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A B S T R A C T   

This study proposes a pore-network modeling algorithm to simulate single-phase reactive transport and mineral 
dissolution in porous media. A novel pore-merging approach is introduced to guarantee the conservation of the 
most critical variables during the merging process by using correction factors and effective properties for throat 
conductances and surface areas. Our approach solves a coupled transport and reaction pore-network model that 
implements a kinetic model with a single heterogeneous chemical reaction describing the dissolution of calcite 
by acidic solutions. The network geometry is updated based on the dissolution process occurring at the mineral 
surface and the network topology is updated based on the pore-merging processes occurring throughout the 
network. The main results include the exploration of different dissolution regimes through porosity-permeability 
evolution curves, acid concentration profiles, and the use of statistical criteria. Importantly, this methodology 
simulates permeability increases larger than 100-fold during the formation of preferential pathways (i.e., 
wormholes).   

1. Introduction 

Reactive transport and mineral dissolution in porous media are 
fundamental processes in many subsurface applications, including car
bon dioxide (CO2) storage, enhanced oil recovery (EOR), and acidizing 
for stimulation (Sohrabi et al., 2012; Wolterbeek and Raoof, 2018; 
Menke et al., 2018; Gharbi et al., 2013). 

For example, CO2 injection into reservoirs triggers the occurrence of 
chemical reactions that induce changes in mechanical properties of the 
rock, especially in porous media rich in carbonate minerals (Egermann 
et al., 2010; Rathnaweera et al., 2016; Bemer and Lombard, 2010). 
Regarding geological CO2 storage, these structural alterations are a 
source of concern for the safety and efficiency of the process due to the 
increase of the chances for leakage and CO2 migration out of the storage 
formation (Deng et al., 2017; Egermann et al., 2010; Rathnaweera et al., 
2016; Bemer and Lombard, 2010). Indeed, depending on the dominant 
transport mechanism, poor utilization of the pore space for the storage 
of CO2 may occur (Ott and Oedai, 2015). Regarding acidizing for well 
stimulation, the main goal is to increase well productivity. The forma
tion of preferential pathways is desired to increase the overall conduc
tance through the reservoir (Hill and Schechter, 2000; Ott and Oedai, 

2015; Fredd and Fogler, 1999). 
Accordingly, good understanding of the dissolution processes is 

imperative to assess long-term reservoir integrity properties for CO2 
storage and to design efficiently acidizing treatments (Rathnaweera 
et al., 2016; Bemer and Lombard, 2010; Fredd and Dowell, 2000). In 
order to investigate the dissolution processes in porous media, several 
numerical approaches, such as direct numerical simulations (DNS) that 
include computational fluid dynamics (CFD) (Soulaine et al., 2017; 
Oliveira et al., 2019; Molins et al., 2012), lattice Bolztmann method 
(LBM) (Liu and Mostaghimi, 2017; Kang et al., 2002; Huber et al., 2014), 
smoothed particle hydrodynamics (SPH) (Tartakovsky et al., 2016), and 
approaches that consider a simplified conceptualization of the porous 
media, commonly associated with pore-network modeling (PNM), have 
been developed (Esteves et al., 2020; Li et al., 2006; Algive et al., 2010; 
Raoof et al., 2012; Tansey and Balhoff, 2016; Budek and Szymczak, 
2012). An overview of the various numerical approaches applied to 
pore-scale mineral dissolution are found in Molins et al. (2020). 

Pore network modeling is a technique that is widely used to repre
sent natural porous media and complex pore geometries using a 
simplified pore-and-throat type network (Algive et al. 2010). Since the 
pioneering work of Fatt (1956), that studied two-phase flow and capil
lary pressure curves, pore-network models have been successfully 

* Corresponding author. 
E-mail addresses: besteves@stanford.edu (B.F. Esteves), kovscek@stanford.edu (A.R. Kovscek).  

Contents lists available at ScienceDirect 

Advances in Water Resources 

journal homepage: www.elsevier.com/locate/advwatres 

https://doi.org/10.1016/j.advwatres.2021.104014 
Received 25 March 2021; Received in revised form 13 June 2021; Accepted 3 August 2021   

mailto:besteves@stanford.edu
mailto:kovscek@stanford.edu
www.sciencedirect.com/science/journal/03091708
https://www.elsevier.com/locate/advwatres
https://doi.org/10.1016/j.advwatres.2021.104014
https://doi.org/10.1016/j.advwatres.2021.104014
https://doi.org/10.1016/j.advwatres.2021.104014
http://crossmark.crossref.org/dialog/?doi=10.1016/j.advwatres.2021.104014&domain=pdf


Advances in Water Resources 155 (2021) 104014

2

applied in numerous research areas, including reactive transport and 
mineral dissolution problems (Li et al., 2006; Algive et al., 2010; Raoof 
et al., 2012; Tansey and Balhoff, 2016; Esteves et al., 2020). The 
computational efficiency of pore-network models is related to the 
simplicity of their geometry and because of this feature, pore-network 
modeling is considered applicable to much larger domains when 
compared to direct simulation methods (Mehmani and Balhoff, 2015; 
Yang et al. 2016). 

In this context, merging of pores and throats to form vug-like pores is 
needed to evaluate better regimes with significant mineral reactivity. 
The appropriate treatment of pore merging allows a better representa
tion of the physical problem and makes possible the use of reactive 
transport simulations to evaluate dissolution regimes in more complex 
network topologies, where the merging of pores is likely to occur with 
great frequency due to the heterogeneity of these type of porous media. 
Few pore-network modeling studies explored the use of pore-merging 
methods to explore mineral dissolution in porous media. 

Budek and Szymczak (2012) performed the first pore-network study 
that considered an approach to merge pores during reactive transport 

and mineral dissolution. The porous medium was represented by a 
two-dimensional triangular network of cylindrical tubes. The points 
where the tubes meet are referred to as nodes. In this way, pores are 
defined just as node points for pressure determination. Then, throats are 
tubes that enlarge during the dissolution process. Note that a single 
reactant is assumed to describe approximately the carbonate 
dissolution. 

Their methodology for merging considers that, as the diameters of 
the eroding throats become comparable to the interpore distances, the 
throats are joined together. The assumption is that the new throat has 
the same diameter as the sum of the diameters of the original two 
throats. With this, the reactive surface area is conserved during the 
merging process, but the volume is not. 

Tansey and Balhoff (2016) developed a pore network model of het
erogeneous reactive transport and matrix dissolution that considers a 
pore-merging criterion to improve the pore-scale physics of the network. 
Simulations were conducted on random close-pack arrangements of 
spheres and the transport equation assumes pores as the only control 
volumes. Throats represent the conductances throughout the network. 

Nomenclature 

z Coordination number 
qij Volumetric flow rate through throat ij 
cϵ,ij Effective conductance of throat ij 
ϵij Correction factor for the conductance of throat ij 
rij Cross-section radius of the throat ij 
μ Dynamic viscosity of the fluid 
lij Length of the throat ij 
K Absolute permeability of the network 
ΔP Pressure difference through the network 
A Cross-sectional area of the network 
L Length of the network 
Aψ,i Effective surface area of pore i 
Aψ,ij Effective surface area of throat ij 
ψ i Surface area correction factor of pore i 
ψ ij Surface area correction factor of throat ij 
t Time 
Cα,i Mass concentration of species α in pore i 
Cα,ij Mass concentration of species α in throat ij 
Vi Volume of pore i 
D α Diffusion coefficient of species α 
ri Radius of pore i 
Rα,i Reaction rate of specie α due to heterogeneous chemical 

reaction in pore i 
Rα,ij Reaction rate of specie α due to heterogeneous chemical 

reaction in throat ij 
δVd

i Change in volume due to dissolution process in pore i 
δVd

ij Change in volume due to dissolution process in throat ij 
δrd

i Change in radius of pore i due to dissolution process 
δrd

ij Change in radius of throat ij due to dissolution process 
δVdd

i,ij Change in volume due to double dissolution in the region 
between pore i and throat ij 

δVdd
i Total change in volume due to double dissolution for pore i 

δVdd
ij Total change in volume due to double dissolution for throat 

ij 
δrdd

i Change in radius of pore i due to double dissolution 
δVc1

i,ij Change in volume due to correction 1 in the region 
between pore i and throat ij 

δVc1
i Total change in volume due to correction 1 for pore i 

δVc1
ij Total change in volume due to correction 1 for throat ij 

δrc1
i Change in radius of pore i due to correction 1 

δVc2
i,ij Change in volume due to correction 2 in the region 

between pore i and throat ij 
δVc2

i Total change in volume due to correction 2 for pore i 
δVc2

ij Total change in volume due to correction 2 for throat ij 
δrc2

i Change in radius of pore i due to correction 2 
δVt

i,ij Volume of the porous region previouly belonging to throat 
ij transferred to pore i 

δmt
i,ij Mass of acid in the porous region previouly belonged to 

throat ij transferred to pore i 
δVt

i Total change in volume due to porous space transfer from 
throat ij to pore i, for pore i 

δVt
ij Total change in volume due to porous space transfer from 

throat ij to pore i, for throat ij 
δmt

i Total change in mass of acid due to porous space transfer 
from throat ij to pore i, for pore i 

δmt
ij Total change in mass of acid e due to porous space transfer 

from throat ij to pore i, for throat ij 
x Position vector 
x  
dmk Interpore distance between the newly merged pore m and 

the connected pore k 
rn+1
m Radius of the newly merged pore m 

rn+1
k Radius of the pore k connected to the new merged pore m 

rn+1
mk Radius of the newly throat connecting the merged pore m 

and the connected pore k 
An+1

r,mk Reactive surface area of the newly throat connecting the 
merged pore m and the connected pore k 

cn+1
mk Conductance of the newly throat connecting the merged 

pore m and the connected pore k 
ψn+1

mk Correction factor of the newly throat connecting the 
merged pore m and the connected pore k 

σcs Standard deviation of cross section cs 
CVcs Coefficient of variation of cross section cs 
CV Averaged coefficient of variation 
ΔC Measure of the consumption of acid along the network 
δVi Total change in volume of pore i 
δVij Total change in volume of throat ij  

B.F. Esteves et al.                                                                                                                                                                                                                               



Advances in Water Resources 155 (2021) 104014

3

This approach also assumes the tracking of only one chemical species 
and the reactive transport equation is solved explicitly. 

During simulation, pores grow assuming a static geometry by pre
serving the relation between surface area and volume. Throat cross- 
section areas are updated based on the new surface area of the con
nected pores. Throat conductances are then updated based on the new 
cross-sectional areas, also assuming a static geometry using a shape 
factor to map the throat shape onto a cylindrical tube and preserving 
initial relationships between throat cross section and conductivity. The 
merging approach developed by Tansey and Balhoff (2016) assumes that 
the new merged pore’s volume is equal to the combined volume of both 
original pores. 

The use of a merging criterion by Tansey and Balhoff (2016) showed 
the importance of capturing the formation of preferential pathways. 
Without merging of overlapping pores, permeability could not increase 
past a small fraction of its potential, reaching a plateau with no occur
rence of wormholes (Tansey and Balhoff, 2016). 

Clearly, significant insights and improvements were achieved by 
these studies, although some strong simplifications were assumed 
related to the evolution of geometry during dissolution and merging 
processes. Assuming static relations between surface areas and volumes 
may not be the best representation for all the different dissolution re
gimes, because pores and throats may be affected differently. 

The conservation of geometry and flow properties during the appli
cation of a merging strategy is paramount to maintain a continuous 
evolution of porous media due to the dissolution process. The structure 
of the network before and after two overlapping pores merge must be 
represented in a manner faithful to the physical problem and include a 
minimum of unrealistic simplifications. 

Maintenance of the available reactive surface area and volume of the 
overlapping pores, as well as conductivity of the connected throats, are 
essential for an accurate evaluation of the dissolution regimes. Transport 
phenomena and reaction within the pore spaces are highly dependent on 
these properties. Therefore, the main objective of this study is to develop 
a new methodology to describe the merging of pores and throats 
resulting from solid matrix dissolution during single-phase flow that 
guarantees the conservation of the main variables of interest, namely 
porous volume, mass of acid, reactive surface area, and throat conduc
tances. Surface areas and conductances are modeled using a novel 
application of correction factors and effective properties. Thus, the 
conservation of these properties is possible during the merging process, 
in addition to the volume and mass of acid already conserved. This 
approach aims to bring pore-network models closer to the physical 
problem and make possible reactive transport simulations to evaluate 
dissolution regimes in more complex network topologies. In such net
works, the odds for the junction of two pore spaces initially separated 
increases due to the heterogeneity in pore sizes. 

2. Methodology 

This section first presents the equations to determine the pressure 
and concentration fields. The kinetics of dissolution and the evolution of 
the volumes and geometry of a stick-and-ball network are also 
described. Then, the new pore-merging approach to describe dissolving 
pores is introduced. Finally, definition of the dimensionless numbers and 
the statistical criteria are presented. The pore-network models used for 
this study are presented at the end of this section. 

2.1. Pressure field 

The pseudo steady-state flow of a single-phase incompressible fluid is 
assumed in order to obtain the pressure field of the network. The mass 
conservation for each pore is given by 

∑z

ij
qij = 0, (1)  

where z is the coordination number and qij is the volumetric flow rate 
through throat ij. The volumetric flow rate through a pore-throat is 
determined by the pressure difference between the connected pores i 
and j (Pi − Pj) and the throat effective conductance (cϵ,ij), as follows 

qij = cϵ,ij
(
Pi − Pj

)
. (2) 

Note that throat volumetric flow rates are obtained using the effec
tive conductance instead of the conductance derived only from 
geometrical data. Effective conductances assure that the relationship 
between flow rate through pores and the extent of dissolution is repre
sented accurately after merging. The effective conductance (cϵ,ij) is 
described by 

cϵ,ij = ϵijcij, (3)  

where ϵij is the conductance correction factor. The conductance 
correction factor is equal to 1 for all original throats, and the value is 
updated when the throat ij is involved in a merging process. Thus, 
initially, the effective conductance is equal to the conductance. 

The throat conductance is obtained by use of Poiseuille’s law for 
laminar flow in a cylindrical tube: 

cij =
πr4

ij

8μlij
, (4)  

where rij is the radius of throat ij cross-section, μ is the dynamic viscosity 
of the fluid and lij is the length of the throat ij. 

Substituting Eqs. (2) and (4) into Eq. (1), a linear algebraic system for 
the unknown pressure field is solved for the pressure in each pore. 
Constant volumetric flow rate at the inlet boundary and fixed pressure at 
the outlet boundary are imposed to determine the pseudo steady-state 
flow field of the network. Fixed pressures are imposed at the inlet and 
outlet boundaries to determine the absolute permeability. All other 
boundaries are closed. Therefore, both cases are one-dimensional flow 
problems. Considering the last case, the total flow rate through the 
network (Q) is obtained after pressure field determination and Darcy’s 
law is used to calculate the absolute permeability (K) of the system, as 
described below 

K =
μQL
AΔP

, (5)  

where A is the cross-sectional area of the network and L is the length of 
the network. 

2.2. Concentration field 

The reactive transport problem is described by the mass balance in 
all available pore spaces, pores and throats, and is deduced from the 
mass conservation equations of the chemical species (Bird et al., 2007). 
This new approach uses effective surface areas instead of the reactive 
surface areas obtained just by geometrical information. 

The effective surface area is the geometrical reactive surface area 
corrected by a correction factor due to merging, as presented below: 

Aψ ,i = ψiAr,i, (6)  

Aψ ,ij = ψijAr,ij. (7)  

where Aψ ,i is the effective surface area of pore i, Aψ,ij is the effective 
surface area of throat ij, ψ i is the surface area correction factor of pore i 
and ψ ij is the surface area correction factor of throat ij. 

Thus, original pores and throats have surface area correction factors 
equal to 1. The correction factor of a pore space is just updated if it is 
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involved in a merging process. So, until a merging event occurs, the 
effective surface area of a pore space is equal to its geometrical surface 
area, obtained by Eqs. (A.15) and (A.12), respectively for pores and 
throats. Implementation of correction factors ensures that surface area 
and conductance evolve in a physically realistic manner. More details 
about the update of surface area correction factors are available in later 
sections. 

The transport of a chemical species occurs by advection and diffu
sion. The mass balance equation for chemical species α in a spherical 
pore i is 

d
dt
(
Cα,iVi

)
=

∑

ij,in
Cα,ijqij − Cα,i

∑

ij,out
qij

+
∑

ij
AijD α

(
Cα,ij − Cα,i

0.5lij + ri

)

− Rα,iAψ ,i,

(8)  

where t is the time, Cα,i is the mass concentration of species α in pore i, 
Cα,ij is the mass concentration of species α in throat ij, Vi is the volume of 
pore i, Aij is the cross-sectional area of throat ij, D α is the diffusion 
coefficient of species α, ri is the radius of pore i, Rα,i is the reaction rate of 
species α due to heterogeneous chemical reaction in pore i. 

For control volumes represented by cylindrical throats ij, the mass 
balance equation for species α is 

d
dt
(
Cα,ijVij

)
=

(
Cα,i − Cα,ij

)
qij + AijD α

(
Cα,i − Cα,ij

0.5lij + ri

)

+AijD α

(
Cα,j − Cα,ij

0.5lij + rj

)

− Rα,ijAψ ,ij,

(9)  

where Cα,i is the mass concentration of species α in the pore from where 
the flow is arriving in the throat ij. 

In our approach, the concentration field is solved implicitly and the 
volume explicitly in a sequential algorithm. In other words, the system is 
solved for the new concentrations based on the previous geometry, that 
is kept constant during the solution of Eqs. (8) and (9). The linear system 
for the unknown concentrations of species α is solved by spsolve direct 
method from the SciPy library (Jones et al., 2001). The domain initial 
condition considers a constant concentration profile and the domain 
boundary conditions consider a constant concentrations for the inlet 
pore-spaces and an outflow boundary condition for the outlet pores. 

2.3. Dissolution kinetics 

During the dissolution process, porous medium geometry and to
pology evolves with heterogeneous chemical reactions at the effective 
surface areas of pores and throats. Our approach solves a coupled 
transport and reaction pore-network model that implements a kinetic 
model with a single heterogeneous chemical reaction describing the 
dissolution of calcite (CaCO3) by acidic solutions (HCl), as follows 

CaCO3(s) + 2HCl(aq)→CaCl2(aq) + CO2(aq) + H2O(l). (10) 

Because the acid is the only component in the aqueous phase that 
reacts with the solid mineral, it is the only chemical species concentra
tion that needs to be tracked. Note that the rate-limiting reaction is the 
acid attack on calcite, and it is assumed that carbonate equilibria is 
totally shifted toward CO2(aq) due to the significant acid concentration in 
the system. Thus, a single reaction rate is enough to represent our 
problem. This approach follows from previous literature (Budek and 
Szymczak, 2012; Tansey and Balhoff, 2016; Soulaine et al., 2017; 
Esteves et al., 2020). 

2.4. Volume evolution and geometry update 

As our solution involves geometry changes at each time step, control 
volumes of pores and throats are changed. In this way, at each time step, 
with the solution of the concentration field based on mass balance, the 
change in volume of the pore spaces is obtained by relating the solid 
volume consumed on the effective surface of each pore space to the 
density of the reactive mineral that composes the porous medium. 

Considering (i) a first-order reaction rate for the heterogeneous 
chemical reaction, and (ii) a stoichiometric coefficient (β) that relates 
the consumption of the hydrochloric acid (α = a) to the consumption of 
the reactive mineral, the change in volume due to the dissolution process 
is given by 

δVd
i ≃

Ra,iAn
ψ ,iβδt

ρs
=

(
krCn+1,*

a,i
)
An

ψ ,iβδt
ρs

, (11)  

δVd
ij ≃

Ra,ijAn
ψ ,ijβδt

ρs
=

(
krCn+1,*

a,ij
)
An

ψ ,ijβδt
ρs

, (12)  

where Cn+1,*
a,i and Cn+1,*

a,ij are the acid concentration in pore i and throat ij, 
respectively, after the solution of the mass transport in the network, δVd

i 

is the change in volume due to dissolution process in pore i, δVd
ij is the 

change in volume due to dissolution process in throat ij, and ρs is the 
density of the solid phase. 

Based on Eqs. (11) and (12), the change in the radii of pores (δrd
i ) and 

throats (δrd
ij) due to dissolution is defined, respectively, as 

δrd
i =

δVd
i

An
ψ ,i

=
krCn+1,*

a,i βδt
ρs

, (13)  

δrd
ij =

δVd
ij

An
ψ,ij

=
krCn+1,*

a,ij βδt
ρs

. (14) 

In this algorithm, there are regions in the contact area between pore i 
and connecting throats ij that are dissolved twice. That is, portions of the 
pore i and the throat ij are dissolved simultaneously during δt (see Fig. 1, 
hatched area in red). This consumed volume needs to be counted twice 
to keep the conservation of mass. For this, the volume related to this 
region, derived from the dissolution of throat ij, is transferred to the pore 
i. The change in volume due to double dissolution is then defined by 

δVdd
i,ij = π

[(
rn

ij + δrd
ij

)2
−
(

rn
ij

)2]
δrd

i . (15) 

For throats, the double dissolution considers the contact area 

Fig. 1. Scheme of the evolution of pore and throat volumes during dissolution. 
Hatched area in red represents the region of double dissolution (δVdd

i,ij). Hatched 
areas in green and blue represent, respectively, the region of the first correction 
step (δVc1

i,ij) and the region of the second correction step (δVc2
i,ij). Hatched area in 

purple represents the porous region of throat ij that is transferred to pore i 
(δVt

i,ij). (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 
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between the two connected pores i and j (see Eq. (16)), and for pores, the 
double dissolution may account for the contact area between pore i and 
all connected throats ij (see Eq. (17)). 

δVdd
ij = δVdd

i,ij + δVdd
j,ij , (16)  

δVdd
i =

∑

ij
δVdd

i,ij . (17) 

The change in radius of pore i due to the double dissolution is defined 
by 

δrdd
i =

δVdd
i

An
ψ,i

. (18) 

The grain region that pore i invades due to the addition of the double 
dissolved volumes that is also invaded by the dissolution of throat ij (see 
Fig. 1, hatched area in green) is also transferred for the pore. The vol
umes related to this region are defined by Eq. (19). The total change in 
volume related to this step for throats and pores are defined, respectively 
in Eqs. (20) and (21). 

δVc1
i,ij = π

[(
rn

ij + δrd
ij

)2
−
(

rn
ij

)2]
δrdd

i . (19)  

δVc1
ij = δVc1

i,ij + δVc1
j,ij. (20)  

δVc1
i =

∑

ij
δVc1

i,ij. (21) 

The change in radius of pore i due to this first correction step is 
defined by 

δrc1
i =

δVc1
i

An
ψ ,i

. (22) 

Again, the grain region that pore i invades due to the addition of the 
correction volume δVc1

i,ij that is also invaded by the dissolution of throat ij 
(see Fig. 1, hatched area in blue) is transferred to the pore. The volumes 
related to this region are defined by Eq. (23). The total change in volume 
related to this step for throats and pores are defined, respectively in Eqs. 
(24) and (25). 

δVc2
i,ij = π

[(
rn

ij + δrd
ij

)2
−
(

rn
ij

)2]
δrc1

i . (23)  

δVc2
ij = δVc2

i,ij + δVc2
j,ij. (24)  

δVc2
i =

∑

ij
δVc2

i,ij. (25) 

The change in radius of pore i due to the this second correction step is 
defined by 

δrc2
i =

δVc2
i

An
ψ ,i

. (26) 

Formally, the transfer of volumes between pores and throats requires 
an iterative process to achieve a desired level of accuracy. Here, the 
correction step stops in the second iteration because its magnitude is 
already rather small. For example, for a pore and a throat with diameters 
equal to 1 and 0.25, respectively, that had an increase of 0.2, the relative 
error of the final volume of the pore after the second iteration compared 
to 10 more iterations is 0.00006%. 

Finally, pore i invades a porous region previously belonging to throat 
ij (see Fig. 1, hatched area in purple). For this case, not only the volume 
but also the mass of acid that previously belonged to throat ij needs to be 
transferred to pore i. Considering this, the transferred porous volume 
and mass of acid from throat ij to pore i are defined, respectively, by 

δVt
i,ij =

(
δrd

i + δrdd
i + δrc1

i + δrc2
i

)
An

i,ij, (27)  

δmt
i,ij = Cn+1,*

ij
(
δrd

i + δrdd
i + δrc1

i + δrc2
i

)
An

i,ij. (28)  

where An
i,ij is the spherical cap area between the pore i and throat ij at tn, 

that is given by Eq. (A.14). 
The total change in volume related to this step for throats and pores 

are defined, respectively, in Eqs. (29) and (30). 

δVt
ij = δVt

i,ij + δVt
j,ij. (29)  

δVt
i =

∑

ij
δVt

i,ij. (30) 

The total change in mass of acid related to this step for throats and 
pores are defined, respectively, in Eqs. (31) and (32). 

δmt
ij = δmt

i,ij + δmt
j,ij. (31)  

δmt
i =

∑

ij
δmt

i,ij. (32) 

Fig. 1 presents a schematic of the transferred volumes described 
previously in this section and Appendix A presents the algorithm for the 
volume evolution and geometry update. Note that, some controls on the 
numerical scheme were implemented, as follows. The ratio of the change 
of throat radius due to dissolution (δrd

ij) to the throat radius from the 
previous time step was always kept smaller than 0.1 in order to keep a 
good approximation of the differentials. Also, the Courant numbers 
(defined as the ratio of the inlet velocity multiplied by the time step to 
the average length of throats) in all simulations ranged from 0.11 to 
1.34. Importantly, all transport-limited conditions were simulated using 
Courant numbers smaller than 1. These control strategies make the use 
of 2 iterations to account for the double dissolution accurate to within 
about 1 part per million as compared to fully converged simulations. 

2.5. Pore-merging methodology 

This section presents the methodology developed to consider merg
ing of pores and throats during reactive transport simulations when pore 
surfaces dissolve. The novel merging approach methodology, introduces 
the use of correction factors to conserve effective surface areas and 
conductances during the merging process. 

In this way, the strategy for merging of pores and throats presented 
here aims to conserve not only the volume and the mass balance in the 
system, before and after the application of the merging method, but also 
the reactive surface areas and conductances. These are key parameters 
for the reactive transport problem that depends strongly on flow prop
erties (conductance of throats) and features related to the reactivity of 
the system (reactive surface area). 

The idea is to consider an effective surface area and an effective 
conductance as the parameters necessary to solve the reactive transport 
problem. In other words, the idea is to replace the area and conductance 
originally obtained by an effective surface area and conductance that 
considers approximately the deformation of the pore spaces upon 
merging. 

For this, correction factors are introduced to conserve the effective 
surface area and effective conductance during the merging process. 
Therefore, ψ is introduced as the correction factor for surface areas and ϵ 
is introduced as the correction factor for conductance. 

Effective surface area of pores and throats were defined previously in 
this section by Eqs. (6) and (7). Effective conductance of throats are 
defined by Eq. (3). 

Considering this, original pores and throats have correction factors 
equal to 1. So, the effective surface areas and effective conductances 
have the same value as the surface areas and conductances of the pores 
spaces. 

Newly merged pores as well as pores and throats connected to the 
new merged pores have correction factors different from one to account 
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for the geometric deformations arising from the assumptions of the 
merge method and, in this way, conserve the effective surface areas and 
effective conductances during the merging process. 

Here, the merging method is performed when two connected pores 
reach each other and, also, when a throat diameter reaches the same 
value of the diameter of a connected pore at the end of the geometry 
update due to dissolution at each time step. 

The main steps of this novel merging methodology are then 
described. The method is explained considering the case of the over
lapping pores, but it is similar for the case of throats with larger di
ameters than the connected pores. 

During the merging process, when the merging condition is satisfied, 
the two original pores are replaced by one new pore with volume, mass 
of acid, and effective surface area equal to the sum of the corresponding 
properties of the two original pores (see Fig. 2). 

The new merged pore is located in the volume-weighted average of 
the coordinates of the connecting pores, as presented below 

xn+1
m =

Vn+1
i xn+1

i + Vn+1
j xn+1

j

Vn+1
m

, (33)  

where xn+1
m , xn+1

i , xn+1
j are the position vectors of the merged pore m and 

the merging pores i and j, respectively. The volume of the newly merged 
pore is given by 

Vn+1
m = Vn+1

i + Vn+1
j . (34) 

The new radius of the merged pore rn+1
m is obtained by 

rn+1
m =

̅̅̅̅̅̅̅̅̅̅̅̅
3Vn+1

m

4π
3

√

. (35) 

The length of a throat connected to the new merged pore (ln+1
mk ) is 

updated due to the location of the merged pore by 

ln+1
mk = dn+1

mk − rn+1
m − rn+1

k , (36)  

where dn+1
mk is the interpore distance between the newly merged pore m 

and the connected pore k, as follows 

dn+1
mk =

⃒
⃒xn+1

m − xn+1
k

⃒
⃒, (37)  

where xn+1
m and xn+1

k are the position vectors of pores m and k. 
There are two different procedures in generating the throats con

nected to the newly merged pore. The first one applies to throats that 
connected pores i and j to a third pore that is not simultaneously con
nected to pores i and j. In this case, the throat properties just have to be 
updated. Otherwise, throat merging is carried out. 

For the first procedure, the throats connected to the merged pore 
have the same volume, mass of acid, effective surface area, and effective 
conductance as before the merging process. In this way, the radii of the 
throats connected to the newly merged pore are updated considering 
their current volume and the new length, by 

rn+1
mk =

̅̅̅̅̅̅̅̅̅̅

Vn+1
mk

πln+1
mk

2

√

. (38) 

The deformation of the throats during the merging process change 
the reactive surface area and conductance (see Fig. 3). The new surface 
area and conductance of the throats involved in the merging process, are 
determined, respectively by 

An+1
r,mk = 2πrn+1

mk ln+1
mk , (39)  

cn+1
mk =

π
(
rn+1

mk

)4

8μln+1
mk

. (40) 

At this stage, the correction factors for the surface area (ψmk) and for 
the conductance (ϵmk) are updated to maintain the correct effective 
surface areas and effective conductances of the throats during the 
merging process, by 

ψn+1
mk =

An+1
ψ,ik

An+1
r,mk

, (41)  

ϵn+1
mk =

cn+1
ϵ,ik

cn+1
mk

. (42) 

If the original merging pores were connected to the same pore, one 
new merged throat replaces the two original throats. So, the merged 
throat connected to the merged pore keeps the sum of the volume, mass 
of acid, effective surface area, and conductance of the replaced throats 
(see Fig. 4). The new throat length, radius, effective surface area, and 
effective conductance are also computed from Eqs. (36), (38), (39), and 
(40). Consequently, the correction factors are defined as 

ψn+1
mk =

An+1
ψ ,ik + An+1

ψ ,jk

An+1
r,mk

, (43)  

ϵn+1
mk =

cn+1
ϵ,ik + cn+1

ϵ,ik

cn+1
mk

. (44) 

Finally, the reactive surface area of the new merged pore is updated 
considering its new radius (rn+1

m ) and the new radii of the connected 

Fig. 2. Two original pores are replaced by one new pore, that has the same 
total volume, total mass of acid, and total effective surface area as the two 
original pores. 

Fig. 3. Pore i and j merge to become pore m. The volume, the mass of acid, the 
effective surface area, and the effective conductance are conserved for the new 
throat connecting the merged pore m and the connected pore k. 

Fig. 4. The merging pores are connected to the same pore k. In this case, one 
new throat, with the same total volume, mass of acid, effective surface area, and 
effective conductance as the two original throats, is created. 
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throats, using Eq. (A.15). Then, the correction factor to maintain the 
correct effective surface area during the merging process is obtained by 

ψn+1
m =

An+1
ψ,i + An+1

ψ ,j

An+1
r,m

. (45) 

Note that the pores connected to the new merged pore also need their 
effective surface areas updated due to the changes in the radii of the 
connected throats during the merging process. 

The merging approach presented here uses the merging method 
available within OpenPNM (Gostick et al., 2016) to update the topology 
of the network. The method creates a new pore to replace the two 
original pores that are merging, deletes all throats connected to the two 
original pores, and creates new throats connecting the new merged pore 
to the pores previously connected to the original merging pores. 
Considering this, data from all pores and throats involved in the merging 
process are identified and saved before calling the merge method from 
OpenPNM and then relocated to the new pores and throats. 

Fig. 5 presents a flowchart with the main steps of the novel merging 
methodology and Appendix B presents the algorithm for the new pore- 
merging methodology. It should be emphasized that, although the 
simple stick-and-ball pore-network model was used to model initially 
the porous medium, the pore and throat shapes become abstract due to 
the merging process. 

2.6. Dimensionless numbers 

The use of dimensionless numbers in reactive transport aims to 
generalize predictions and results across a range of transport and reac
tion rate conditions. Problems involving reactive transport usually take 
into account Reynolds (Re), Péclet (Pe), Damköhler (Da) and Péclet- 
Damköhler (PeDa) numbers to characterize different dissolution pat
terns. The definitions used in this work follow from Soulaine et al. 
(2017), are calculated at the initial time, and presented below 

Re =
ρf v0

̅̅̅̅̅̅
K0

√

μf
, (46)  

Pe =
v0

̅̅̅̅̅̅
K0

√

D α
, (47)  

PeDa =
kr

AssD α
, (48)  

Da =
kr

v0
̅̅̅̅̅̅
K0

√
Ass

, (49)  

where ρf is the fluid density, v0 is the inlet interstitial velocity, 
̅̅̅̅̅̅
K0

√
is the 

square root of the initial permeability of the porous medium, μf is the 

fluid dynamic viscosity, D α is the diffusion coefficient of species α, kr is 
the constant of reaction, and Ass is the specific surface area of the porous 
medium, defined as the ratio of reactive surface area of all pores and 
throats to the total porous volume. Note that the PeDa is important for 
diffusion-dominated transport (i.e., at low Pe), where dissolution pat
terns are driven by the competition between diffusion and reaction. Da 
alone is appropriate in discussions involving advection-dominated 
transport (i.e., at high Pe). 

2.7. Statistical criteria 

Esteves et al. (2020) introduced the use of statistical approaches to 
classify the dissolution regimes. Here, a novel approach that is more 
general and considers dimensionless parameters is proposed. The use of 
dimensionless parameters and the linearity of the transient 
advective-diffusive reaction problem with respect to the acid concen
tration guarantee that the values of the proposed parameters do not 
depend on the initial acid concentration. 

The network is partitioned in Ncs volumes in the flow direction. More 
specifically, in this study the networks were partitioned in 10 equally 
distant sections in the flow direction. Each pore space that has its center 
within a partition volume it is said to belong to this partition. Thus, some 
statistical quantities can be calculated for each cross-sectional partition. 

The coefficient of variation (CV) is a unit-free measure of the 
dispersion of a data set that uses the standard deviation and the mean 
values. The CV is used to evaluate the variation of the acid concentration 
profile within the network. Considering the definition of standard de
viation (see Eq. (51)), the CV is determined for each network cross- 
section partition (CVcs) by Eq. (52), where Nps is the total number of 
pores and throats (identified by the subscript ps, derived from pore 
space) belonging to partition cs, σcs is the standard deviation of cross 
section cs, Ca,ps is the acid concentration of the pore space ps, and Ca,cs is 
the average concentration of acid of all pore spaces within cross section 
cs (see Eq. (50)). The CV for each simulation condition is then defined by 
Eq. (53), where CVcs is the average of all CVcs. 

Ca,cs =
1

Nps

∑Nps

ps=1
Ca,ps. (50)  

σcs =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1

Nps

∑Nps

ps=1

(
Ca,ps − Ca,cs

)2
√

. (51)  

CVcs =
σcs

Ca,cs
. (52)  

CV = CVcs =
1

Ncs

∑Ncs

cs=1
CVcs (53) 

The measure of the extension of the acid along the network in the 
flow direction is characterized by the parameter ΔC, that is defined by 
Eq. (54), where Ca,in is the inlet acid concentration and Ca,out is the acid 
concentration in the outlet pore. 

ΔC =

⃒
⃒
⃒
⃒
Ca,in − Ca,out

Ca,out

⃒
⃒
⃒
⃒ (54) 

Hence, these two parameters, CV and ΔC are used to identified the 
dissolution regimes. 

The preferential pathways dissolution regime, characterized by the 
formation of very conductive channels where acid flows preferentially, 
is identified by a large CV. This means that acid concentration of pores 
and throats within the same cross section varies significantly. The sur
face dissolution regime is characterized by a more homogeneous spread 
of the acid along the cross sections perpendicular to the flow and is 
identified by a small CV (small dispersion of the values of acid con
centration in each cross section) and a high ΔC. The high ΔC identifies 

Fig. 5. Flowchart of the novel methodology for merging of pores and throats.  
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the consumption of the acid along the network due to the large reactivity 
of this dissolution regime. Finally, uniform dissolution is described by 
small values of CV and ΔC, that identify a regime that the acid con
centration is homogeneous within the cross sections and the consump
tion is nearly uniform in the entire domain due to the small reactivity of 
this dissolution regime. 

2.8. Pore-network models 

Porous media are investigated using two- and three-dimensional (2D 
and 3D) pore-network models. Pore networks were constructed using 
OpenPNM (Gostick et al., 2016). The pores are characterized as spher
ical and are connected to each other by cylindrical throats with circular 
cross-sections, as appropriate for single-phase flow calculations. Pore 
walls are assumed to be composed of a single mineral such as calcite. 

The two-dimensional cubic network, composed of 40x40 pores, was 
generated considering a random uniform distribution of pore sizes, in 
the range of 100 − 300μm. Throat diameters have 1 /8 of the diameter of 
the smallest pore connected to it and the interpore distances are equal to 
300μm. 

The random three-dimensional pore network was generated by a 
method from OpenPNM (Gostick et al., 2016) that creates a random 
network formed by Gabriel tessellation of arbitrary base points. The size 
of the pores were defined by a random value between 70% − 90% of the 
smallest connected throat interpore distance. Throat diameters have 1/8 
of the diameter of the smallest pore connected to it. The network has a 
total of 1000 pores, 3447 throats, and an average coordination number 
of 6.89. 

A three-dimensional network was constructed based on the topology 
information of a carbonate sample.This means that the connectivity 
between pores, as well as the location of pores and throats in the 
network, were not generated randomly; instead, they were obtained by 
mapping the image of the pore spaces of a real carbonate rock sample. 
The size of the pores were defined by a random value between 60% −

80% of the smallest connected throat interpore distance. Throat di
ameters have 1/8 of the diameter of the smallest pore connected to it. 
The network has a total of 2612 pores, 5071 throats, and an average 
coordination number of 3.88. 

Table 1 presents the initial porosity (ϕ0) and initial absolute 
permeability (K0) of the networks used in this study. 

3. Results and discussion 

Simulations of reactive transport and mineral dissolution are per
formed in different networks to show the applicability of the method
ology for a wide range of systems.  

Acid with a concentration of 10 kg/m3 is injected from the left-hand 
side of the network (one-dimensional flow in the positive x direction) at 
a constant volumetric flow rate corresponding to a Re ≈ 0.1. Fluid and 
solid properties are set to μf = 10− 3 Pa.s, ρf = 1000 kg/m3 and ρsolid =

2165 kg/m3. The stoichiometric coefficient that relates the consumed 
acid species with the consumed solid reactive mineral is set to β = 1.37. 

Simulation conditions were explored based on the dimensionless 
numbers Pe, Da, and PeDa (see Table 2 for details). These numbers were 
selected to represent the main dissolution regimes (i.e., uniform disso
lution, surface dissolution, and preferential pathways) identified in the 
behavior diagrams presented in our previous work (Esteves et al., 2020). 
Recall that the uniform dissolution is observed for small Da numbers and 
is characterized by a reaction-limited process. Surface dissolution and 
the preferential pathways regimes, otherwise, are characterized by 
transport-limited processes and are highly dependent on Pe (Esteves 
et al., 2020; Golfier et al., 2002). 

The inlet velocity was fixed in order to keep Re constant and to make 
the time step the only free parameter necessary to define the Courant 
number. Hence, reaction rate constant and diffusivity were adjusted to 
reach the desired values of Da and Pe, respectively. Alternately, v0 could 
have been varied to obtain the desired range of Pe, Da, and PeDa. This 
alternative procedure was not implemented. The range of kr and D α that 
were used are [10− 4ms− 1 − 10− 2ms− 1] and [10− 9m2s− 1 − 10− 2m2s− 1], 
respectively. 

3.1. Effects of using correction factors 

The objective of this section is to show the importance of the use of 
correction factors in stick-and-ball pore network models. One of the 
main important pieces of information transferred from pore-scale to 
larger scales is the permeability versus porosity curves. This type of 
curve is a constitutive relationship for reservoir simulations that relates 
the evolving permeability based on the increase of the porosity of the 
porous medium. 

Fig. 6 presents an example of the permeability versus porosity curves 
obtained for simulations not considering the use of the correction factors 
(in red) and considering the use of correction factors (in blue) in the two- 
dimensional network under the preferential pathways regime condi
tions. In a small sample of a completely soluble porous media in the 

Table 1 
Initial porosity (ϕ0) and initial absolute permeability (K0) of the networks used 
in this study.  

Network ϕ0 (%)  K0 (m2)  

40x40 20 1.8× 10− 13  

Random 8 6.5× 10− 14  

Carbonate 8 3.7× 10− 16   

Table 2 
Simulation conditions explored based on the dimensionless numbers Pe, Da, and 
PeDa.  

Condition Expected regime Pe  Da  PeDa  

1 Preferential pathways 100 2 200 
2 Surface dissolution 10− 5  2 2× 10− 5  

3 Uniform dissolution 100 0.05 5 
4 Uniform dissolution 10− 5  0.05 5× 10− 7   

Fig. 6. Permeability versus porosity curves obtained for simulations not 
considering the use of correction factors (red curve) and the use of correction 
factors (blue curve). The use of correction factors enables a continuous evolu
tion of permeability and porosity of the network under dissolution conditions 
(see inset that is magnified). The deformation of the original pore spaces due to 
the merging hypothesis impacts significantly the behavior of the K − ϕ curves. 
(For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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preferential pathways regime, the acid solution should produce a K − ϕ 
curve that is continuous, smooth, and resembles a power function with a 
large positive exponent or an exponential function. The K − ϕ obtained 
using the proposed pore merging method with correction factors clearly 
shows this behavior. The deformation of the original pore spaces due to 
the merging hypothesis impacts significantly the behavior of the K − ϕ 
curve. Fig. 6 shows that the evolution of permeability is poorly 

represented without using correction factors, as it shows some discon
tinuities (see inset that is magnified in Fig. 6) and a much smaller 
permeability increase. This means that, the new methodology proposed 
here helps in the construction of a more accurate physical description of 
the evolution of a porous medium under reactive transport and mineral 
dissolution processes and generates more reliable input information for 
larger scale simulations. 

3.2. Application in a two-dimensional network 

This section aims to show the applicability of the methodology for 
two-dimensional networks. Fig. 7 presents the acid concentration profile 
at the end of simulations in the 40x40 network. The expected dissolution 
regime for each simulation condition is observed. Preferential pathways 
are observed in the middle region of the network for Condition 1 (see 
Fig. 7a). Surface dissolution is characterized by a homogeneous high 
acid consumption along the network for Condition 2 (see Fig. 7b). A 
uniform dissolution regime is observed for Conditions 3 and 4 (see 
Figs. 7c and 7d) by a uniform and large spread of the acid throughout the 
entire network. Note that an analysis of the mass balance errors of these 
simulations, as well as the next simulations discussed in this study, are 
presented in Appendix C. 

Fig. 8 illustrates the complex flow rate profile for Condition 1, 
characterized by a preferential pathways regime, after 94 PVI in the 
40x40 network. The path with the greatest flow rates in the network 
corroborates the location of the preferential pathways formed during the 
simulation. 

Fig. 9 presents the permeability versus porosity curves obtained for 
simulations in the 40x40 network. The preferential pathways regime 
presents the largest increase of the permeability (blue curve) while the 
surface dissolution presents the largest increase of porosity (orange 
curve). These behaviors are observed because during the formation of 
preferential pathways most changes happen through the most perme
able flow paths, affecting significantly the overall conductance of the 
network, whereas during the surface dissolution regime most changes 
happen nearby the inlet area of the network, increasing the overall 
porosity, but not the permeability. Uniform dissolution curves (green 
and red curves) present intermediate behavior. The observed behaviors 
are expected as previously described in the literature (Egermann et al., 
2010; Soulaine et al., 2017; Esteves et al., 2020; Varloteaux et al., 2013). 

Besides that, note that the curve of preferential pathways dissolution 
regime needs more porosity increase than the uniform dissolution curves 
to reach the largest permeability increase. This fact demonstrates the 
possible differences in behaviors for networks with different character
istic lengths and the importance to take into account the heterogeneity 
of the porous medium when discussing results. Also, note that the 

Fig. 7. Acid concentration profile at the end of simulation for the 40x40 
network. (a) Case 1, characterized by a preferential pathways regime, after 94 
pore volumes injected (PVI). (b) Condition 2, characterized by a surface 
dissolution regime, after 94 PVI. (c) Conditions 3, characterized by a uniform 
dissolution regime, after 450 PVI. (d) Condition 4, characterized by a uniform 
dissolution regime, after 450 PVI. 

Fig. 8. Flow rate profile for Condition 1, characterized by a preferential 
pathways regime, after 94 PVI in the 40x40 network. Warmer colors indicate 
greater velocity. 

Fig. 9. Permeability versus porosity curves obtained for simulations in the 
40x40 network. 
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increases observed in Fig. 9 reach values larger than 100 times the initial 
permeability of the network. These results are possible because of the 
ability of the algorithm to merge pores and calculate conductance 
smoothly and accurately during the dissolution of the porous medium, 

enabling a more accurate representation of what occurs in real porous 
media using a simplified stick-and-ball pore-network model. 

Additionally, a power-law expression is generally used to represent 
the relationship between the logarithm of the K/K0 and the logarithm of 
ϕ/ϕ0. Table D.1 from Appendix D presents the power-law exponents and 
coefficients of determination (R2) obtained for the simulations in the 
two-dimensional networks and also for the next simulations presented in 
this study. 

3.2.1. Evolution of correction factors 
This section presents the final profile of the correction factors 

simulating Condition 1, characterized by a preferential pathways 
dissolution regime, in the 40x40 network (see Fig. 10). The objective 

Fig. 10. Final profile of the correction factors considering Condition 1, char
acterized by a preferential pathways dissolution regime. (a) ψ i. (b) ψ ij. (c) ϵij. 

Fig. 11. Acid concentration profile at the end of simulation for the three- 
dimensional random network. (a) Condition 1, characterized by a preferential 
pathways regime, after 135 PVI. (b) Condition 2, characterized by a surface 
dissolution regime, after 135 PVI. (c) Condition 3, characterized by a uniform 
dissolution regime, after 1212 PVI. (d) Condition 4, characterized by a uniform 
dissolution regime, after 1212 PVI. 

Fig. 12. Permeability versus porosity curves obtained for simulations in the 
three-dimensional random network. 
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here is to show the magnitude of the values necessary to correct the 
deformation of the pore spaces and conserve the main important prop
erties for the reactive transport and mineral dissolution simulations. 
Note that modified correction factors are located around the preferential 

pathway and the pore spaces that suffered a merging process. 
Figs. 10a and 10b present the final profile of the correction factor for 

the effective surface area of pores (ψ i) and throats (ψ ij), respectively. The 
maximum changes for these cases reached approximately one order of 
magnitude. 

Fig. 10c presents the final profile of the correction factor for the 
effective conductance of throats (ϵij). Here, the value of ϵij span eleven 
orders of magnitude. It can be greater than 108 times the original values. 
These results highlight the impact of the deformation of throats on 
transport during the merging process, that impacts directly the perme
ability of the network, and the importance in considering correction 
factors to conserve the evolution of the conductance profile along the 
network. It should be noted that, being locally defined, the magnitudes 
of the correction factors do not depend on the network size. 

3.3. Three-dimensional network 

This section aims to show the applicability of the methodology for 
simulations in a three-dimensional random network. Fig. 11 presents the 
acid concentration profile at the end of simulations in the three- 
dimensional random network. Preferential pathways are observed in 
the upper region of the network for Condition 1 (see Fig. 11a). Surface 
dissolution is characterized by a homogeneous high acid consumption 
along the network for Condition 2 (see Fig. 11b). Uniform dissolution is 
observed for Conditions 3 and 4 (see Figs. 11c and 11d) by a uniform and 
significant spread of the acid throughout the entire network. The pores 
with small acid concentration in Fig. 11c are in the inlet and outlet re
gions, and are mostly connected to pores in the same region. In this way, 
they are under the same pressure and, as diffusive transport in this 
condition is very small, acid couldn’t be transported to these specific 
pores. 

Fig. 12 presents the permeability versus porosity curves obtained for 
simulations in the random network. These results resemble behavior 
from simulations in the two-dimensional network. 

3.4. Carbonate network 

This section aims to show the possibility to use the pore merging 
methodology for very heterogeneous networks. Fig. 13 presents the acid 
concentration profile at the end of simulations in the carbonate network. 
The expected dissolution regime for each simulation condition is 
observed. Here, there is the formation of different preferential pathways 
due to the significant heterogeneity of the system for Condition 1 (see 
Fig. 13a). Surface dissolution is characterized by a homogeneous and 
large acid consumption along the network for Condition 2 (see Fig. 13b). 
The uniform dissolution regime is observed for Conditions 3 and 4 (see 
Figs. 13c and 13d) by a large spread of the acid throughout the entire 
network. Note that there are many pores with small acid concentration 
in Fig. 13c, Condition 3. This is a consequence of the considerable het
erogeneity of this network that presents many restricted pore spaces. 
Therefore, acid can only reach these pore spaces by diffusion, that occurs 
at a minimal rate under Condition 3. 

Fig. 14 presents the permeability versus porosity curves obtained for 
simulations in the carbonate network. The general trends are observed, 
although the curve of the surface dissolution regime (in orange) presents 
a larger slope than the curve of the uniform dissolution with the same 

Fig. 13. Acid concentration profile at the end of simulation for the carbonate- 
derived network. (a) Condition 1, characterized by a preferential pathways 
regime, after 186 PVI. (b) Condition 2, characterized by a surface dissolution 
regime, after 139 PVI. (c) Condition 3, characterized by a uniform dissolution 
regime, after 4182 PVI. (d) Condition 4, characterized by a uniform dissolution 
regime, after 2788 PVI. 

Fig. 14. Permeability versus porosity curves obtained for simulations in the 
carbonate-derived network. 

Table 3 
Statistical parameter CV obtained for all the simulation conditions for the three 
networks explored.  

Condition Observed regime 40x40 Random Carbonate 

1 Preferential pathways 4.732 3.165 1.081 
2 Surface dissolution 0.390 0.049 0.219 
3 Uniform dissolution 0.093 0.277 0.705 
4 Uniform dissolution 0.006 0.001 0.008  

Table 4 
Statistical parameter ΔC obtained for all the simulation conditions for the three 
networks explored.  

Condition Observed regime 40x40 Random Carbonate 

1 Preferential pathways 5.83 1.95 0.95 
2 Surface dissolution 94.60 6.83 1.65 
3 Uniform dissolution 0.30 0.12 0.02 
4 Uniform dissolution 0.28 0.12 0.03  
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small Peclet number (in red). This behavior is explained by the small 
permeability of this network and its significant heterogeneity. There is 
significant flow resistance in the throats near the inlet region of the 
network. Thus, the preferential dissolution of this region (characteristic 
of the surface dissolution) reduces this resistance and promotes the in
crease of the overall network permeability during the time simulated. 
Therefore, this slightly odd behavior for the surface dissolution regimes 
does not occur for the more homogeneous networks previously dis
cussed (see Figs. 9 and 12). 

3.5. Statistical parameters analysis 

Here, the statistical parameters obtained to] identify the dissolution 
regimes are presented. Table 3 lists the statistical parameter CV and 
Table 4 presents the statistical parameter ΔC obtained for all the reactive 
transport and mineral dissolution simulations. Note that the results 
reflect the final acid concentration profiles and that the increase of 
porosity for all simulations reached, at least, 40%. 

Preferential pathways are identified by the largest values of CV and, 
consequently, the largest variance in the values of acid concentration 
within each cross section of the network. Based on the simulation re
sults, preferential pathways are identified by CV > 1. 

Surface dissolution cases are identified by the largest values of ΔC. 
This means that large acid consumption and large spread of the acid 
throughout the network are observed. Based on the simulation results, 
the surface dissolution regime is identified by ΔC > 1. 

The uniform dissolution regime is characterized by the smallest 
values of CV and ΔC. This means that reactivity is small and acid spreads 
homogeneously throughout the entire network. Based on the simulation 
results, the uniform dissolution regime is identified by both CV < 1 and 
ΔC < 1. 

Note that, even for the more complex network topology, the pro
posed parameters and criteria are able to identify the three main 
dissolution regimes. This result is obtained despite the presence of sig
nificant heterogeneity with greater restrictions to flow and a large 
number of dead-end pores that make interpretation difficult using sim
ple quantitative criteria. In addition, Appendix E presents quantitative 
results that demonstrate the adequacy of the proposed criteria for 
similar regular cubic networks generated with different random seeds. 
Finally, it is suggested for future studies to obtain the values of these 
parameters in the region of intermediate Pe and Da numbers in order to 
map their trends during regime transition. 

4. Conclusions 

This study presents a novel pore-network model to simulate single- 
phase reactive transport and mineral dissolution in porous media. A 
new methodology for the merging of pores and throats resulting from 

solid dissolution is introduced to guarantee the conservation of surface 
areas and throat conductances during the merging process. Pore surface 
areas and throat conductances are modeled accurately using a novel 
application of correction factors and effective properties. 

A wide range of pore-network models, from a regular two- 
dimensional network to highly heterogeneous three-dimensional net
works, were used to study the reactive transport problem. The main 
results include the exploration of different dissolution regimes through 
porosity-permeability evolution curves, acid concentration profiles, and 
the use of statistical criteria to differentiate regimes. Importantly, this 
methodology has the ability to simulate permeability increases larger 
than 100-fold during the formation of preferential pathways through the 
network. 

The innovative approaches presented here may be used to improve 
the representation of many subsurface applications where reactive 
transport and mineral dissolution are the fundamental phenomena at the 
pore-scale, including performance of acidizing for stimulation, geolog
ical storage of CO2, and enhanced oil recovery. 

As for future work, a validation exercise is suggested to explore the 
accuracy of the model using core-flow or micromodel experiments with 
extensive dissolution for verification. This is an interesting research 
topic to verify the ability of the algorithm to represent mineral disso
lution processes in porous media. 
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Appendix A. Algorithm for the volume evolution and geometry update 

The steps for the volume evolution and the geometry update of pores and throats are described below.  

1. Computation of the change in volume of pores and throats, due to:  
(a) Dissolution (δVd

i and δVd
ij) using Eqs. (11) and (12),  

(b) Double dissolution (δVdd
i and δVdd

ij ) using Eqs. (17) and (16),  
(c) The first correction step (δVc1

i and δVc1
ij ) using Eqs. (21) and (20),  

(d) The second correction step (δVc2
i and δVc2

ij ) using Eqs. (25) and (24), and  
(e) The transfer of porous spaces (δVt

i and δVt
ij) using Eqs. (30) and (29).  

2. Computation of the total change in volume of pores by 

δVi = δVd
i + δVdd

i + δVc1
i + δVc2

i + δVt
i (A.1)  
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3. Computation of the total change in volume of throats by 

δVij = δVd
ij − δVdd

ij − δVc1
ij − δVc2

ij − δVt
ij (A.2)    

4. Update of the new volume of pores and throats, respectively, by 

Vn+1
i = Vn

i + δVi, (A.3)  

Vn+1
ij = Vn

ij + δVij. (A.4)    

5. Computation of the change in mass of acid of pores and throats due to the transfer of porous spaces (δmt
i and δmt

ij) using Eqs. (32) and (31).  
6. Computation of the total change in mass of acid inside of pores and throats by 

mn+1
i =

(
Cn+1,*

i Vn
i

)
+ δmt

i, (A.5)  

mn+1
ij =

(
Cn+1,*

ij Vn
ij

)
− δmt

ij. (A.6)    

7. Update of the acid concentration based on the new volumes obtained by the geometry update, as 

Cn+1
i =

mn+1
i

Vn+1
i

, (A.7)  

Cn+1
ij =

mn+1
ij

Vn+1
ij

. (A.8)    

8. Calculation of the new pore radii considering pores as spheres, by 

rn+1
i =

̅̅̅̅̅̅̅̅̅̅̅̅

3Vn+1
i

4π
3

√

. (A.9)    

9. Correction of the new length of throats, by 

ln+1
ij = dij − rn+1

i − rn+1
j . (A.10)    

10. Calculation of the new throat radii, by 

rn+1
ij =

̅̅̅̅̅̅̅̅̅̅
Vn+1

ij

πln+1
ij

2

√

. (A.11)    

11. Update of the reactive surface area and cross-sectional area of throats, respectively, using 

An+1
r,ij = 2πrn+1

ij ln+1
ij , (A.12)  

An+1
ij = π

(
rn+1

ij

)2
. (A.13)    

12. Update the spherical cap areas at the inlet and outlet regions of pore i and determine the reactive surface area, using, respectively 

An+1
i,ij = 2πrn+1

i

(

rn+1
i −

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(rn+1
i )

2
−
(
rn+1

ij
)2

√ )

(A.14)  

An+1
r,i = 4π

(
rn+1

i

)2
−
∑

ij
An+1

i,ij , (A.15)   
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13. Update of the effective surface area of pores and throats using Eqs. (6) and (7).  
14. Update of the conductance of throats using Eq. (4).  
15. Update of the effective conductance of throats using Eq. (3). 

The above procedure is repeated for each time step and, because of this, 
it is possible to evaluate the evolution of the permeability and porosity 
during the simulation of the reactive transport coupled with the disso
lution process. 

Appendix B. Algorithm for the novel pore-merging methodology 

The steps of the novel merging approach are described below.  

1. Merging condition is satisfied.  
2. Save geometric data of all original pores and throats involved in the merging process.  
3. Call OpenPNM method for merging of pores and throats. 

Note that this method deletes the two original merging pores and all connected throats and, after that, creates a new merged pore and new 
connections between the new pore and the previous connected pores. These new pore spaces do not have any geometric information or any data 
from the mass balance.  

4. Update the position of the new merged pore using Eq. (33).  
5. Update the radius of the new merged pore and all connected pores using Eq. (35).  
6. Update the length of the new throats using Eq. (36).  
7. New connected throat radii are obtained by Eq. (38), the surface areas are obtained by Eq. (39), and the conductances are obtained by Eq. (40).  
8. Correction factors for the effective surface area and conductance of the connected throats are updated, respectively, using Eqs. (41) and (42). 

If a new throat replaced two original throats, use Eqs. (43) and (44).  
9. Surface areas and correction factors for the effective surface area of the new merged pore and connected pores are updated using Eqs. (A.15) 

and (45).  
10. Effective surface area of pores and throats are updated using Eqs. (6) and 7.  
11. Effective conductance of throats are updated using Eq. (3). 

Remember that the correction factors are updated just after a change in the topology of the network and that the effective properties are used 
during the entire simulation for flow and mass balance equations. Thus, for each time step, after the geometry update of the pore spaces, effective 
properties are determined using the actual correction factors. 

Appendix C. Mass balance errors 

The mass balance errors are estimated based on the relative difference between the accumulation term and the sum of the terms related to inlet, 
outlet, and consumption of mass of acid at the end of the simulation, as described bellow 

MBerror =
accumulation − (inlet − outlet − consumption)

accumulation
(C.16) 

Table C.1 presents the mass balance errors for the four simulation conditions explored using the three pore-network models explored in this study. 
The error is presented as a percentage. 

Appendix D. Power-law exponents 

Table D.1 presents the power-law exponents and coefficients of determination (R2) obtained for the simulations in all networks considered in this 
work. 

Generally, the surface dissolution regime (Condition 2) is identified by the smallest power-law exponents. This means that the increase of 
permeability is limited for a limited porosity variation. Note that in this regime most of the changes in volume occur around the inlet area where most 
of the acid is already consumed. However, the results for the carbonate network did not follow this trend, as one case with uniform dissolution 
(Condition 4) showed a smaller power-law coefficient. 

The formation of preferential pathways (Condition 1) leads to sharp increases of the permeability for a limited porosity variation and, conse
quently, is identified by the largest values of the power-law coefficients. The simulation results in the 40x40 network present an exception to this 
conclusion, and the uniform dissolution cases (Conditions 3 and 4) present the largest values of the exponents. This can be explained by small values of 
the R2 that shows that the power-law form can not be the best expression to represent the behavior of the permeability versus permeability curves. 

Table C.1 
Mass balance error (%) obtained in the simulations.  

Network 40 × 40  Random Carbonate 

Condition 1 0.0065 0.0014 0.0007 
Condition 2 0.0083 0.0014 0.0005 
Condition 3 0.0058 0.0038 0.0148 
Condition 4 0.0062 0.0038 0.0082  
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The uniform dissolution regime (Conditions 3 and 4), in general, presents intermediate behavior of the curves compared to the preferential 
pathways regime and the surface dissolution regime. 

Appendix E. Quantitative criteria in similar networks 

Tables E.1 and E.2 present the parameters CV and ΔC, respectively, and their average values and standard deviation obtained by simulating 
reactive transport and mineral dissolution in different 10x10x10 regular cubic pore-network models. Different initial seeds were used to generate the 
pore-space sizes and all simulations reached at least 40% increase in porosity. The main objective here is to show the viability of the proposed criteria 
to identify the main dissolution regimes in similarly constructed networks. The bold values highlight the agreement with the proposed criteria, where 
the preferential pathways regime is identified by CV > 1 while CV < 1 and ΔC > 1 characterize the surface dissolution regime. The reported error at 
the 95% confidence level clearly shows that the regime classification using CV and ΔC does not change within this error range. 
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