =
1

1 +
(

𝑘𝑘ra∕𝑘𝑘rg

) (

𝜇𝜇a∕𝜇𝜇g

) (8)

Figure 2. (a) Schematic of the graphical method for determination of 
saturation shock waves, and (b) trailing and leading shocks specifications for 
capillary and no capillary cases based on Buckley–Leverett method.
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However, based on previous studies such as (Kelly & Mathias, 2018; Norouzi et al., 2021) capillary pressure is 
important to be considered as it affects salt precipitation. Since capillary moves brine backward, it is anticipated 
that adding a capillary term to Equation 8 will add a negative term in the right side of this equation, which was 
previously overlooked. The gas fractional flow equation can be written as the following equation (the derivation 
procedure—using a similar approach as (Chang & Yortsos, 1992; Ling, 2016)—is fully described in Section A1):

𝑓𝑓g =
𝑞𝑞g

𝑞𝑞t
=

𝜆𝜆g

𝜆𝜆t

−
𝑘𝑘𝑘𝑘𝜆𝜆g𝜆𝜆w

𝑞𝑞t𝜆𝜆t

𝜕𝜕𝜕𝜕cap

𝜕𝜕𝜕𝜕
 (9)

In the above equation, λt = λg + λa, λg = krg/μg, λa = kra/μa, and permeability (k) has a unit of m 2. Inserting Equa-
tion 9 into Equation 5 and also, considering 𝐴𝐴

𝜕𝜕𝜕𝜕cap

𝜕𝜕𝜕𝜕
=

𝑑𝑑𝜕𝜕cap

𝑑𝑑𝑑𝑑g

𝜕𝜕𝑑𝑑g

𝜕𝜕𝜕𝜕
 , qD = qt/qinj, A = 2πrH, and rw = 0 m, the solution for 

the shocks similarity variable in presence of capillary pressure (ηcap) is reached.

The (capillary-driven) backflow similarity variable is defined as the difference between the similarity variables 
of the shocks for no-capillary and capillary cases (Δη = ηno cap − ηcap). This value at the trailing shock can be 
calculated from Equation 10, which results in a positive value. The full procedure of deriving this equation is 
described in Section A2.

Δ𝜂𝜂 =
2𝑟𝑟c𝑘𝑘𝑘𝑘

0

cap

𝜙𝜙

(

𝜕𝜕𝜕𝜕g

𝜕𝜕𝑟𝑟

)

r=rc ,t

𝑑𝑑

𝑑𝑑𝜕𝜕g

(

𝜆𝜆a𝜆𝜆g

𝜆𝜆a + 𝜆𝜆g

𝑑𝑑

𝑑𝑑𝜕𝜕g

(

�̂�𝜕
−1∕𝛾𝛾

− 1
)1−𝛾𝛾

)

 (10)

To evaluate Δη, some considerations are required. First, the term rc in the equation can be calculated from the 
trailing shock similarity variable of the no-capillary case as: 𝐴𝐴 𝐴𝐴c =

√

𝜂𝜂𝜂𝜂 . Second, qD is equal both in the capillary 
and no-capillary cases (based on Equation 6) and is defined as qD = qt/qinj. Third, based on both analytical and 
numerical results for gas saturation versus distance for the cases with and without capillary effect, it is observed 
that in these two cases, the slope of the Sg−r diagram is the same. The only difference is that the whole curve 
is slightly moved to the left (because of the negative effect of capillary on shocks' speed). As a result, the term 

𝐴𝐴

(

𝜕𝜕𝜕𝜕g

𝜕𝜕𝜕𝜕

)

r=rc ,t

 can be estimated from the analytical results of the no-capillary case. However, the analytical results 
report an infinite slope for the Sg−r diagram in places where shocks are located, resulting in an infinite capillary 
force. To overcome this issue, an estimation has been done by considering saturation values of a neighboring 

location, with a similar dr as the numerical simulation grid, to calculate 𝐴𝐴

(

𝜕𝜕𝜕𝜕g

𝜕𝜕𝜕𝜕

)

r=rc+dr,t

 instead of the trailing shock 
location itself. Therefore, the solution can be obtained fully analytically.

3.2. Salt Precipitation Estimation in Presence of Capillary Pressure

Small amounts of brine remain in the dry-out region, and because of low water vapor pressure in this area, they 
evaporate, resulting in salt precipitation. The velocity of the drying shock is the same as the velocity of the brine 
in front of it, which has the saturation of 1 − �c

g . Also, it is assumed that all the brine in the drying zone evaporates 
and the gaseous phase entering the two-phase area is water saturated, as a result, for the case with constant T and 
P, vaporization and precipitation mainly occur in the drying region.

In this section, equations are derived to calculate salt precipitation resulted from water vaporization. For a no-cap-
illary case, Pruess (2009) and Zeidouni et al. (2009) proposed similar equations to estimate solid salt saturation 
inside the drying region, in which Xs is the brine initial salinity in mass fraction (0.15 in the present study), 𝐴𝐴 �̄�𝑆g is 
the average gas saturation behind the drying front, and densities are in kg.m −3.

𝑆𝑆s =
(

1 − �̄�𝑆g

) 𝜌𝜌a

𝜌𝜌s
𝑋𝑋s (11)

In this equation it is assumed that all the water inside the dry-out region, which has the average saturation of 
1 − �̄g , is vaporized and consequently salt precipitation happens. Furthermore, the average gas saturation behind 
the drying front is defined as below and has a value about 0.526 in the current case:

�̄�𝑆g = 𝑆𝑆
c

g +
1 − 𝑓𝑓

c

g

(

𝑑𝑑𝑓𝑓∕𝑑𝑑𝑆𝑆g

)

𝑆𝑆
c
g

 (12)
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Capillary pressure moves against the natural pressure gradient inside the 
reservoir and results in a constant backflow of brine to the drying region. This 
amount of brine that is moved backward results in a reduction in the drying 
wave propagation speed. Therefore, 𝐴𝐴 𝐴𝐴

′

c (the drying shock location in the capil-
lary included case) becomes less than rc (shock's location in the no-capillary 
case). The brine addition to the drying region will obviously increase the 
brine saturation inside the drying region (the 1 − �̄g term in Equation 11), 
and salt precipitation in this area increases. A schematic of capillary effect on 
drying shock's location is illustrated in Figure 3.

The amount of brine addition to the dry-out region through backflow can 
be calculated from Δη in Equation 10. To do so, it is assumed that all of the 
brine from a section with the pore volume of V1 is moved back to the drying 
zone. V1 is the same as the volume difference of the drying region in capillary 
included and no-capillary cases (volume V1 in Figure 3), and is calculated as 
follows:

𝑉𝑉1 = 𝜋𝜋𝜋𝜋𝜋𝜋
(

𝑟𝑟
2

c − 𝑟𝑟
′2

c

)

 (13)

Knowing 𝐴𝐴 𝐴𝐴
2

c − 𝐴𝐴
′2

c = Δ𝜂𝜂𝜂𝜂 (from Equation A9), the above equation can be written as a function of backflow simi-
larity variable as follows:

𝑉𝑉1 = 𝜋𝜋𝜋𝜋𝜋𝜋Δ𝜂𝜂𝜂𝜂 (14)

Considering that the region V1 has a same brine saturation as the rest of the drying zone 𝐴𝐴
(

1 − �̄�𝑆g

)

 , the volume of 
the brine backflow can be calculated from the definition of phase saturation as:

𝑆𝑆a = 1 − �̄�𝑆g =
𝑉𝑉brine

𝑉𝑉1

 (15)

Therefore, the volume of brine that is moved backward will be as follows.

𝑉𝑉brine =
(

1 − �̄�𝑆g

)

𝜋𝜋𝜋𝜋𝜋𝜋Δ𝜂𝜂𝜂𝜂 (16)

Having the volume of the brine added to the drying region because of the capillary-driven backflow, the amount 
of solid salt saturation can be estimated, assuming that all this brine is vaporized. Previously, by omitting the 
capillary pressure effect, a term was overlooked in Equation 11, but here, through Equation 10, the term is consid-
ered in Equation 11. The term represents the brine addition to the dry-out region through backflow. To do so, two 
approaches are considered in the present paper. In the first approach, the whole dry-out region is in equilibrium, 
and it is assumed that the backflow brine results in a uniform increase in the amount of precipitated salt inside 
the whole dry-out region. Therefore, the added saturation to the initial brine saturation inside the dry-out region 
is calculated as follows:

𝑆𝑆brine =
added brine volume

total pore volume
=

(

1 − �̄�𝑆g

)

𝜋𝜋𝜋𝜋𝜋𝜋Δ𝜂𝜂𝜂𝜂

𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋
2

c

 (17)

Having 𝐴𝐴 𝐴𝐴
2

c = 𝜂𝜂no cap𝑡𝑡 , Sbrine is derived as below:

𝑆𝑆brine =
(

1 − �̄�𝑆g

) Δ𝜂𝜂

𝜂𝜂no cap
 (18)

Adding this to the saturation term in Equation 11, solid salt saturation is calculated from the following equation 
for the first approach.

𝑆𝑆s =
(

1 − �̄�𝑆g

)

(

1 +
Δ𝜂𝜂

𝜂𝜂no cap

)

𝜌𝜌a

𝜌𝜌s
𝑋𝑋s (19)

Figure 3. Schematic of the drying front shock wave variations in presence of 
capillary effect.
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In the second approach, it is assumed that capillary-driven backflow continues happening inside the dry-out 
region, or in other words brine constantly moves toward the injection well; therefore, even inside the dry-out 
region, salt precipitation is not constant and higher precipitation happens closer to the injection well. As a result, 
based on material balance in the system, capillary-driven backflow will only affect a region near to the injection 
well, which has the same volume as the volume of the backflow brine (V1 = V2). Using this concept and Equa-
tion 14, rclose that defines the close injection well area will be defined as below, which is about 22.81 m in the 
present case study:

𝜋𝜋𝜋𝜋𝜋𝜋Δ𝜂𝜂𝜂𝜂 = 𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋
2

close
 (20a)

Δ𝜂𝜂𝜂𝜂 = 𝑟𝑟
2

close
= 𝑟𝑟

2

c − 𝑟𝑟
′2

c (20b)

Using the above equation to calculate the additional brine saturation inside the close injection area, the following 
equation is achieved.

𝑆𝑆brine,close =

(

1 − �̄�𝑆g

)

𝜋𝜋𝜋𝜋𝜋𝜋Δ𝜂𝜂𝜂𝜂

𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋
2

close

=

(

1 − �̄�𝑆g

)

𝜋𝜋𝜋𝜋𝜋𝜋Δ𝜂𝜂𝜂𝜂

𝜋𝜋𝜋𝜋𝜋𝜋Δ𝜂𝜂𝜂𝜂
 (21)

Therefore, the added brine saturation to the near injection well area will be as below:

𝑆𝑆brine,close = 1 − �̄�𝑆g (22)

As a result, the amount of brine saturation at near injection well area is doubled and so does the solid salt 
saturation:

𝑆𝑆s =

⎧

⎪

⎨

⎪

⎩

2
(

1 − �̄�𝑆g

) 𝜌𝜌a

𝜌𝜌s
𝑋𝑋s for 𝑟𝑟 𝑟 𝑟𝑟close

(

1 − �̄�𝑆g

) 𝜌𝜌a

𝜌𝜌s
𝑋𝑋s for 𝑟𝑟c > 𝑟𝑟 > 𝑟𝑟close

 (23)

This causes a discontinuity (solid salt saturation shock) in the salt saturation curve in the drying region. Through 
the second approach, it is possible to define the area in which capillary pressure has its major effect. Finally, it 
will be possible to reasonably accurately estimate salt precipitation exactly at injection point.

3.3. Porosity and Permeability Variations Due To Salt Precipitation

The reduced porosity because of salt precipitation is calculated as below:

𝜙𝜙 = 𝜙𝜙0 (1 − 𝑆𝑆s) (24)

There are many models available to relate porosity to permeability (Nelson, 1994). In the present study, we use 
the simple Kozeny-Carman grain model that is based on spheres (Carman, 1997; Izgec et al., 2006). Accordingly, 
the resistance factor (ratio of the reduced permeability to the initial permeability) is calculated as follows.

𝑘𝑘

𝑘𝑘0

=

(

𝜙𝜙

𝜙𝜙0

)3(

1 − 𝜙𝜙0

1 − 𝜙𝜙

)2

, (25a)

or

𝑘𝑘

𝑘𝑘0

=
(1 − 𝑆𝑆s)

3

(1 + (𝜙𝜙0∕ (1 − 𝜙𝜙0))𝑆𝑆s)
2

 (25b)

Since permeability is directly related to Ss, similar to the salt saturation curve, a discontinuity is expected in the 
permeability ratio.
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4. Results and Discussion
In this section, results of the proposed analytical solution for a CO2-brine 
system with capillary effect are reported. In each section, results are 
presented for both capillary included and no-capillary cases and all of them 
are validated with numerical results derived from a geochemical composi-
tional equation of state (EoS) simulator (CMG-GEM). In the first section, the 
model validity is studied by comparing its result to the ones reported from the 
numerical solution. Then, in a separate section, effects of capillary pressure 
and capillary-driven backflow on shocks propagation, salt precipitation, and 
permeability reduction are studied.

4.1. Model Validation

Figure 4 shows the result of the case with no capillary pressure. Based on 
Figure 4a, shock waves are also observed in the numerical results, with a 
flooding front's propagation speed and similarity variable much larger than 
the drying shock. In Figure 4b, results of the no-capillary analytical solution 
are compared with numerical ones. It is observed that the analytical solution 
is in a good agreement with the numerical results. The similarity variables 
for the drying and the leading fronts are 1.12 × 10 −5 and 0.0154 m 2/s, with 

𝐴𝐴 𝐴𝐴
c

g = 0.4887 and �b
g = 0.1982 , respectively. However, there is an important 

difference between the results of the analytical and numerical solutions. In 
the analytical curve, unlike the numerical one, the slopes at shocks loca-

tions' are infinity 𝐴𝐴

(

𝑑𝑑𝑑𝑑

𝑑𝑑𝑑𝑑
= ∞

)

 , whereas for numerical solutions the shocks are 
inclined. This results in a slight curvature in the numerical curves in figure 
Figure 4b, This means that, unlike the analytical solution, the capillary pres-
sure will have a finite value, but it has higher intensity at the drying front 
since the slope of saturation variations is higher at this location (about 50 
times higher) compared to the flooding front. Therefore, capillary pressure 
and the resulting capillary backflow mainly affects the drying front.

Figure 5 shows the results of the analytical solution for the capillary included case and its comparison to the 
capillary included numerical ones. First, it is observed that the capillary pressure included analytical solution also 
demonstrates an acceptable agreement with the numerical results. Here, the drying front has the similarity vari-
able of 9.55 × 10 −6 m 2/s with 𝐴𝐴 𝐴𝐴

c

g = 0.4758 and the flooding front has the similarity variable and �b
g equal to the 

no-capillary case. This acknowledges the fact that capillary mainly, if not only, affects the drying region (about 
15% reduction in the drying front's similarity variable). Also, it is observed that the slope of saturation variations 
is almost the same as the no-capillary case, making the assumption considered for 𝐴𝐴

𝑑𝑑𝑑𝑑

𝑑𝑑𝑑𝑑
 in Section 3.1 valid.

4.2. Effects of Capillary Pressure on Dry-Out Front Propagation Speed

Based on both the analytical and the numerical solutions in Figures 6a and 6b), the capillary included case has 
a lower drying front similarity variable. Δη is about 1.65 × 10 −6 m 2/s and 3.22 × 10 −6 m 2/s for the analytical 
(Figure 6a) and numerical (Figure 6b) solutions, respectively. Subsequently, based on these results, the drying 
front will be at 54.88 m after 10 years of injection (about 4.55 m less than the no-capillary case) for the analytical 
case, and will be at 50.17 m for the numerical one. Therefore, overlooking the effect of capillary pressure and 
capillary-driven backflow will result in about 8.3% overestimation in extent of the drying region.

4.3. Effects of Capillary Pressure on Salt Precipitation and Permeability Variation

In this section, the results of salt precipitation and permeability reduction in the dry-out region (due to water 
vaporization) for both capillary included and no-capillary pressure cases are reported and compared. Here and for 

Figure 4. No-capillary pressure case results, (a) gas saturation versus distance 
from the injection well at three times, and (b) gas saturation versus the 
similarity variable for analytical and numerical methods.
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the upcoming figures, the red shading in the figures shows the dry-out region 
extent, and the green shading shows the near injection area mainly affected 
by salt precipitation.

Figure 7a shows the salt saturation profile for the no capillary pressure case. 
The analytical method has a good agreement with the numerical results (about 
0.61% error). However, neglecting capillary pressure leads to an extreme 
underestimation of the amount of the precipitated salt especially near the 
injection point (the green region). Figure 7b shows the amounts of the precip-
itated salt, calculated based on the first approach as in Equation 19. Due to 
brine addition to the dry-out zone, more brine is vaporized and as a result, 
more salt will precipitate in this area. Accordingly, capillary-driven back-
flow leads to about 14.71% (for analytical method) and 1.41% (for numer-
ical method) more average precipitation in the drying region as reported in 
Figure 7b. The analytical results from the proposed method in Equation 19 
have about 12.46% error compared to the numerical ones. The reason for the 
increase of error between analytical and numerical results is that the calcu-
lated amount of brine moving backward is over-represented by the analytical 
method. In the analytical approach it is assumed that brine moves backward 
–with the backflow velocity– and completely fills the pores. However, brine 
moves backward through small water films attached to the pores, leading to a 
much smaller cross-sectional area than what is assumed in the solution. As a 
suggestion in this regard, pore-scale study and definition of a dimensionless 
parameter as 𝐴𝐴 𝐴𝐴D =

𝐴𝐴film

𝐷𝐷pore

 , which is the ratio between the water films thickness 
and pores diameter, will be helpful.

In all of the figures of this section, there is a near injection area in the dry-out 
region that salt precipitation starts to grow exponentially (the green area), 
showing that the highest reservoir damage occurs at the injection well. In 
comparison to the increment in the average salt precipitation in the drying 
region of the capillary included case (in order of 1 × 10°), salt precipitation 
at near injection well area is much more noticeable with Ss = 0.078 (about 
58.73% increase) in presence of capillary pressure. Therefore, it is critical to 
develop a model able to capture and define this near injection area.

According to the discussion in Section 3.2, the second approach is defined as Equation 23, in which the near 
injection area is defined and it is assumed that the additional salt precipitation due to capillary-driven backflow 
only affects this area. Therefore, through this method, a salt precipitation shock is also observed in Figure 7c, 
which has the similarity variable almost the same as the green area's right side boundary. This method has the 
same error (13.01%) of the first approach. However, it features two main advantages compared to the previous 
one. First, it is possible to define the near injection area (rclose) at which capillary is most influential and the 
precipitation is maximum (here, it is about 22.81 m from the injection well); and second, it is possible to estimate 
the salt precipitation and reservoir damage at the injection well vicinity, which is about 2–2.5 times higher than 
the rest of the reservoir. Compared to the first approach, the error of estimating saturation of salt at the injection 
point has decreased from 50.54% to 13.79% by using the second approach.

The ratio of the reservoir's permeability after salt is precipitated to its initial value is calculated through Equa-
tion 25b. Figure 8a shows the permeability reduction results for the case with no capillary effect. It is observed 
that the average permeability ratio for the analytical solution is about 0.897, while it is about 0.896 for the numer-
ical one.

Figure 8b shows permeability reduction in presence of capillary pressure for salt precipitation calculated from 
Equation 23. Permeability ratio is reduced by average of 1.6%, but again it is observed that the reduction value 
at near injection area is much higher (about 9.27%), with the k/k0 ratio of about 0.77. Figure 8c shows the same 
results versus distance from the injection well. From this figure it is clearly seen that capillary pressure affects the 

Figure 5. Capillary included case results, (a) gas saturation versus distance 
from the injection well at three times, and (b) gas saturation versus the 
similarity variable for analytical and numerical methods.
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reservoir mainly at near injection area (the green area in the figure), whose 
extent is calculated as 𝐴𝐴 𝐴𝐴close =

√

Δ𝜂𝜂 and is about 22.81 m in this study.

4.4. Analytical Solutions for Different Salinities

To compare the accuracy of the three analytical solutions (i.e., Equation 11 
for no capillary case, Equation  19 for the first approach in presence of 
capillary pressure, and 23 for the second approach in presence of capillary 
pressure) in predicting salt precipitation at the injection well, 4 cases with 
different initial brine salinities (Xs ≈ 100,000, 150,000, 200,000, and 250,000 
ppm) are considered. By changing the initial salinity, brine density and equi-
librium mole fractions of CO2 and water vary as well. Figure 9a shows the 
calculated equilibrium mole fractions of aqueous 𝐴𝐴 CO2

(

𝜔𝜔CO2 ,a

)

 and gaseous 
water (ωWater, g) for each salinity case. The values reported in Figure 9a are 
comparable with those reported by Spycher and Pruess (2004).

Figure 9b shows the calculated salt saturation (Ss) at the injection well through 
different methods for 10 years of injection. Amongst the analytical solutions, 
the second approach (Equation 23) that used mass balance to calculate the 
precipitated salt at near injection area inside the dried region (rclose), has the 
closest results to the numerical ones with an average error of about 8%.

Comparing the results of the analytical solution to those available from exper-
iments and field studies, as reported in Table 1 of the work by Miri and Helle-
vang (2016), it is observed that the results of the proposed analytical solution 
fall within the range reported by experiments and field observations (perme-
ability reduction of about 13%–80%). However, it is acknowledged that both 
numerical and analytical solutions underestimate the amount of permeability 
reduction. This can be because of several reasons, such as homogeneity of the 
reservoir for analytical/numerical cases, or the fact that our model does not 
have z direction. The latter, removes the phenomenon in which salt accumu-
lates at bottom of the reservoir and exacerbates the permeability reduction. 

Another reason for the underestimation is the relatively high injection rate considered in the present study; and 
according to Norouzi et al. (2021), as the injection rate increases, the amount of the precipitated salt and perme-
ability impairment decrease considerably.

5. Conclusions
An analytical solution to calculate salt precipitation was previously proposed by Pruess (2009). However, capil-
lary pressure was omitted in that work. This paper provided an analytical solution based on fractional flow theory 
and definition of shocks in presence of capillary pressure. The key findings of the current paper can be summa-
rized as below:

1.  Capillary pressure acts against the pressure gradient caused by the saturation difference and injection pres-
sure. It reduces the saturation shocks' propagation speeds. Therefore, a backflow similarity variable (Δη) is 
defined. It is calculated that the drying shock travels less distance compared to the no capillary pressure case 
(4.55 m in the case studied).

2.  Capillary-driven backflow acts as a water supplier to the dry-out region, making the vaporization and precip-
itation processes continuous versus time. This results in increase in the average amount of precipitated salt 
(14.71% here) and and increase in the salt precipitation at near injection well area (58.73% here) based on the 
first proposed analytical approach.

3.  Through the second approach suggested in this paper, it is possible to estimate the area that is mostly affected 
by precipitation near injection. Through mass balance, the radius of this area is calculated as 𝐴𝐴 𝐴𝐴close =

√

Δ𝜂𝜂𝜂𝜂 
(22.81 m in the present case study).

Figure 6. Results of the effect of the capillary pressure on drying front 
propagation speed, (a) analytical results, and (b) numerical results.
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4.  It is also possible to reasonably estimate the amount of the precipitated 
salt at the injection well (Ss ≈ 0.65 for Xs ≈ 150,000 ppm) with an aver-
age error of about 13.70% compared to the computationally intensive 
numerical solution.

5.  Finally, salt precipitation by capillary-driven backflow can increase 
permeability reduction (by 1.61% for this study) and the near-injection 
well damage (by 9.27% for this study).

The analytical solutions developed in this paper can provide guidelines for 
possible future works to investigate effect of capillary pressure and capil-
lary-driven backflow in saline reservoirs. Also, through the proposed equa-
tions, it is possible to avoid under-predictions in reservoir damage due to 
salt precipitation and accurately estimate the main areas affected by this 
phenomenon.

Appendix A: Mathematical Description
A1. Fractional Flow in Presence of Capillary Effect

The first parameter that needs to be defined is the gas fractional flow inside 
the reservoir in presence of capillary pressure. Considering a control volume 
and writing the conservation equation (ΔM = Min − Mout) for it, the following 
mass conservation equation is achieved.

−
𝜕𝜕(𝜌𝜌𝜌𝜌)a,g

𝜕𝜕𝜕𝜕
=

𝜕𝜕

𝜕𝜕𝜕𝜕
(𝐴𝐴𝐴𝐴𝜌𝜌𝐴𝐴)a,g (A1)

Using Darcy's equation to calculate flow rates, the total fluid volumetric flow 
rate inside the reservoir is defined as the following equation:

𝑞𝑞t = 𝑞𝑞a + 𝑞𝑞g = −
𝑘𝑘𝑘𝑘ra𝐴𝐴

𝜇𝜇a

(

𝜕𝜕𝜕𝜕a

𝜕𝜕𝜕𝜕
− 𝜌𝜌a𝑔𝑔x

)

−
𝑘𝑘𝑘𝑘rg𝐴𝐴

𝜇𝜇g

(

𝜕𝜕𝜕𝜕g

𝜕𝜕𝜕𝜕
− 𝜌𝜌g𝑔𝑔x

)

 (A2)

Neglecting the effect of gravity and having Pcap = Pg − Pa, Equation A2 can 
be rewritten as below:

�t = −��ra�
�a

(

��g

��
−

��cap

��

)

−
��rg�
�g

(

��g

��

)

= −��
(

�ra

�a
+

�rg

�g

)

��g

��
+ ���ra

�a

��cap

��

 (A3)

Defining fluid mobilities as 𝐴𝐴 𝐴𝐴a =
𝑘𝑘ra

𝜇𝜇a

 , 𝐴𝐴 𝐴𝐴g =
𝑘𝑘rg

𝜇𝜇g

 , and λt = λa + λg, we can write 
the above equation in a shorten manner as:

𝑞𝑞t = −𝑘𝑘𝑘𝑘
(

𝜆𝜆a + 𝜆𝜆g

) 𝜕𝜕𝜕𝜕g

𝜕𝜕𝜕𝜕
+ 𝑘𝑘𝑘𝑘𝜆𝜆a

𝜕𝜕𝜕𝜕cap

𝜕𝜕𝜕𝜕
 (A4)

Now, by sorting the above equation for 𝐴𝐴
𝜕𝜕𝜕𝜕g

𝜕𝜕𝜕𝜕
 , we obtain this parameter as a 

function of capillary pressure and fluid mobilities.

𝜕𝜕𝜕𝜕g

𝜕𝜕𝜕𝜕
=

𝑞𝑞t − 𝑘𝑘𝑘𝑘𝑘𝑘a

𝜕𝜕𝜕𝜕cap

𝜕𝜕𝜕𝜕

−𝑘𝑘𝑘𝑘
(

𝑘𝑘a + 𝑘𝑘g

)
 (A5)

Implementing Equation A4 in the Darcy's equation for gas phase velocity, we will obtain this parameter based on 
phases mobilities and the capillary pressure as below:

Figure 7. Salt saturation profiles at t = 10 years for (a) the case with no 
capillary pressure, (b) the first approach for the case with capillary effect 
(uniform precipitation), and (c) the second approach for the case with capillary 
effect (localized salt saturation).
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𝑞𝑞g = −
𝑘𝑘𝑘𝑘rg𝐴𝐴

𝜇𝜇g

(

𝜕𝜕𝜕𝜕g

𝜕𝜕𝜕𝜕

)

=
𝜆𝜆g

𝜆𝜆t

𝑞𝑞t − 𝑘𝑘𝐴𝐴
𝜆𝜆g𝜆𝜆a

𝜆𝜆t

𝜕𝜕𝜕𝜕cap

𝜕𝜕𝜕𝜕
 (A6)

Finally, from the definition of gas fractional flow 𝐴𝐴

(

𝑓𝑓g =
𝑞𝑞g

𝑞𝑞t

)

 :

𝑓𝑓g =
𝜆𝜆g

𝜆𝜆t

−
𝑘𝑘𝑘𝑘𝜆𝜆g𝜆𝜆a

𝑞𝑞t𝜆𝜆t

𝜕𝜕𝜕𝜕cap

𝜕𝜕𝜕𝜕
 (A7)

where the permeability (k) unit is m 2.

A2. Capillary-Driven Backflow and Drying Front Similarity Variables 
in Presence of Capillary Pressure

As in Equation  A7, it is analytically observed that capillary pressure acts 
against the gas flow inside the reservoir. Accordingly, in this section, based 
on the gas phase fractional flow calculated in A1, a similarity variable is 
derived for the capillary-driven backflow. It was previously proposed by 
Zeidouni et al. (2009) that the solution to Equation A1 (based on fractional 
flow) is as follows:

𝜂𝜂no cap =

(

𝑟𝑟
2
− 𝑟𝑟

2

w

𝑡𝑡

)

GCO2

=
𝑞𝑞inj

𝜋𝜋𝜋𝜋𝜋𝜋

(

𝑞𝑞D
𝑑𝑑𝑑𝑑g

𝑑𝑑𝑑𝑑g

)

GCO2

 (A8)

Considering rw  =  0  m, the solution for the capillary included case 

𝐴𝐴

(

𝜂𝜂cap =
(

𝑟𝑟
2
∕𝑡𝑡
)

cap

)

 is identical to Equation  A8. Defining capillary-driven 
backflow similarity parameter as Δη = ηno cap − ηcap, the following equation 
is derived.

Δ� =
(

�2

�

)

no cap
−
(

�2

�

)

cap

=
(

�inj

���
�D

��g

��g

)

no cap
−
(

�inj

���
�D

��g

��g

)

cap

 (A9)

Since ��
g and ��

g are almost constant in both capillary included and no-capil-
lary cases, it can be assumed that qD is the same for these two cases. There-
fore, the above equation can be shortened as below:

Δ𝜂𝜂 =
𝑞𝑞inj

𝜋𝜋𝜋𝜋𝜋𝜋
𝑞𝑞D

[

(

𝑑𝑑𝑑𝑑g

𝑑𝑑𝑑𝑑g

)

no cap

−

(

𝑑𝑑𝑑𝑑g

𝑑𝑑𝑑𝑑g

)

cap

]

 (A10)

As in Equation A10 and as discussed earlier, presence of capillary pressure 
in the solution only affects the fractional flow term in the equation. Now, 
considering Equation A7, and having 𝐴𝐴 𝐴𝐴1 =

𝜆𝜆g

𝜆𝜆t

 and 𝐴𝐴 𝐴𝐴2 =
𝑘𝑘𝐴𝐴𝑘𝑘g𝑘𝑘w

𝑞𝑞t𝑘𝑘t

𝜕𝜕𝜕𝜕cap

𝜕𝜕𝜕𝜕
 , fractional 

flow derivatives versus gas saturation can be defined as below:
(

𝑑𝑑𝑑𝑑g

𝑑𝑑𝑑𝑑g

)

No-cap

=
𝑑𝑑𝑑𝑑1

𝑑𝑑𝑑𝑑g

 (A11a)

(

𝑑𝑑𝑑𝑑g

𝑑𝑑𝑑𝑑g

)

cap

=
𝑑𝑑𝑑𝑑1

𝑑𝑑𝑑𝑑g

−
𝑑𝑑𝑑𝑑2

𝑑𝑑𝑑𝑑g

 (A11b)

Knowing I1 and I2, and inserting Equations A11a and A11b into Equation A10, the capillary-driven backflow 
similarity variable versus capillary pressure is derived as below:

Figure 8. Permeability variation results, (a) for the case with no capillary 
effect, (b) with capillary effect, and (c) permeability variation results 
versus distance from the injection well for the case with capillary effect 
(t = 10 years).
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Δ� =
�inj�D
���

(

��2
��g

)

=
���inj�D
����t

�
��g

(

�g�w

�t�t

��cap

��

) (A12)

Now, inserting the definition of capillary pressure 𝐴𝐴 𝐴𝐴cap = 𝐴𝐴
0

cap

(

�̂�𝑆
−1∕𝛾𝛾

− 1
)1−𝛾𝛾

 into Equation A12, and also consid-
ering 𝐴𝐴

𝜕𝜕𝜕𝜕cap

𝜕𝜕𝜕𝜕
=

𝑑𝑑𝜕𝜕cap

𝑑𝑑𝑑𝑑g

𝜕𝜕𝑑𝑑g

𝜕𝜕𝜕𝜕
 , this equation is rewritten as:

Δ𝜂𝜂 =
𝑘𝑘𝑘𝑘𝑘𝑘inj𝑘𝑘D𝑃𝑃

0

cap

𝜋𝜋𝜋𝜋𝜋𝜋𝑘𝑘t

𝑑𝑑

𝑑𝑑𝑑𝑑g

(

𝜆𝜆a𝜆𝜆g

𝜆𝜆a + 𝜆𝜆g

𝑑𝑑

𝑑𝑑𝑑𝑑g

(

�̂�𝑑
−1∕𝛾𝛾

− 1
)1−𝛾𝛾 𝜕𝜕𝑑𝑑g

𝜕𝜕𝜕𝜕

)

 (A13)

Finally, considering 𝐴𝐴
𝜕𝜕𝜕𝜕g

𝜕𝜕𝜕𝜕
 is constant at the drying shock, qD = qt/qinj (same as no-capillary case), and A = 2πrcH, the 

final equation for capillary backflow similarity variable is derived as below, in which 𝐴𝐴 𝐴𝐴c =
√

𝜂𝜂𝜂𝜂 .

Δ𝜂𝜂 =
2𝑟𝑟c𝑘𝑘𝑘𝑘

0

cap

𝜙𝜙

(

𝜕𝜕𝜕𝜕g

𝜕𝜕𝑟𝑟

)

x,t

𝑑𝑑

𝑑𝑑𝜕𝜕g

(

𝜆𝜆a𝜆𝜆g

𝜆𝜆a + 𝜆𝜆g

𝑑𝑑

𝑑𝑑𝜕𝜕g

(

�̂�𝜕
−1∕𝛾𝛾

− 1
)1−𝛾𝛾

)

 (A14)

This equation defines the effect of capillary pressure and capillary-driven backflow on similarity variable inside 
the reservoir, which directly affects shocks locations and salt precipitation inside the dry-out region.

Nomenclature
A Cross-sectional area, [m 2]
C Molar concentration, [mol.L −1]
F Fractional flow, [-]
G Normalized global concentration, [-]

Figure 9. (a) CO2 and water mole fractions for different initial brine salinities, and (b) solutions comparison based on the 
precipitated salt at the injection well after 10 years.
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H Aquifer thickness, [m]
k Permeability, [mD, m 2]
M Mass, [kg]

𝐴𝐴 𝐴𝐴𝐴  Mass flow rate, [kg.s −1]
P Pressure, [MPa]
q Volumetric flow rate, [m 3.s −1]
r Radius, [m]
S Saturation, [-]
T Temperature, [°C]
t Time, [s]
V Volume, [m 3]
Xs Salinity, [Mole/mass fraction, ppm]
x Distance, [m]

Greek Letters
η Similarity variable, [m 2.s −1]
γ Capillary force parameter, [-]
λ Mobility, [Pa −1.s −1]
μ Viscosity, [Pa.s]
ω Mole fraction, [-]
ϕ Porosity, [-]
ρ Density, [kmol.m −3, kg.m −3]

Subscripts
a Aqueous
avg Average
brine Brine backflow
c/cap Capillary
g Gaseous
inj Injection
r Relative
s Trailing shock/solid salt
t Total
w Well
0 Initial

Superscripts
b Upstream of the leading shock
c Downstream of the trailing shock
dry Dry-out region

Data Availability Statement
The excel file for the CMG simulations data for Figures 4a, 5a, and 7 is available to download at https://doi.
org/10.6084/m9.figshare.19115018. Also, programming code used to generate Figure  2b is available upon 
request made to the corresponding author.
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