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Orientadores: Paulo Laranjeira da Cunha Lage
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Esta tese apresenta uma nova abordagem usando redes de poros com

evolução topológica para modelar o transporte reativo monofásico e a dissolução

mineral em meios porosos. A abordagem acopla o transporte e a cinética da

reação usando um modelo de rede de poros que implementa uma única reação

química heterogênea que descreve a dissolução da calcita por soluções ácidas.

A geometria da rede é atualizada com base no processo de dissolução que

ocorre na superfície do mineral. O campo de velocidade também é atualizado

devido a esses novos tamanhos de poros e gargantas. Neste trabalho, uma

nova metodologia para descrever a junção de poros e gargantas resultante da

dissolução mineral é introduzida para garantir a conservação das principais

variáveis de interesse durante o processo de junção. As áreas reativas e as

condutâncias são acuradamente conservadas através da definição de fatores de

correção e propriedades efetivas. Uma ampla gama de redes de poros é usada

para estudar o problema do transporte reativo. Os principais resultados incluem

o mapeamento e a exploração de diferentes regimes de dissolução através de

curvas de evolução da porosidade-permeabilidade, perfis de concentração de

ácido na rede de poros, e o uso de critérios estatísticos para diferenciar regimes.
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This thesis proposes and demonstrates a new pore-network modeling

approach including topology evolution to simulate single-phase reactive

transport and mineral dissolution in porous media. The approach couples

transport and reaction kinetics using a pore-network model that implements

a single heterogeneous chemical reaction describing the dissolution of calcite by

acidic solutions. The network geometry is updated based on the dissolution

process happening at the mineral surface that enlarges pores and throats.

Importantly, a new algorithm to describe the merging of pores and throats

resulting from solid dissolution is introduced to guarantee conservation of the

main variables of interest during the merging process. Surface areas and throat

conductances are accurately conserved upon merging using a novel application

of correction factors and effective properties. The fluid flow field is also updated

due to the new pore-network configuration. A wide range of pore-networks

are used to study the reactive transport problem. The main results include

the mapping and exploration of different dissolution regimes through porosity-

permeability evolution curves, acid concentration profiles in the pore network,

and the use of statistical criteria to differentiate regimes.
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Chapter 1

Introduction

Reactive transport in porous media and mineral dissolution processes are

of extreme interest for many subsurface applications, including carbon diox-

ide (CO2) storage, Enhanced Oil Recovery (EOR), and acidizing for stimulation

[1, 2, 3, 4]. Changes in porosity and permeability of porous media, as well as

the observation of various dissolution patterns of the porous medium are con-

sequences of these dynamic processes [5, 6].

Depending on the dominant transport mechanism and the reactivity of the

mineral solid surface, different dissolution patterns are observed [7, 6]. Conse-

quently, good understanding of the dissolution processes is imperative to assess

long-term reservoir integrity properties for CO2 storage and to design efficiently

acidizing treatments [8, 9, 10]. Figure 1.1 presents a schematic of the main dis-

solution types that are discussed in more details in later sections.

(a) (b) (c)

Figure 1.1: Schematic of the main dissolution regimes, where blue represents
the acidic fluid and brown the porous medium. (a) Formation of preferential
pathways. (b) Surface dissolution regime. (c) Uniform dissolution regime.

CO2 injection for storage and EOR processes trigger the occurrence of chemi-

cal reactions that induce changes in mechanical properties of the rock, especially
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in porous media rich in carbonate minerals [11, 8, 9]. For geological CO2 storage

such mineralogical alterations are a source of concern for the safety and effi-

ciency of the technique because mineral dissolution may increase the chance for

leakage and also CO2 migration out of the storage formation [11, 8, 9]. As dis-

cussed by OTT and OEDAI [12], the consequences of these dynamics interactions

are dependent on the transport regimes. Formation of preferential pathways by-

passes rock matrix and leads to poor utilization of the pore space for the storage

of CO2; surface dissolution alters the mechanical integrity of the rock near the

well, where most of the acid is consumed; and uniform dissolution might lead

to subsidence due to weakening of mechanical properties of the reservoir.

Regarding acidizing for well stimulation, formation of preferential pathways

increases the overall conductance through the reservoir and, consequently, the

well productivity [13, 12]. Also, for a given volume of injected fluid, the deeper

the wormhole penetration into the reservoir the better. Therefore, single dom-

inant wormhole channels at intermediate injection rates are often desired and

represent the most effective stimulation [14].

In this context, dimensionless numbers characterize reactive-transport

regimes [15]. The use of dimensional analysis is a standard tool in transport

phenomena that aims to derive the relevant dimensionless parameters that con-

trol the physics of a specific problem [16]. The Péclet number (Pe) is defined as

the ratio of the advection rate to the rate of diffusion of a chemical species and

the Damköhler number (Da) is defined as the ratio of the reaction rate to the

advection rate. The Péclet-Damköhler number (PeDa) is the ratio of the reaction

rate and the diffusive mass transfer rate.

Based on dimensionless numbers, behavior diagrams (or phase diagrams) are

useful to define flow boundaries for different dissolution regimes [17, 7, 6, 18,

19]. Porosity-permeability relationships have also been used to understand and

characterize different patterns of dissolution in porous media at the pore-scale

[16, 5, 18, 6].

In this way, uniform dissolution (see Fig. 1.1c) is described as a reaction-

limited process, where the reactive solute is spread over the whole porous

medium and the dissolution is nearly uniform all over the available reactive
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surface [16, 7].

For systems with greater reactivity, the dissolution pattern depends upon

the dominant transport process. Surface dissolution (or compact dissolution) is

characterized by the dominance of the diffusion mechanism over transport by

advection and, consequently, dissolution mainly occurs in the inlet area of the

porous medium [18, 7]. In this regime, a uniform concentration profile is ob-

served along the cross-sections perpendicular to the flow. Figure 1.1b presents

a schematic of this regime. Preferential pathways (or wormholing) are observed

when the predominant mechanism is advection (see Fig. 1.1a). A mixed disso-

lution pattern is described by LIU and MOSTAGHIMI [18] as a transition zone

between face dissolution and wormholing.

SOULAINE et al. [6] and GOLFIER et al. [7] differentiate wormholing using

three different regimes. Conical wormholes are observed for larger injection

rates, but still in a diffusion-dominated mechanism, where solute starts to pene-

trate into the porous medium and the uniform patterns along the vertical cross-

sections are no longer observed. One dominant wormhole can be observed for

intermediate flow rates, where the reactive solute penetrates preferentially into

the biggest pore spaces to form flow channels and, consequently, the formation

of a dominant wormhole. Ramified wormholes occur at large injection rates and

are characterized by wormholes becoming more branched.

In order to investigate the dissolution processes in porous media, several

numerical approaches, such as direct numerical simulation (DNS) that includes

computational fluid dynamics (CFD) [6, 20], lattice Bolztmann method (LBM)

[18], and smoothed particle hydrodynamics (SPH) [21], and approaches that con-

siders a simplified conceptualization of the porous media, commonly associated

with pore-network modeling (PNM), have been developed.

Pore network modeling is a technique that is widely used to represent nat-

ural porous media and complex pore geometries are represented using a sim-

plified pore-and-throat type network [5]. Since the pioneering work of FATT

[22], that studied two-phase flow and capillary pressure curves, pore-network

models have been successfully applied in numerous research areas, including

reactive transport and mineral dissolution problems [23, 5, 24, 25]. The compu-
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tational efficiency of pore-network models are related to the simplicity of their

geometry and because of this feature, pore-network modeling is considered ap-

plicable to much larger domains when compared to direct simulation methods

[26, 27].

The inherent pore-scale heterogeneity of porous media and the complexity

involved in the physics of transport and interactions in such complex systems

are still a significant challenge to the development of representative models to

the analysis and design of efficient and safe CO2 injection processes.

Indeed, for a fuller understanding of larger scale effects of reactive trans-

port and mineral dissolution process, the pore-scale issues in subsurface sys-

tems must be comprehended first. Pore-scale modeling allows the analysis of

the fundamental mechanisms and processes at small scales that are essential

to understand behaviors observed in larger scale problems [28, 26]. Therefore,

modeling of the pore-scale phenomena involved in reactive flow through porous

media is an important step towards understanding the changes in permeability

and porosity as well as different dissolution patterns observed at larger scales

relevant to geological sequestration of CO2 and acidizing for well stimulation.

1.1 Objectives

The main objective of this research is to study the occurrence of different

dissolution regimes in a porous medium subject to various flow and reactivity

conditions during single-phase flow using pore-network modeling.

The specific objectives and main contributions of this work are stated below.

1. Develop a single-phase reactive transport and mineral dissolution formu-

lation using pore-network modeling.

(a) Use of open source tools.

Open source tools provide algorithms that can be used as base for

more specific and complex developments, saving time and energy of

the developer to focus on the real problem of interest.

(b) Consider moving control volumes, represented by pores and throats.

This enables the algorithm to have maximum capability to develop
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complicated dissolution patterns and to track more accurately the

evolving of the permeability of the porous medium during the simu-

lations.

2. Define qualitative and quantitative criteria to classify the dissolution

regimes.

3. Construct behavior diagrams based on dimensionless numbers to summa-

rize the observed dissolution regimes.

4. Develop a merging approach for pore and throats as they dissolve that

maintains mass conservation, reflects geometric details accurately, and is

useful to compute flow properties.

(a) Introduce the use of correction factors and effective properties, that

aims to conserve throat conductances and reactive surface areas while

the topology of the network evolves.

Once these objectives are met, the unique contribution of this study to the

literature is to present a pore-network methodology to study single-phase re-

active transport and mineral dissolution that is able to explore wide ranges of

reactivity and flow conditions and are not limited to a fixed topology neither

the simplified ball-and-stick geometry of the porous medium. Also, the use of

statistical quantitative criteria brings a simple and more accurate way to identify

the main dissolution regimes without only relying on qualitative criteria.

1.2 Thesis outline

This thesis is divided into five chapters, including the introduction and con-

clusion. The contents of all chapters are briefly described in this section. Chapter

3 is reproduced from a published article and the content of Chapter 4 was sub-

mitted to a peer-reviewed journal. The thesis outline is summarized as follows.

Chapter 1 is an introductory chapter that presents the research topic and the

main objectives of this thesis.
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Chapter 2 provides a review of the literature pertaining to the topics relevant

to this thesis. First, the problem of reactive transport and mineral dissolution in

the context of carbon dioxide (CO2) injection for storage and for enhanced oil

recovery (EOR), and acidizing for stimulation is discussed. Then, the dissolution

regimes observed in porous media as well as the use of behavior diagrams and

porosity-permeability relationships to classify and identify the boundaries be-

tween the various regimes are explored. The chapter closes with the pore-scale

numerical approaches used to study reactive transport, mineral dissolution, and

accompanying evolution of the morphology of pores and throats. The final focus

is on pore-network modeling and pore-merging techniques.

Chapter 3 is devoted to the construction of a pore-network modeling ap-

proach to evaluate the effects of different transport mechanisms and mineral

reactivity on dissolution regimes, as well as changes in porosity and permeabil-

ity. A novel quantitative criterion approach is introduced to classify the reactive

dissolution regime by interpreting acid distribution within pore space. Behavior

diagrams based on dimensionless numbers are constructed aiming to map the

different dissolution regimes and their boundaries.

The content of this chapter is reproduced from a manuscript published in

Advances in Water Resources [29].

Chapter 4 is devoted to the development of a merging methodology, nec-

essary to bring the reactive transport model to the physical problem and make

possible the use of reactive transport simulations to evaluate dissolution regimes

in more complex network topologies of rocks, such as carbonates, where the

junction of two pores initially separated is likely to occur due to the pore-scale

heterogeneity of these type of porous media and the relatively large amount of

solid dissolved. The main contribution of this new method is to make relevant

geometry and flow properties conservative before and after the merging of two

overlapping pores.

The content of this chapter was submitted to Advances in Water Resources.

Chapter 5 presents the main highlights of this thesis and some suggestions

for future studies enabled by this work.

6



Chapter 2

Literature Review

This chapter presents a literature review that explores the problem of re-

active transport and mineral dissolution in the context of carbon dioxide (CO2)

injection for storage and for enhanced oil recovery (EOR), and acidizing for stim-

ulation. The dissolution regimes observed in porous media as well as the use of

behavior diagrams and porosity-permeability relationships to classify and iden-

tify the boundaries between the various regimes are also presented. The chapter

closes with the pore-scale numerical approaches used to study reactive transport

and mineral dissolution in porous media and focuses on pore-network model-

ing.

2.1 Reactive transport problem and applications

Reactive transport in porous media and mineral dissolution processes are

of extreme interest for many subsurface applications, including CO2 storage,

Enhanced Oil Recovery (EOR), and acidizing for stimulation [1, 2, 3, 4]. Changes

in porosity and permeability of porous media, as well as the observation of

various dissolution patterns of the porous medium are consequences of these

dynamic processes [5, 6] and directly influence the performance and success of

each technique.
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2.1.1 CO2 injection for storage and EOR

Global electricity generation is expected to increase by 60% between the years

of 2017 and 2040 and, despite the global efforts to advance renewable energy

technologies, such as wind and solar power, fossil fuels are predicted to remain

the major source for electricity generation [30] and transportation. Importantly,

energy-related CO2 emissions to the atmosphere, as presented in Fig. 2.1, nega-

tively impact the Earth’s climate and should be minimized.

Figure 2.1: Energy-related CO2 emissions predictions for the entire Earth.
Adapted from IEA [31].

Indeed, one of the grand global challenges of our society is to supply effi-

ciently energy demands while minimizing environmental impacts. Development

of low energy processes for hydrocarbon recovery methods [32] and subsurface

geological storage of carbon dioxide may help to reduce the damages induced

by the growth of the energy supply chain.

In this way, the injection and long-term or permanent storage of CO2 in the

subsurface, besides representing an opportunity for enhanced oil recovery, is an

opportunity for mitigating the build-up of green-house gases in the atmosphere

[33].

With respect to CO2 injection for storage and for EOR, rock mechanical

changes may be induced by chemical reactions, especially in porous media with

substantial carbonate minerals [11, 8, 9]. For geological CO2 storage such min-

eralogical alterations may be of concern for the safety and efficiency of the tech-

nique because mineral dissolution may increase the chance for leakage and also

CO2 migration out of the storage formation [11, 8, 9].

Secure geological CO2 storage in sedimentary basins considers that CO2 must
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be trapped under low permeability rock to avoid fast migration of CO2 to the

surface. In the case of oil and gas reservoirs, where the reservoir is sealed by

a cap-rock, the CO2 is expected to remain in storage for geological time peri-

ods. These type of reservoirs are likely to be the first target for CO2 geological

storage as they are known to be secure since they have held fluids securely over

geological time. The storage capacity of such hydrocarbon reservoirs, however,

is smaller compared to deep aquifers. Nevertheless, the production of oil and

natural gas from sedimentary basins creates voidage in pore spaces that can

be refilled with CO2, causing depleted reservoirs to be even more attractive for

storage [33].

BEMER and LOMBARD [9] obtained experimental data related to porosity,

permeability, and geomechanical properties from samples of various permeabil-

ity levels, before and after CO2 injection. The results showed the presence of me-

chanical weakening induced by chemical reactions. The observations are of great

interest for CO2 geological storage, because maintenance of rock mechanical in-

tegrity over a very long time range is required for the technical and economical

success of this technique. Evaluation of the effective stress fields induced by

rock mineral alterations due to exposure of sandstone samples for 1.5 years to

a mixture of brine and super-critical CO2 showed a significantly raised effective

stress coefficient when compared to exposure of the rock just to brine [8].

Accounting for changes in porosity and permeability of porous media due

to dissolution processes is essential to the modeling and the prediction of injec-

tivity alterations and reservoir pressure field. These dynamic properties may be

responsible for severe stress changes and, consequently, impact the integrity of

the reservoir [11]. Furthermore, such mineralogical alterations that significantly

affect the saline aquifer permeability, also reflect in the safety and efficiency

of the sequestration process because they may result in leakage that harms the

environment and human communities. Leakage also raises the possibility to

increase gradual migration of the CO2 plume to uncharacterised areas [8].

In summary, as discussed by OTT and OEDAI [12], the consequences of the

interactions between CO2 and the minerals present in the reservoir matrix are

dependent on the transport regimes. Formation of preferential pathways by-
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passes rock matrix and leads to poor utilization of the pore space for the storage

of CO2. Surface dissolution alters the mechanical integrity of the rock near the

well, where most of the acid is consumed. Uniform dissolution might lead to

subsidence due to weakening of mechanical properties of the reservoir.

Modeling of the pore-scale phenomena involved in reactive flow through

porous media is an important step towards understanding the changes in per-

meability and porosity as well different dissolution patterns observed at larger

scales.

2.1.2 Acidizing for stimulation

Acidizing with hydrochloric acid (HCl) is the most common matrix stimula-

tion treatment. The main goal is to increase the permeability near the wellbore

and enhance the productivity of a tight or damaged well. Considering the near-

wellbore feature, most of all the acid reacts within about 1 ft of the wellbore in

sandstone formations and within a few inches to around 10 ft in carbonates [13].

Formation of preferential pathways increases the overall conductance

through the reservoir and, consequently, the well productivity [13, 12]. Also,

for a given volume of injected fluid, the deeper the wormhole penetration into

the reservoir the better. Indeed, the optimum injection rate is related to a mini-

mum volume of fluid required to obtain a given depth of wormhole penetration.

Single dominant wormhole channels are obtained at intermediate injection

rates and represent the most effective way of matrix stimulation. An optimum

Damkohler of approximately 0.29 is observed for this channel formation pattern

[34]. In this way, a successful acidizing treatment requires maximum acid contact

with all damaged areas (a good acid distribution), that is usually hindered by

variations in the injectivity along the wellbore [13].

Considering that wormhole structure varies as a function of flow conditions

and fluid-mineral properties, and dissolution of porous media can enhance the

naturally present permeability contrasts along a wellbore, a fundamental under-

standing of the dissolution process is imperative to design efficiently acidizing

treatments [10].
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2.2 Reactive transport and dissolution regimes

Depending on the dominant transport mechanism and the reactivity of the

mineral solid surface, different dissolution patterns within a porous medium

are observed [7, 6]. Uniform dissolution [16, 7, 18, 6], compact or face or surface

dissolution [16, 7, 18, 6], preferential pathways or wormholing, mixed dissolu-

tion [18], conical wormholes [7, 6], one-dominant wormhole [7, 6], and ramified

wormholes [7, 6] are all examples of different dissolution regimes observed in

the literature.

In this section, the dissolution regimes are characterized and discussed. Be-

havior diagrams and porosity-permeability relationships are introduced to ex-

plain better the features and boundaries of each of the regimes.

2.2.1 Behavior diagrams

The use of dimensional analysis is a standard tool in transport phenom-

ena that aims to derive the relevant dimensionless parameters that control the

physics of a specific problem [16].

Dimensionless numbers characterize reactive-transport regimes [15]. The Pé-

clet number (Pe) is defined as the ratio of the advection rate to the rate of dif-

fusion of a chemical species and the Damköhler number (Da) is defined as the

ratio of the reaction rate to the advection rate. The Péclet-Damköhler number

(PeDa) is the ratio of the reaction rate and the diffusive mass transfer rate. Based

on dimensionless numbers, behavior diagrams, or phase diagrams, are useful to

define flow boundaries for different dissolution regimes [17, 7, 6, 18, 19].

Uniform dissolution is described as a reaction-limited process, where the

reactive solute is spread over the whole porous medium and the dissolution

is nearly uniform all-over the available reactive surface [16, 7]. This regime

is defined by BÉKRI et al. [16] for PeDa < 1 and by SOULAINE et al. [6] for

Da 6 1, while for LIU and MOSTAGHIMI [18] the boundaries of this regime

depend on the correlation length of the porous medium. Note that characteris-

tic lengths used to compute the dimensionless numbers are not the same, and

consequently, boundaries between the different regimes are slightly different,
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despite the agreement of the general features of the behavior diagrams. The ex-

act equation of each cited value of dimensionless numbers can be found in the

respective referenced literature.

For systems with greater reactivity, in the case of BÉKRI et al. [16] for PeDa >

1, the dissolution pattern depends upon the dominant transport process. Surface

dissolution (or compact dissolution) is characterized by the domination of the

diffusion mechanism over transport by advection and, consequently, dissolution

mainly occurs in the inlet area of the porous medium [18, 7]. In this regime a

uniform concentration profile is observed along the cross-sections perpendicular

to the flow. SOULAINE et al. [6] observed this pattern for Pe ≤ 10−2 and Da >

1. Preferential pathways (or wormholing) are observed when the predominant

mechanism is advection. For BÉKRI et al. [16] this regime is observed for PeDa >

1 and for SOULAINE et al. [6] for Da > 1.

A mixed dissolution pattern is described by LIU and MOSTAGHIMI [18] and

KANG et al. [35] as a transition zone between face dissolution and wormholing.

SOULAINE et al. [6] and GOLFIER et al. [7] differentiate wormholing using

three different regimes. Conical wormholes are observed for larger injection

rates, but still in a diffusion-dominated mechanism, where solute starts to pene-

trate into the porous medium and the uniform patterns along the vertical cross-

sections are no longer observed (10−2 < Pe 6 1 and Da > 1 for SOULAINE et al.

[6] and around 10−3 < Pe < 10−2 and Da > 10−3 for GOLFIER et al. [7]). One

dominant wormhole can be observed for intermediate flow rates (1 < Pe 6 10

and Da > 1, according to SOULAINE et al. [6]) where the reactive solute pen-

etrates preferentially into the biggest pore-spaces to form flow channels and,

consequently, the formation of a dominant wormhole. Ramified wormholes oc-

cur at large injection rates, for Pe > 10 and Da > 1 [6], and are characterized by

wormholes becoming more branched.

Importantly, to date, behavior diagrams have been explored based on qual-

itative features of the dissolution regimes observed in reactive transport exper-

iments and simulations in porous media. Moreover, behavior diagrams con-

structed based on pore-network modeling simulations are not available in the

literature.
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2.2.2 Porosity-permeability relationship

Porosity-permeability relationships are a necessary tool for reservoir simu-

lation [36, 6]. As stated by ALGIVE et al. [37], the determination of a porosity-

permeability relationship is a key issue to improve predictivity of reactive trans-

port simulation, including CO2 injection applications for storage and EOR.

Porosity-permeability relationships have also been used to understand and

characterize different patterns of dissolution in porous media at the pore-scale

[36, 37, 5, 38, 35, 39, 18, 6]. Studies have demonstrated that the evolution of the

curves of porosity-permeability depend on the dissolution regime obtained by

reactive transport experiments and simulations. Figure 2.2 presents a schematic

of the permeability versus porosity curves for the main dissolution regimes.

Figure 2.2: Schematic of the porosity-permeability relationships for the main dis-
solution regimes. Preferential pathways regime (in blue) has the largest increase
of permeability, surface dissolution regime (in green) has the largest increase
of the porosity, and uniform dissolution regime (in red) presents intermediate
behavior.

BHAT and KOVSCEK [36] applied a pore-network model to gauge how

evolving pore spaces due to silica dissolution affect porosity and permeabil-

ity. They showed that permeability increases most dramatically for networks

with large values of throat to pore aspect ratio. Also, they observed that for a

moderate range of dissolution (10%) porosity-permeability relationship can be

modeled as a simple power-law relation.

ALGIVE et al. [37] studied the impact of the different deposition regimes on

the relationships between permeability and porosity through 2D pore-network
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modeling simulations and experiments in glass micromodels. ALGIVE et al.

[5] used the same pore-network approach to study dissolution and precipita-

tion phenomena in more complex networks. Both studies explored the different

patterns of dissolution and deposition by varying Pe and PeDa numbers and

evaluating the effects on porosity-permeability relationships.

VARLOTEAUX et al. [38] used a pore-network model extracted from micro

tomography images to investigate porosity–permeability evolution during reac-

tive transport as a function of the dimensionless numbers Pe and PeDa. They

identified three families of K-φ laws. Uniform dissolution (PeDa� 1), character-

ized by a linear pattern of the K-φ curve and explained by a uniform chemical

disequilibrium over the whole network. Compact dissolution (PeDa � 1 and

Pe � 1), where the observed permeability variations are relatively small com-

pared to uniform dissolution. This is because diffusion is the limiting factor

and disequilibrium is maintained in the greatest elements (pores) that do not

contribute significantly to permeability increase. Finally, wormhole dissolution

(PeDa > 1 and Pe� 1), characterized by reaction occurring along the main flow

paths when the flow rate of the fluid and the reaction kinetic are high enough.

Here, permeability variations are larger than for uniform dissolution. These

three families of K-φ relationship were also observed by BEKRI et al. [39].

EGERMANN et al. [11] investigated the power-law exponent of the curves ob-

tained by plotting log(K/K0) versus log(φ/φ0) from simulation results in regular

pore-networks and core-flood experiments, and related the power-law exponent

with the dissolution pattern. Reaction-limited regimes were identified between

values of 1.5 and 6.9.

More recently, LIU and MOSTAGHIMI [18] explored a wider range of poros-

ity change using a lattice Boltzmann approach for reactive transport and dis-

solution simulation. Porosity-permeability relationships were evaluated for a

porosity increase of 30% and demonstrated agreement with the previously cited

literature.

SOULAINE et al. [6] went further and presented porosity-permeability rela-

tionships for the five different regimes observed in their Darcy–Brinkman–Stokes

formulation (DBS) formulation for reactive transport: uniform dissolution and
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compact dissolution, previously discussed; and conical dissolution, dominant

wormhole, and ramified wormholes. They observed that more important per-

meability variations involved large wormholes, such as those from conical dis-

solution and single dominant wormhole. This is explained by the injected fluid

flowing preferentially along the new pathway created by the wormhole. As soon

as the wormhole reached the outlet area, the flow resistance is controlled by the

aperture of the wormhole in the vicinity of the outlet region.

Notably, evidence of porosity-permeability relationships being dependent on

the heterogeneity of the porous media has also been shown. KANG et al. [35]

presented a LBM pore-scale study of dissolution-induced changes in hydrologic

properties of two porous media represented by a simple fracture and a more

complex 2D porous medium. The permeability–porosity relationship was ex-

plored for a wide range of PeDa and Da dimensionless numbers. It was also

observed that the K-φ power law exponents also depend on the porous medium

geometry. The clear effect of the Da on K-φ curves observed for the fracture sys-

tem was not observed for the 2D porous medium and is deeply discussed in the

text, relating this observation with the complex structure of the porous medium.

2.3 Pore-scale modeling of reactive transport

Pore-scale modeling provides a valuable opportunity to study the fundamen-

tal mechanisms and processes at small scales that are essential to understand

behaviors observed in larger scale problems [28, 26]. High-performance com-

puting resources allow researchers to perform detailed numerical experiments

for a wide range of conditions that would be costly or even impossible to obtain

by laboratory experiments considering the wide range of parameters and com-

plexities of the porous media to be evaluated. With this, it becomes clear that

pore-scale simulations are an important tool for the understanding of large-scale

natural processes [40, 28, 41].

Several numerical approaches have been developed to investigate reactive

transport and mineral dissolution in porous media. Direct numerical simulation

(DNS) is applied directly on the complex pore geometry of the porous medium
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and includes computational fluid dynamics (CFD), lattice Boltzmann method

(LBM), and smoothed particle hydrodynamics (SPH). Approaches that consider

a simplified conceptualization of the porous media are commonly associated

with pore-network modeling (PNM).

Computational fluid dynamics applications to pore-scale simulations solve

the mass and momentum conservation equations for laminar flow and trans-

port using various numerical discretization methods, such as the finite volume

method and the finite difference method, on a mesh that retains the full pore

geometry to the limits of the grid resolution [27, 42]. Recent studies using

CFD approaches include the work of SOULAINE et al. [6], that proposed a

Darcy-Brinkman-Stokes (DBS) approach that was also compared with micro-

model experiments simulating the dissolution of a calcite grain, and the work of

OLIVEIRA et al. [20], that presents a model to simulate multiple species reactive

transport on pore space images by solving the Navier–Stokes equations and the

advection-diffusion equation for concentration on an unstructured grid using

the finite volume method.

The lattice Boltzmann method is a particle-based numerical approach that

easily represents transport phenomena in complex geometries using simple

Cartesian grids [27]. LBM is fully parallel and it has been successfully explored

for a variety of flow and transport problem in porous media. For example, LIU

and MOSTAGHIMI [18] proposed a lattice Boltzmann method to explore the

effects of different correlation lengths on dissolution patterns obtained through

reactive transport simulations.

Smoothed particle hydrodynamics is a Lagrangian approach that applies a

mesh-free discretization scheme for the solution of partial differential equations

and has been shown to be a numerical method to study complex physic phe-

nomena as reactive transport and precipitation in porous media [43]. TAR-

TAKOVSKY et al. [21] present a review with the latest developments of the SPH

applied to pore-scale flow and transport applications.

Direct numerical simulations demand high computational cost and, conse-

quently, present a limitation of the size and scale that the problems can be ex-

plored [27]. Lagrangian particle methods are even more computationally de-
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manding than grid-based methods, even though this point could be partially

overcome by parallel computing techniques [21].

Pore-network modeling is a numerical approach that has been successfully

used to study reactive transport and dissolution processes at the pore-scale and

is very popular for its capacity of represent complex geometry of the porous me-

dia by a simplified pore-and-throat type network and, consequently, overcoming

the limitations of a high-computation-demand numerical method. Pore-network

modeling is the numerical approach chosen for the development of this thesis

and it is discussed in detail in a later section.

More details of different pore-scale modeling techniques for fluid flow

and solute transport can be found at MEAKIN and TARTAKOVSKY [40],

MEHMANI and BALHOFF [26], YANG et al. [27], and OOSTROM et al. [42].

2.3.1 Pore-network modeling

Pore-network modeling is a technique that is widely used to represent natu-

ral porous media where complex pore geometries are represented using a sim-

plified pore-and-throat type network [5]. Since the pioneering work of FATT

[22], that studied two-phase flow and capillary pressure curves, pore-network

models have been successfully applied in numerous research areas, including

reactive transport and mineral dissolution problems [23, 5, 24, 29]. Note that

a lot of the application of pore-network modeling to date has been to look at

the effect of wettability and contact angle on relative permeability and capillary

pressure [44, 45, 46, 47]. The computational efficiency of pore-network mod-

els are 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 [26, 27].

This section presents the history and applications of pore-network modeling

and how pore-networks are constructed. Next, pore-network modeling appli-

cations in reactive transport and mineral dissolution problems are presented.

Finally, strategies for merging of overlapping pores are discussed.
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2.3.1.1 History and applications

Interest in pore-scale models, including PNM, had decreased by the early

1990s due to the necessity for more profound understanding of flow and trans-

port phenomena in porous media by oil companies, not yet possible to inves-

tigate using such a fundamental approach [45]. However, significant improve-

ments of model capabilities, advances in numerical methods, increase of com-

puter speed, and the development of techniques to represent adequately the

complex porous space and topology of porous media, made pore-network mod-

eling a reliable method to predict a wide range of phenomena at the pore-scale.

For example, the first physically-based pore-scale model of wettability was

proposed by KOVSCEK et al. [44] that develop a pore-level picture of how mixed

wettability might form and evolve in reservoir rock initially filled with brine. In

addition to the role of thin water-in-oil and oil-in-water emulsion films, their

study incorporates cornered pores, pore convexity, contact angle pinning, and

explicit pore-size distributions.

The development of three-phase flow modeling also has started to improve to

extend understanding in wettability and relative permeability behaviors in more

complex and realistic systems [48, 49]. Enhanced oil recovery processes usually

involve the flow of three phases, where a gas phase (natural gas and CO2, for ex-

ample) is injected into a reservoir containing water and oil phases. Mechanistic

modeling of these processes offers an appealing alternative to empirical mod-

els and direct measurements, that are otherwise difficult and time-consuming to

obtain [49, 45].

In summary, pore-network models are an efficient approach to account for

various phenomena occurring at the pore scale and they have been widely used

to study multiphase flow in porous media [45, 50, 44], biofilm growth [51], ad-

sorption phenomena [52], membrane fuel cells [53, 54], and chemical and bio-

logical processes, including precipitation and dissolution processes that are dis-

cussed further in this section.
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2.3.1.2 Pore-network construction

Pore-network models are commonly constructed based on an idealized de-

scription of the pore spaces, where pores are defined as the larger void spaces

that are connected to each other by narrower void spaces called throats. In or-

der to be considered a successful technique to simulate flow and transport in

porous media, however, pore-network models should reproduce the main mor-

phological and topological characteristics of the real porous medium for a given

application [28]. Some of these properties include pore-size distribution, coordi-

nation number, connectivity, and conductance of the throats [23].

Importantly, one of the challenges in obtaining credible results is the iden-

tification of characteristics relevant to the modeled process in order reduce the

computational load by neglecting less relevant information [55, 41]. For example,

while cornered pores are essential to construct a representative system to study

multi-phase problems, this feature is not a restriction for single-phase problems.

This is because angular corners retain the wetting phase while the non-wetting

phase occupies the center of the porous element, and as a consequence two or

more fluids are able to flow simultaneously through the same pore space [56, 57].

Considering this, three main approaches have been proposed to construct a

pore network model representative of a porous medium [41]. The first approach

is to construct a statistically equivalent network using distributions of relevant

morphological and topological properties of a real porous medium. Statisti-

cal reconstruction methods are quite general. They require properties derived

from two-dimensional (2D) images and, considering that thin sections are often

readily available, a wide variety of porous media may be described effectively

[58, 41]. Some of the studies that used this approach to explore reactive transport

problems are LI et al. [23], ALGIVE et al. [37], RAOOF [28], KIM and LINDQUIST

[59], and BEKRI et al. [39].

The second method is to construct a pore network model directly onto a

specific void space of a porous medium. Various methods have been devel-

oped to extract the void spaces from three-dimensional images. The medial axis

algorithm is one of the methodologies that transform the pore space images

into a medial axis, constructing a topological skeleton along the middle of the
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pore channels [60]. The maximal ball algorithm, conceptualized by SILIN and

PATZEK [61] and further improved by AL-KHARUSI and BLUNT [62], aims

to find the largest inscribed spheres centered on each voxel of the image that

just touch the boundary, that represents the grain. The largest maximal balls

that are surrounded by smaller balls define the pores. GOSTICK [63] used the

technique of watershed segmentation to extract the pore-network model from

high-porosity materials.

The third approach is based on the diagenesis of porous media, a geological

process based on the explicit modeling of the geological rock forming processes,

and it is called the grain-based approach. For carbonate rocks, however, this

technique is not suitable as carbonate systems are not modeled [41]. More de-

tailed information about the the main general approaches to construct represen-

tative pore-network models is found in XIONG et al. [41].

2.3.1.3 Pore-network modeling of reactive transport

HOEFNER and FOGLER [64] pioneered the use of pore network modeling to

study dissolution of porous media and to evaluate qualitatively the formation of

wormhole channels based on the Damköhler number. FREDD and FOGLER [34]

went beyond and combined effects of transport and reaction to predict worm-

hole structure by using two-dimensional networks and also a three-dimensional

physically representative network based on packed-bed representation of the

porous medium. Note that in both studies, mixing occurs only in the pores and

only throats are allowed to grow due to dissolution. BUDEK and SZYMCZAK

[65], then, extended these works by introducing dynamically changing topology

of the network as the dissolution proceeds. This is the first study that considers

merging of pore spaces, allowing more realistic representation of the dissolv-

ing porous medium. It is noteworthy that their model pores are defined just as

node points for pressure determination and during the pore-merging step, the

reactive surface of the merged throat is conserved, but the volume is not.

Scaling and mineral spatial distributions effects in geochemical reaction rates

were also studied by using pore-network modeling [23, 66]. Sandstone dissolu-

tion processes were simulated in individual pores that do not have prescribed
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geometries; they are defined only in terms of surface area and volume. Also,

throats are not defined and an effective resistance to flow and an effective cross-

sectional area for diffusion are assigned to each pore-to-pore connection. Sim-

ulations were run in regular 3D networks and, importantly, geometry changes

were not take into account. Instead, changes in species concentration over time

were used to evaluate the reactive transport. These works were extended to con-

sider the use of computed tomography data to capture the mineral distribution

in the samples [67] and to consider geometry and topology changes, associated

with data from real rocks [59].

Permeability and porosity evolution due to dissolution and precipitation of

carbonates using reactive transport modeling in pore networks were studied by

NOGUES et al. [68]. The model predicted evolution of pore sizes and pore-to-

pore conductivities, and the effects of different flow conditions on the evolv-

ing of petrophysical properties were explored. They showed that the use of a

power-law with a single exponent parameter may not capture the correct relation

between the evolving of porosity and permeability.

RAOOF et al. [24] introduced the application of governing mass balance equa-

tions for solute transport, considering pores and throats as control volumes. For

this, a pore-network model was used to discretize the continuum porous struc-

ture as a network of pore bodies and pore throats, both with finite volumes,

and with a wide range for the distribution of pore coordination numbers (1-26).

Reactive transport in wellbore cement under CO2 storage conditions was ex-

plored considering diffusion as the only transport mechanism. Notably, a pore-

network modeling tool capable of simulating fluid flow and multi-component

reactive transport under variably saturated conditions, PoreFlow, is introduced

by RAOOF et al. [69]. The many modules available in this tool include a geo-

chemical package [70], possibility for accounting the evolving of porosity and

permeability, and a pore network generator [71], that has as one of the main

features the possibility of throats be oriented in 13 different directions, allowing

a maximum coordination number of 26.

ALGIVE et al. [37, 5] and BEKRI et al. [39] used pore-network models to inves-

tigate changes in petrophysical properties in the presence of reactive fluid based
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on permeability-porosity relationships for different flow conditions and also in-

vestigated different dissolution regimes for the case of deposition in porous me-

dia. The approach of their studies considers that the system is not very far from

chemical equilibrium and that the asymptotic regime has been reached. In this

way, the solute concentration undergoes an exponential evolution with time and

moment theory is applied to determine the macroscopic transport coefficients of

the transport equation.

TANSEY and BALHOFF [25] studied dissolution of a porous medium due to

a reactive single-phase transport in the mass-transfer-limited regime also using

pore-network modeling. Simulations were conducted on random close-packed

arrangements of spheres, where the mass balance equation was solved for pore-

bodies only and no phase diagram was explored. Merging of pores was taken

into account in their study.

More recently, DASHTIAN et al. [72] developed a general framework to sim-

ulate reactive transport in two- and three-dimensional porous media to evaluate

the effects of throat dissolution on petrophysical properties. Their approach as-

sumes that pores are volumeless, the pressure field is constant, and no topology

changes occur.

2.3.1.3.1 Merging techniques

Dissolution of significant amounts of solid leading to merging of pores and

throats to form vug-like pores is an open question in systems with significant

mineral reactivity. The appropriate treatment of pore merging allows a better

representation of the physical problem and makes possible the use of reactive

transport simulations to evaluate dissolution regimes in more complex network

topologies, derived from real porous media where the merging of pores is likely

to occur due to the heterogeneous distribution of pore sizes within these type of

porous media.

BUDEK and SZYMCZAK [65] performed the first pore-network study that

considered a merging approach during reactive transport and mineral dissolu-

tion. The porous medium is represented by a two-dimensional triangular net-
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work of cylindrical tubes. The points where the tubes meet are referred 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 reaction is assumed to describe approximately the carbonate dissolution.

Their methodology for merging considers that, as the diameters of the erod-

ing 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 [25] developed a pore network model of heteroge-

neous 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 con-

ductances throughout the network. 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 preserving the

relation between surface area and volume. Throat cross-section areas are up-

dated based on the the new surface area of the connected pores. Throat conduc-

tances 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 cylindri-

cal tube and preserving initial relationships between throat cross section and

conductivity.

The merging approach developed by TANSEY and BALHOFF [25] assumes

that the two original pores are merged in one new pore when an overlap of pore

bodies of around 10% is reached. The new merged pore’s volume is equal to the

combined volume of both original pores.

The use of a merging criterion was found to be quite important to capturing

the formation of preferential pathways, because with no merging of overlap-

ping pores, permeability could not increase past a small fraction of its potential,

reaching a plateau, and no occurrence of wormholes [25].

Clearly, significant insights and improvements were made by these studies,
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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 regimes. Depending on the fluid and reactivity conditions,

dissolution can affect differently the porous spaces and change the relation be-

tween surface areas and volume, specially for pores that considers the contact

area of all connected throats to determine the available surface area for reaction.

The conservation of geometry and flow properties during the application of a

merging strategy is paramount to maintain a continuous evolution of the porous

media due to the dissolution process. The structure of the network before and

after the merge of two overlapping pores must represent better the real physical

problem, rather than include more unrealistic simplifications.

Maintenance of the available reactive surface area and volume of the over-

lapping pores, as well as conductivity of the connected throats, are essential for

an accurate evaluation of the dissolution regimes, because transport phenomena

and reaction within the pore spaces are very dependent on these properties.

Note that, as well stated by TANSEY and BALHOFF [25], the merging of a

huge amount of pores is unlikely to produce an accurate depiction of void space.

Although considering a merging criterion brings more accuracy to the model,

each merging introduces many simplifying assumptions for the geometry and

location of the new merged pore, and the merging approach is not meant to

extrapolate accurately ad infinitum.
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Chapter 3

Construction of behavior diagrams

and the novel quantitative criteria

The content of this chapter reproduces the work of ESTEVES et al. [29] pub-

lished in the Advances in Water Resources journal.

In the remainder of this chapter, we first present the objectives and main

contributions of this study. Then, the construction of the pore-network models

is presented. Governing equations of the pore-network model that simulates

reactive transport and mineral dissolution, as well as the computational imple-

mentation of these equations and the pore-networks selected for this study are

described. Finally, we present the simulation results and discuss the regimes

observed. We close with a summary of the main highlights of this work.

3.1 Objectives and contributions

The main objective of this study is to understand the occurrence of different

dissolution regimes in a porous medium subject to various reactive flow condi-

tions during single-phase flow relevant to geological sequestration of CO2 using

the pore-network modeling approach. Modeling of the pore-scale phenomena

involved in reactive flow through porous media is an important step towards

understanding the changes in permeability and porosity as well as the different

dissolution patterns observed at larger scales.

The main contribution of this work is to identify different dissolution regimes
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in a phase-diagram format, based on dimensionless numbers, using a com-

plete pore-network model that takes into account species mass balance inside

pore and throat volumes, as well as the evolution of pore-space geometry and

network flow field during reactive transport simulations. Qualitative criteria

are often used to evaluate different dissolution patterns, including evolution of

acid concentration, network geometry, fluid volumetric flow rate and porosity-

permeability relationship. Here, quantitative criteria based on standard devia-

tion analysis are introduced to classify the regime by interpreting acid distribu-

tion within pore space.

3.2 Methodology

Methodology starts with the pore-network models construction. The govern-

ing equations of the reactive transport problem with dissolution of the porous

medium are presented as follows: pressure field determination, mass balance

equation, simplified kinetic approach, the geometry update, standard deviation

criterion for interpreting acid distribution, and dimensionless numbers. All units

of measurement used in this study are in accordance with the International Sys-

tem of Units (SI).

3.2.1 Pore-network models construction

Porous media are investigated using two- and three-dimensional (2D and

3D) cubic pore-network models. The pores are characterized as spherical and

are connected to each other by cylindrical throats with circular cross-sections.

The size of the pores respect a uniform distribution and the size of the throats

are related to the size of the pores connected to them. Throat diameters were

defined as 1/4 of the diameter of the smallest pore connected to a throat and

inter-pore distances are equal. Pore walls are assumed to be composed of a

single mineral such as calcite.

A more complex network derived from a real carbonate rock sample is also

presented. This pore network, composed of 8508 pores and 10336 throats, is

generated from micro-computed tomography (micro-CT) and was obtained from
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a data set made available by Imperial College London in Statoil format [73].

Pore networks were constructed using OpenPNM, which is an open-source

pore-network modeling package that is designed to be customized. Users can

write their own pore-scale models or even use or edit some of the available

routines [74]. Another feature of OpenPNM is the possibility to generate cubic

and random networks, in the most varied pore and throat size distributions. It

is also possible to import networks from different formats.

3.2.2 Pressure field

In order to obtain the pressure field of the network, we consider the pseudo

steady-state flow of a single-phase incompressible fluid, in which the mass con-

servation for each pore is given by

z

∑
j=1

qij = 0 ∀i, (3.1)

where z is the coordination number, j represents the pore connected to pore

i, 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 conductance (cij), as follows:

qij = cij
(

Pi − Pj
)

. (3.2)

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

a cylindrical tube:

cij =
πr4

ij

8µlij
, (3.3)
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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. (3.2) and (3.3) into

Eq. (3.1), a linear algebraic system for the unknown pressure field is solved for

the pressure in each pore.

To determine the pseudo steady-state flow field of the network, constant vol-

umetric flow rate at the inlet boundary and fixed pressure at the outlet boundary

are imposed. Also, to determine the absolute permeability, fixed pressures are

imposed at the inlet and outlet boundaries. All other boundaries are closed,

therefore both systems result in a one-dimensional flow problem. Consider-

ing 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
A∆P

, (3.4)

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

network.

3.2.3 Concentration field

The reactive transport and dissolution problem is described by the mass bal-

ance in all available pore spaces, pores and throats, and is deduced from the

mass conservation equations of the chemical species [75]. Deduction of the mass

balance equation for pores and throats are presented in Appendix A.

The transport of a chemical species occurs by advection and diffusion. For

a control volume represented by pores, the mass balance equation for chemical

species α in pore i is

d
dt
(Cα,iVi) = ∑

ij,in
Cα,ijqij − Cα,i ∑

ij,out
qij + ∑

ij
AijDα

(
Cα,ij − Cα,i

0.5lij + ri

)

−Rα,i Ar,i,

(3.5)
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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, Dα 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 and Ar,i is the reactive surface area of pore i. On

the right-hand side, the first two terms take into account advective mass inflow

rates, represented by the mass that arrives in pore i from connected throats

ij, and advective mass outflow rate, represented by the mass that leaves pore i

through throats ij; the third term describes the mass change rate due to diffusion

between pore i and all connected throats ij; and the last term describes the mass

change of species α due to heterogeneous chemical reaction that occurs in the

available reactive surface area of pore i.

The mass balance equation for species α in throat ij is

d
dt
(Cα,ijVij) = (Cα,i − Cα,ij)qij + AijDα

(
Cα,i − Cα,ij

0.5lij + ri

)
+ AijDα

(
Cα,j − Cα,ij

0.5lij + rj

)
−Rα,ij Ar,ij,

(3.6)

where Cα,i is the mass concentration of species α in the pore from where the flow

is arriving in the throat ij (see Fig. 3.1) and Ar,ij is the reactive surface area of

throat ij. On the right-hand side of Eq. (3.6), the first term takes into account the

mass change due to advection between the inlet and the outlet zones of throat

ij, that are described by the mass of species α that arrives in throat ij from the

connected pore i or j, depending on the flow direction. The inflow concentration

is represented by Cα,in, and the mass of α that leaves throat ij in the direction of

the other connected pore is Cα,ij. The second and third terms represent the mass

change rate by diffusion phenomena between the throat ij and the connected

pores i and j, respectively. The last term presents the mass change of species

α due to heterogeneous chemical reaction that occurs in the available reactive
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surface area of throat ij.

Figure 3.1: Scheme of throat ij and the connected pores i and j relevant to the
mass balance inside throats.

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. The linear system for

the unknown concentrations of species α is solved by the direct method spsolve

from the SciPy library [76].

The domain initial condition and the inlet boundary condition are repre-

sented by a fixed value of species concentration, as presented below, respec-

tively:

Cα,i |t=0 and Cα,ij |t=0= Cα,0 = constant, (3.7)

Cα,in |∀t = Cα,in = constant, (3.8)

where Cα,in is the mass concentration of species α in the inlet pore spaces (pores

and throats).

The outflow boundary condition is used as the boundary condition for the
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outlet pores. The solute flows out of the outlet pore at a rate that is the product

of the total volumetric flow rate and the solute concentration in the outlet pore.

This is implemented by adding a sink term in the mass balance equation for the

outlet pores, as follows

cα,outqi,out |∀t, (3.9)

where cα,out is the mass concentration of species α in the outlet pore out and qi,out

is the total volumetric flow rate that arrives in each outlet pore out.

3.2.4 Dissolution reactions

During the dissolution process, porous medium geometry evolves with het-

erogeneous chemical reactions at the available reactive surfaces of pores and

throats.

For simplicity, reactive surfaces are represented by the presence of only one

mineral, that is dissolved by the presence of an acid species. This approach

represents, in a simplified way, the acidization processes where hydrochloric

acid (HCl) is injected in carbonate rocks, represented by calcite (CaCO3), as

follows

CaCO3(s) + 2HCl(aq) → CaCl2(aq) + CO2(aq) + H2O(l). (3.10)

Because the acid is the only component in the aqueous phase that reacts with

the solid mineral, it is the only chemical species concentration that needs to be

tracked. If needed, the concentrations of the other species can be determined

by stoichiometric relationships. 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 large acid concentration in the system. Thus, a single

reaction rate is enough to represent our problem. This approach follows from

the work of SOULAINE et al. [6] and others [65, 25]
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3.2.5 Geometry update

As our solution involves geometry changes, at each time step during the

simulations, 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 using the relation between the

solid consumed on the reactive surface of each pore space and the density of the

reactive mineral that composes the porous medium.

Considering a first-order reaction rate for the heterogeneous chemical reac-

tion and a stoichiometric coefficient in mass basis that relates the consumption

of the hydrochloric acid (α = a) and the consumption of the reactive mineral,

the change in volume of the solid as a function of time is given by:

δVd
i

δt
'

Ra,i An
r,iβ

ρs
=

(
krCn+1,∗

a,i

)
An

r,iβ

ρs
, (3.11)

δVd
ij

δt
'

Ra,ij An
r,ijβ

ρs
=

(
krCn+1,∗

a,ij

)
An

r,ijβ

ρs
, (3.12)

where β is the stoichiometric coefficient that relates the acid consumption to the

consumed reactive mineral, ρs is the density of the solid reactive mineral, kr is

the kinetic constant of the heterogeneous chemical reaction, and δVd
i and δVd

ij

are the change in volume of pores and throats due to mineral dissolution.

Based on the consumed volume, Eqs. (3.11) and (3.12), it is possible to relate

these volume changes to the increase of pore radii (δrd
i ) of a sphere with radius

ri and to the estimation of the increase of throat radii (δrd
ij) of a cylinder with

radius rij and length lij, as presented below:

δrd
i =

δVd
i

4πr2
i

, (3.13)
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δrd
ij =

δVd
ij

2πrijlij
. (3.14)

At the junction of the throat with each pore, this procedure double counts the

dissolution of the volumes presented below:

δVi,ij = 2πrijδriδrij, (3.15)

δVj,ij = 2πrijδrjδrij, (3.16)

where δVi,ij and δVj,ij are the volumes doubly dissolved by throat ij and the con-

nected pores i and j, respectively. Considering this information and the premise

that double dissolution is maintained, the new pores and throats volumes are

determined, respectively, by

Vn+1
i = Vn

i + δVd
i + ∑

ij
δVi,ij, (3.17)

Vn+1
ij = Vn

ij + δVd
ij − δVi,ij − δVj,ij. (3.18)

The pore volume is defined considering the volume of a sphere and, conse-

quently, the updated radius of the pore is calculated as

rn+1
i =

3

√
3Vn+1

i
4π

. (3.19)

The change in pore radius, more precisely, the increase in pore radius as a conse-
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quence of the dissolution process, affects the length of the throats of the network

because the pore volume invades part of the volume that previously belonged

to the connected throats. The change in throat length caused by the changes in

connected pores radii is given by

ln+1
ij = dij − rn+1

i − rn+1
j , (3.20)

where dij is the distance between the centers of two connected pores i and j

(interpore distance). The volume of the throats are obtained considering the

control volume as a cylinder. Given the updated throat length, it is possible to

determine the throat radius, using Eq. (3.21)

Vn+1
ij = π

(
rn+1

ij

)2
ln+1
ij . (3.21)

New throat available reactive area and cross-sectional area are obtained, respec-

tively, by

An+1
r,ij = 2πrn+1

ij ln+1
ij , (3.22)

An+1
ij = π

(
rn+1

ij

)2
. (3.23)

Considering the inlet and outlet areas of each pore defined by the sum of the

spherical cap surfaces formed between the pore i and all connected throats ij

(Eq. (3.24)), it is possible to determine the available reactive surface area of each

pore, as presented below:

An+1
i,ij = 2πrn+1

i

[
rn+1

i −
√(

rn+1
i

)2
−
(

rn+1
ij

)2
]

(3.24)
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An+1
r,i = 4π

(
rn+1

i

)2
−∑

ij
An+1

i,ij , (3.25)

where Ai,ij is the surface area of the semi-sphere formed by pore i and throat ij.

Finally, based on the updated mass of acid inside pores and throats, as de-

scribed below

mn+1
i = Cn+1,∗

i Vn
i , (3.26)

mn+1
ij = Cn+1,∗

ij Vn
ij , (3.27)

the acid concentration is updated based on the new volumes obtained by the

geometry update as

Cn+1
i =

mn+1
i

Vn+1
i

, (3.28)

Cn+1
ij =

mn+1
ij

Vn+1
ij

. (3.29)

The above procedure is repeated for each time step and, because of this, it

is possible to evaluate the evolution of the permeability and also the pore space

during the simulation of the reactive transport coupled with dissolution process.

3.2.6 Implementation

The base-algorithm from OpenPNM used for the implementation of the re-

active transport and dissolution process was the ’TransientReactiveTransport’

algorithm, designed to account for advection, diffusion, and reaction phenom-
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ena considering just pores as control volumes and without considering geometry

changes during simulations. In this way, the main improvements implemented

by this work are related to considering pores and throats as control volumes and

also considering geometry updates due to heterogeneous chemical reaction at

each time step of the simulations.

The final and more complex algorithm follows the steps described below:

1. Network construction and geometry definition.

2. Fluid and solid properties definition.

3. Definition of flow and kinetic parameters.

4. Definition of initial and boundary conditions.

5. Determination of the network pressure field using Eq. (3.1) and its perme-

ability by (3.4).

6. Set up the sparse linear system of equations constructed based on the pores

and throats mass balances.

7. Solution of the sparse linear system.

8. Determination of the consumed volume of pores and throats using, respec-

tively, Eqs. (3.11) and (3.12).

9. Determination of the double dissolved volumes using Eqs. (3.15) and

(3.16).

10. Update the volume of pores and throats using Eqs. (3.17) and (3.18).

11. Geometry update:

(a) Determination of the new pore radii using Eq. (3.19).

(b) Determination of the new throat lengths using Eq. (3.20).

(c) Determination of the new throat radii using Eq. (3.21).

(d) Determination of the new reactive surface areas and cross-sectional

areas of throats by using, respectively, Eqs. (3.22) and (3.23).

36



(e) Determination of the new reactive surface area for pores using Eq.

(3.25).

12. Update the hydraulic conductance, Eq. (3.3), considering the updated ge-

ometry.

13. Update the new acid mass concentration using Eqs. (3.28) and (3.29)

14. Return to step 5 and repeat until the algorithm reaches the final time step.

3.2.7 Dimensionless numbers

The use of dimensionless numbers in reactive transport aims to generalize

predictions and results across a range of transport and reaction rate conditions.

Problems involving reactive transport usually take into account Reynolds (Re),

Péclet (Pe), Damköhler (Da) and Péclet-Damköhler (PeDa) numbers to charac-

terize different dissolution patterns. The definitions used in this work are based

on SOULAINE et al. [6] and calculated at the initial time. Reynolds number

(Re) expresses the ratio of inertial effects to viscous forces and it determines the

character of the flow (laminar, turbulent, and transient flows) and is given by

Re =
ρ f v0
√

K
µ f

, (3.30)

where ρ f is the fluid density, v0 is the interstitial velocity,
√

K is the square root

of the permeability of the porous medium, and µ f is the fluid dynamic viscosity.

The Péclet number (Pe) is defined as the ratio of the advection rate to the

rate of diffusion of a chemical species, as

Pe =
v0
√

K
Dα

, (3.31)
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where Dα is the diffusion coefficient of species α. The Péclet-Damköhler (PeDa)

is defined as the ratio of the reaction rate and the diffusive mass transfer rate, as

PeDa =
kr

AssDα
, (3.32)

where 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. Finally, the Damköhler number, Da, that

represents the ratio of the reaction rate to the rate of advection, is defined as the

ratio of the PeDa and Pe numbers, as

Da =
kr

v0
√

KAss
. (3.33)

3.2.8 Statistics and regimes classification

Statistical approaches are useful for extracting information from a given data

set and to better understand observed patterns. In this way, the standard de-

viation of the logarithm of the acid concentration (σ) is used in this study as a

quantitative criterion to define dissolution regimes. This parameter is a measure

of the spread of a set of values, hence, the smaller the deviation the more homo-

geneous is the data set. Based on numerous observations of simulation results in

cubic networks, and for the initial condition used in these tests (ca,0 = 10 kg/m3),

the limit σ value to categorize a normalized data set as homogeneous was ob-

served to be 1.

Therefore, two different measures are considered: the standard deviation of

the acid concentration over all pores and throats of the network (σnet) and the

average of the standard deviations of each vertical cross-section of the network

(σcross). First, σnet is evaluated. If σnet < 1 the acid concentration is considered

uniform through the network and the regime is classified as uniform. Other-
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wise, the σcross is evaluated and if σcross < 1 the acid concentration is considered

to be uniform in each vertical cross-section of the network and the regime is clas-

sified as surface dissolution. Otherwise, the regime is classified as preferential

pathways. The standard deviation criterion is obtained as

σ =

√√√√ 1
N

N

∑
n=1

(
log10 cA,n − log10 cA,n

)2
, (3.34)

where N is the number of pores and throats that are evaluated and log10 cA,n is

the mean value of the logarithm of acid concentration in the data set.

For the construction of the phase diagrams, the standard deviation analysis is

evaluated for 100 networks with the same size distribution and considering the

same flow and reactive parameters. In this way, it is possible for each dissolution

regime to present the number of networks that respected the criterion proposed

to identify the main patterns.

3.3 Results and discussion

Simulations of reactive transport are performed in different cubic networks

to investigate dissolution regimes. The geometry of the simulation domains

are based on the work of SONG et al. [77], who conducted dissolution experi-

ments in a real rock micro-model directly etched in to a block of calcite, and of

SOULAINE et al. [6], that conducted simulations of the dissolution process in a

two-dimensional domain using a micro-continuum DBS approach. In this way,

the networks used in this work consider a uniform distribution of the pore sizes,

ranging from 300 µm to 900 µm.

A concentration of 10 kg/m3 of acid is injected from the left-hand side of the

network (one-dimensional flow in the positive x direction) at a constant volu-

metric flow rate corresponding to a Re ≈ 0.1. Fluid and solid properties are set

to µ f = 10−3 Pa.s, ρ f = 1000 kg/m3 and ρsolid = 2165 kg/m3. The stoichiomet-

ric coefficient that relates the consumed acid species with the consumed solid
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reactive mineral is set to β = 1. All these properties are based on the work of

SOULAINE et al. [6].

Simulations considered a range in Pe from 10−3 to 102 whereas the Da varied

from 10−3 to 1. In order to obtain these wide ranges of dimensionless numbers,

we considered diffusivity coefficients from 10−9 to as large as 10−4 m2s−1 and

reaction rate constants from 10−6 to 10−3 m s−1. Alternately, v0 could have been

varied to obtain the desired range of Pe and Da.

The final simulation time was set to 500 seconds and the time step size was

fixed at 1 second. It is important to notice that simulations at the surface regime

present a smaller simulation time than the other regimes, due to the limitation

of the merging of pores and throats, not yet implemented at the time of this

work. Also, Damköhler values were limited to avoid reactivity scenarios where

the merging of pore spaces could happen. Likewise, greater reactivity might

lead to the formation of a CO2 phase due to the large amount of reaction product

produced. Both of these were topics to be developed in future work. Importantly,

the reactivities tested were sufficient to present behaviors of transport-limited

processes. The results are discussed based on the pore volumes of injectant

(PVI), defined by the ratio of the volumetric flow rate multiplied by the time

upon the initial total porous medium volume.

Additionally, the last section presents extra simulations considering the car-

bonate network, including a comparison between our results and those available

in the literature.

3.3.1 Identification of the dissolution regimes

A network composed of 10× 10 pores is used to explore the different dis-

solution regimes and to construct phase diagrams based on the dimensionless

numbers Pe, Da and PeDa. Figure 3.2 presents a scheme of the 10× 10 network

geometry. The simulation results show that, depending on the flow conditions

and the mineral reactivity, different geometries and acid distributions can be

observed after the dissolution process. These observations agree with previous

literature [17, 7, 6, 18]. Three main dissolution patterns and two intermediate

patterns are observed from reactive transport simulations: uniform dissolution,
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surface dissolution, preferential pathways, transition zone, and mixed zone.

Figure 3.2: Pore and throat sizes of the cubic network composed of 10× 10 pores.

The uniform dissolution pattern is related to significant acid penetration in

the network. In this regime, the acid consumption rate is smaller than the trans-

port by diffusion and advection, meaning that almost the entire pore space is

filled with a uniform distribution of the acid (see Fig. 3.3).

Figure 3.3: Evolution of the acid concentration as a function of PVI for pores and
throats considering their x and y positions in the 10×10 network in the uniform
dissolution I regime (Pe = 0.00094 and Da = 0.00094).

When a sufficiently large reactivity exists, the changes in pore-space geome-

try can be observed throughout the entire domain (see Fig. 3.4a). Otherwise, no
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significant changes are observed throughout the network. This is a consequence

of the availability of acid for all pore spaces of the network, that characterizes

the reaction-limited feature of this dissolution regime. The volumetric flow rate

starts to present changes for a Da ≈ 0.01, that are more evident for throats with

larger conductances (see Fig. 3.4b). The standard deviation based on acid con-

centration data from all pore spaces, σnet, was determined for 100 networks and

for 100% of the samples presented a value less than one, evidencing the uniform

pattern of the regime.

(a)

(b)

Figure 3.4: Simulation results from uniform dissolution II regime (Pe = 0.00094
and Da = 0.0094): (a) Evolution of the surface area as a function of PVI for pores
and throats considering their x and y positions in the 10× 10 network; and (b)
Evolution of the volumetric flow rate as a function of PVI for throats considering
their x and y positions in the 10×10 network.
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The transition zone is characterized by the decrease of the acid penetration

through the network and a concentration of the geometry changes in some por-

tions of the domain due to the increase of the reactivity of the system as shown

in Fig. 3.5. Regardless of the Péclet number in its Da range, this behavior is

observed.

Figure 3.5: Evolution of the surface area as a function of PVI for pores and
throats considering their x and y positions in the 10× 10 network at the transition
zone (Pe = 94 and Da = 0.094).

The surface dissolution pattern is characterized by an almost homogeneous

acid concentration along the cross-sections perpendicular to the flow (see Fig.

3.6a). In this regime, the diffusion mechanism dominates over advective trans-

port and reactivity of the acid is high, meaning that significant amounts of acid

are consumed on the upstream pore spaces of the network thereby impairing

the propagation of the acid through the entire porous medium. Because of this,

the largest changes in geometry are observed for pores and throats located near

the inlet area of the network (see Fig. 3.6b). The standard deviation analysis was

evaluated and presented σnet > 1 and σcross < 1 for 100% of the samples. This

confirms the uniform profile of acid concentration along cross-sections perpen-

dicular to the flow.
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(a)

(b)

Figure 3.6: Simulation results from surface dissolution regime (Pe = 0.00094
and Da = 0.47): (a) Final acid concentration profile (flow is from the top to the
bottom); and (b) Evolution of the surface area as a function of PVI for pores and
throats considering their x and y positions in the 10× 10 network.

The mixed zone is characterized as a transition between surface dissolution

and preferential pathways. In this regime, the homogeneity of acid concentra-

tion along vertical cross-sections starts to disappear, as well as other features of

surface regime as shown in Fig. 3.7.
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Figure 3.7: Evolution of the acid concentration as a function of PVI for pores and
throats considering their x and y positions in the 10× 10 network at the mixed
zone (Pe = 0.0094 and Da = 0.47).

The preferential pathways are observed when advection is the strongest

transport mechanism and the reactivity of the acid is high. Preferential path-

ways result from the heterogeneous geometry of the porous medium and conse-

quent heterogeneous velocity profile. Because of this, more acid penetrates into

the network through the more permeable pathways and no uniform patterns are

observed (see Fig. 3.8). Furthermore, geometry changes in this regime are also

more evident along the most permeable areas, as well as changes in volumet-

ric flow rates. The standard deviation analysis presented σnet > 1 for 100% of

the samples and σcross > 1 for 96% of the samples, evidencing the formation of

preferential pathways through the domain.
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Figure 3.8: Simulation results from preferential pathway regime (Pe = 94 and
Da = 0.47) in the 10× 10 network: Final acid concentration profile (flow is from
the top to the bottom). Note that pathways do not span the length of the domain.

Figure 3.9 presents the evolution of the relationship between normalized per-

meability and porosity for the three main dissolution regimes observed. For the

uniform dissolution, a linear pattern is observed, independent of the mineral

reactivity considered. This means that, besides the increase in porosity, absolute

permeability of the porous medium also increases as a consequence of geometry

changes in the entire network. A power law pattern is observed for the surface

dissolution regime that can be interpreted as a restriction caused by the trans-

port. Even with an increase of the porosity, the overall permeability does not

increase at the same rate because the majority of the affected pores are in the

inlet. A similar pattern is observed for preferential pathways, however with a

smaller increase of the porosity when compared to the surface dissolution.

The difference in the increase of permeability for preferential pathways and

surface dissolution regimes is explained by the extent of acid contact with solid

throughout the entire network volume. After 209.4 PVI of injection, the pore

spaces that have undergone dissolution by the presence of acid in the preferen-

tial pathways regime are less in volume than those affected in the surface disso-

lution regime (188.4 PVI), and also the uniform dissolution regime (209.4 PVI).

That is, the fraction of the pore volume of the network that is affected by disso-
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lution in the preferential pathways regime is less than the other two regimes and

pathways do not span the sample. Figure 3.8, for example, is an image of the

final acid concentration distribution in the preferential pathway regime. Note

that the pathways do not span from the injection side to the production side.

Figure 3.9: Evolution of the porosity-permeability relationship results from 10×
10 network simulations.

3.3.2 Behavior diagrams construction

In order to summarize the different dissolution regimes observed in the reac-

tive transport simulations conducted on the network composed by 10 ×10 pores,

behavior diagrams are constructed based on the Pe, Da and PeDa dimension-

less numbers, as presented in Figures 3.10a and 3.10b. The main features of

the diagrams agree well with literature results, especially when compared with

the study of SOULAINE et al. [6] that presents a regime diagram based on Pe

and Da, and the work of GOLFIER et al. [7] that present the regime diagrams

based on Pe, Da and PeDa. Considering that the transition boundaries are based

mostly on qualitative observation, some uncertainties are associated with these

lines and discrepancies between the studies can be noticed.
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(a)

(b)

Figure 3.10: Behavior diagrams constructed from 10× 10 network simulations:
(a) Pe-Da; and (b) Pe-PeDa.

The pore network modeling used in this study is not capable yet to explore

different preferential pathways regimes, as by previous studies [7, 6]. However,

the main dissolution regimes are explored by using a different analysis tool, as

presented in this section. Furthermore, because this model does not consider
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merging of pores and throats, this limitation also may bring some difference in

the analysis of the boundaries and regimes. It is also important to remember that

dimensionless numbers are computed differently in each of the literature studies

and this may explain these discrepancies. After all, it is important to highlight

the applicability of pore network modeling as a tool to investigate dissolution

regimes.

Concerning length scale effects, a network composed of 10× 40 pores is used

to investigate possible differences in the construction of behavior diagrams of

different network sizes. From Figures 3.11a and 3.11b, it is possible to note

that, besides all the agreements compared to the results from 10× 10 network,

a small discrepancy related to the mixed zone is observed. The transition pat-

tern between surface dissolution and preferential pathways is reduced for the

10 × 40 network and is related to the increase of network heterogeneity, and

consequently a faster transition between regimes with large mineral reactivity.

Therefore, regardless of the difference in the mixed zone, one can conclude that

the behavior diagrams are in good agreement considering networks with differ-

ent sizes.
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(a)

(b)

Figure 3.11: Behavior diagrams constructed from 10× 40 network simulations:
(a) Pe-Da; and (b) Pe-PeDa.

3.3.3 Verification in a 40 × 40 network

Considering here, a network with 40× 40 pores, the main dissolution regimes

are verified. Figure 3.12 presents the acid concentration profile for uniform, sur-
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face dissolution, and preferential pathways regimes, respectively, after 50.6 PVI,

40.5 PVI and 50.6 PVI (Figs. 3.12a, 3.12b and 3.12c). The behaviors observed

agree with the discussed features of each of the regimes: uniform dissolution

presents a uniform concentration of acid through the entire domain, surface

dissolution is characterized by a homogeneous concentration profile along the

cross-sections perpendicular to the flow, and preferential pathways are high-

lighted by acid distribution through most permeable areas.

(a)

(b) (c)

Figure 3.12: Final acid concentration profile in the 40× 40 network (flow is from
the top to the bottom): (a) Uniform dissolution (Pe = 0.094 and Da = 0.0007); (b)
Surface dissolution(Pe = 0.00094 and Da = 0.45); and (c) Preferential pathways
(Pe = 94 and Da = 0.45). Note that the color scale is different for each subfigure
to feature differences among the regimes.

Additionally, Figure 3.13 presents the porosity-permeability relationship of

these regimes. The linear pattern of the uniform distribution is apparent as
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well as the power law pattern of surface dissolution and preferential pathways.

It is important to observe here that surface dissolution again presents greater

increase of permeability than preferential pathways due to the large dissolution

rate for inlet pore spaces, even with the lack of pore merging. The importance

of surface dissolution is also evidence of the role of diffusion. The standard

deviations of these simulations were obtained and also agree with the regime

specifications.

Figure 3.13: Porosity-permeability relationship results from 40× 40 network sim-
ulations.

3.3.4 3D domain verification

A three dimensional domain is constructed to evaluate the generality of the

features of the dissolution regimes obtained using 2D pore networks. Figure

3.14 presents the initial geometry for a network composed by 10× 10× 10 pores.
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Figure 3.14: Scheme of the initial geometry for the network composed of 10×
10× 10 pores.

The acid concentration for uniform dissolution, surface dissolution and pref-

erential pathways after 250.2 PVI, 150.1 PVI and 250.2 PVI, respectively, are pre-

sented in Figure 3.15. The features of each regime agree with discussions made

considering 2D networks. The uniform dissolution (see Fig. 3.15a) presents

a uniform distribution of the acid throughout the entire domain and shows

a σnet = 0.01 for the conditions assumed (Pe = 0.095, Da = 0.0006 and

PeDa = 6.06× 10−5). The surface dissolution (see Fig. 3.15b) presents a homoge-

neous distribution of the acid concentration along cross-sections perpendicular

to the flow. The standard deviations of this regime and the dimensionless num-

bers result, respectively, in σnet = 1.56 and σcross = 0.39, and Pe = 0.00095,

Da = 0.57 and PeDa = 5.456× 10−4, that agree with the previous assumptions.

The preferential pathways (see Fig. 3.15c) are well observed in the middle region

of the network considering Pe = 95, Da = 0.57 and PeDa = 5.456× 101. The

standard deviation of this condition is σnet = 3.52 and σcross = 2.31.

53



(a)

(b)

(c)

Figure 3.15: Acid concentration for the network composed by 10× 10× 10 pores:
(a) Uniform Dissolution; (b) Surface Dissolution; and (c) Preferential Pathways.

The porosity-permeability relationships for the three main dissolution
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regimes are presented in Fig. 3.16. The uniform dissolution regime presents

a linear pattern, as observed for 2D simulations. The surface dissolution result

also replicates the results obtained for 2D domains, that present a more rapid

increase of the porosity in comparison to the permeability as a result of the

geometry changes in the inlet area of the networks. On the other hand, the pref-

erential pathways presents a different pattern, where a power-law behavior is

observed initially (at normalized porosity range of 1− 1.2), followed by a pro-

nounced increase of the permeability, that characterizes the formation of prefer-

ential pathways. This difference is related to the greater degree of freedom for

3D simulations that allows more propagation options for the fluid throughout

the porous medium and increases the evidence of highly conductive channels

formation. These different behaviors in 2D and 3D networks are expected, be-

cause the preferential pathways regime tends to create fractal structures [78, 79]

that depend on the dimensionality of the enclosing domain.

Figure 3.16: Porosity-permeability relationship results from 10× 10× 10 network
simulations.
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3.3.5 Implementation on networks derived from carbonate data

The single-phase reactive transport approach developed in this work was

also implemented using a pore network obtained from a carbonate rock. This

pore network model is used to ensure the applicability of this methodology for

more complex topologies. Here, the inlet acid concentration is set to 1 kg/m3

and a reaction-limited scenario is presented, considering Da = 0.001. Greater

reactivities cannot be considered without including the merging of pores and

throats.

Figure 3.17 presents the final concentration profile of a uniform dissolution

pattern simulation, that is in good agreement with the behaviors observed in

cubic networks and presenting σnet = 0.003.

Figure 3.17: Final acid concentration profile for a uniform dissolution regime
simulation in network derived from a carbonate rock sample. A narrow con-
centration scale is used to highlight the differences in concentration within the
network.
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3.3.6 Analysis of porosity-permeability curves

The results of porosity and permeability evolution from the simulation on the

carbonate network are compared with regular cubic network results and litera-

ture data. The power-law exponent of the curves obtained by plotting log(K/K0)

versus log(φ/φ0) are compared with values obtained by EGERMANN et al. [11]

and BEKRI et al. [39]. Both worked with 3D regular pore networks constructed

based on petrophysical laboratory data. EGERMANN et al. [11] also conducted

core-flood experiments. The latter, related the power-law exponent with the dis-

solution pattern, where reaction-limited regimes were identified between values

of 1.5 and 6.9 (identified in Table 3.1 by the subscripts min and max, respectively).

Greater values were related to a convective-predominant regime described by

changes only in throats geometry (value identified by the subscript throats).

Table 3.1 presents the power-law exponents and their references. It is noticed

that simulations in the 2D and 3D pore networks previously discussed in this

work, and from BEKRI et al. [39] obtained values in the range that represents

uniform dissolution. For the carbonate simulation, the exponent is larger and

is explained by the fact that the available surface areas obtained for this sample

(see Eq. (3.25)) are much smaller due to the significant heterogeneity of the pore

and throat sizes. Consequently, for this case, changes were observed mainly in

the permeability due to dissolution of throats.

The implementation of merging of pores and throats would improve and

facilitate the use of the approach presented in this study to evaluate dissolu-

tion regimes in more complex pore networks derived from real porous media.

This will likely change the response of permeability and porosity for extreme

cases, respectively represented by preferential pathways and surface dissolution

regimes, and improve the representativeness of the model with respect to the

physical processes being studied.

3.4 Summary

This work presents a pore-network modeling approach to evaluate the ef-

fects of different transport mechanisms and mineral reactivity on dissolution
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Table 3.1: Comparison among power-law exponents for the uniform dissolution
regime.

Reference Exponent

EGERMANN et al. [11]throats 31.0

Carbonate 24.3

EGERMANN et al. [11]max 6.9

2D Regular Network (10× 10) 4.0

3D Regular Network (10× 10× 10) 3.7

BEKRI et al. [39] 3.2

EGERMANN et al. [11]min 1.7

regimes, as well as changes in porosity and permeability. The transport problem

is implemented by considering the acid mass balance inside pores and throats.

The changes in pore-space geometry due to dissolution are considered based on

the rate of the heterogeneous chemical reaction happening at the solid surface.

Péclet and Damköhler dimensionless numbers are used to construct behavior

diagrams in order to characterize the different dissolution regimes.

The reactive transport simulations developed in this work exhibit results sim-

ilar to those previously discussed in the literature based on direct simulations

and experimental trials. In this work, five dissolution regimes were explored

based on acid concentration, network geometry, volumetric flow rate, porosity-

permeability relationship, and standard deviation analysis, that was successfully

introduced as a quantitative criterion for the cases studied. These regimes in-

clude uniform dissolution (Da < 0.05), transition zone (0.05 < Da < 0.1), surface

dissolution (Da > 0.1 and Pe < 0.001), mixed zone, and preferential pathways

(in general, for Da > 0.1 and Pe > 0.001).

The results demonstrate the applicability of pore-network modeling as a tool

to explore reactive transport and dissolution processes, as well as to predict

changes in porosity and permeability. Results demonstrated the various disso-

lution regimes observed at larger scales. The use of a pore-network approach to

58



understand reactive transport during single-phase flow also offers new possibil-

ities of investigation.

Merging of pores and throats to form vug-like pores is suggested as an im-

provement to better evaluate regimes with significant mineral reactivity. Incor-

poration of cornered pores with triangular geometry, that are the most common

pore shape, allows the exploration of more complex systems based on multi-

phase reactive transport. In this way, multiphase systems are also suggested to

be implemented to represent various subsurface and reservoir conditions.
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Chapter 4

The novel merging approach

The content of this chapter was submitted to Advances in Water Resources.

In the remainder of this chapter, we first present the objectives and main

contributions of this study. Then, the methodology of the proposed merging

approach is described in detail. Finally, we present the simulation results. We

close with a summary of the main highlights of this work.

4.1 Objectives and contributions

The main objective of this study is to develop an approach to the merging of

dissolving pores that conserves important geometrical and transport properties.

For this, we introduce the use of correction factors and effective properties.

The main contribution of this work is to extend and improve the method

for reactive transport and mineral dissolution developed in previous work [29],

thereby bringing the model closer to the physical problem and making possible

the use of reactive transport simulations to evaluate dissolution regimes in more

complex network topologies. There, the odds for the junction of two pore spaces

initially separated increases due to the heterogeneous size distributions of these

type of porous media.
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4.2 Methodology

The methodology section first presents the pore-network models used for

this study. Then, the equations for determining the pressure and concentration

fields are detailed. The kinetics of dissolution and the evolution of the volumes

and geometry of the network are described. Finally, the new merging approach

for merging of dissolving pores are introduced. All units of measurement used

in this study are in accordance with the International System of Units (SI).

4.2.1 Pore-network models construction

Porous media are investigated using two- and three-dimensional (2D and 3D)

cubic pore-network models. Pore networks were constructed using OpenPNM,

[74]. The pores are characterized as spherical and are connected to each other

by cylindrical throats with circular cross-sections. Pore walls are assumed to be

composed of a single mineral such as calcite. The pore coordination number is

initially 4 and 6, respectively, in the regular two- and three-dimensional dimen-

sional networks whereas it varies from 3.88 to 6.89 for the three-dimensional

random networks.

The regular two- and three-dimensional networks were generated consider-

ing 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. The interpore distances are equal to 300µm and 320µm for the 2D and 3D

networks, respectively.

The random three-dimensional pore network was generated by a method

from OpenPNM [74] that creates a random network formed by Gabriel tessella-

tion of arbitrary base points, that performs a Deluanay tessellation and removes

connections that are not in accordance to the definition of the Gabriel graph [74].

The size of the pores are 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 infor-
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mation of a carbonate sample. The size of the pores are defined by a random

value between 60%− 80% 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 2612 pores, 5071 throats, and an average coordination

number of 3.88.

Table 4.1 presents the initial porosity (φ0) and initial absolute permeability

(K0) of the networks used in this study.

Table 4.1: Initial porosity (φ0) and initial absolute permeability (K0) of the net-
works used in this study

Network φ0 (%) K0 (m2)

10x10 20 2.7× 10−13

20x20 19 1.9× 10−13

40x40 20 1.8× 10−13

10x10x10 16 2.0× 10−13

Random 8 6.5× 10−14

Carbonate 8 3.7× 10−16

4.2.2 Pressure field

The pressure field is obtained in accordance with the methodology described

in section 3.2.2 considering one modification: throat volumetric flow rates are ob-

tained using the effective conductance instead of the conductance derived only

by geometric data. Effective conductances assure that the relationship between

flow rate through pores and the extent of dissolution is represented accurately.

The effective conductance (cε,ij) is described by
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cε,ij = εijcij, (4.1)

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, for original throats, the effective con-

ductance is always equals to the conductance. To conclude, the equation for the

throat volumetric flow rate considering the effective conductance is obtained by

qij = cε,ij
(

Pi − Pj
)

. (4.2)

4.2.3 Concentration field

The reactive transport and dissolution problem is described by the mass bal-

ance in all available pore spaces, pores and throats, and is deduced from the

mass conservation equations of the chemical species [75]. The main difference

between our old approach and this new approach is the use of effective surface

areas instead of the reactive surface area obtained just by geometrical informa-

tion.

The effective surface area is the geometrical reactive surface area corrected

by a factor when merging happens within the pore space, as presented below:

Aψ,i = ψi Ar,i, (4.3)

Aψ,ij = ψij Ar,ij. (4.4)

where Aψ,i is the effective surface area of pore i, Aψ,ij is the effective surface area

of throat ij, ψi is the surface area correction factor of pore i and ψij is the surface

area correction factor of throat ij.
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Considering this, original pores and throats have surface area correction fac-

tors equal to 1. The correction factor of a pore space is just updated if it is

involved in a merging process. So, until a merging event happens, the effective

surface area of a pore space is equal to its geometrical surface area, obtained by

Eqs. (3.25) and (3.22), respectively for pores and throats.

Implementation of correction factors ensures that surface area and conduc-

tance evolve in a physically realistic manner. More details about the update of

surface area correction factors are available in later sections.

Considering this, the transport of a chemical species occurs by advection and

diffusion. The mass balance equation for chemical species α in pore i is

d
dt
(Cα,iVi) = ∑

ij,in
Cα,ijqij − Cα,i ∑

ij,out
qij + ∑

ij
AijDα

(
Cα,ij − Cα,i

0.5lij + ri

)

−Rα,i Aψ,i.

(4.5)

For control volumes represented by throats, the mass balance equation for

species α in throat ij is

d
dt
(Cα,ijVij) = (Cα,i − Cα,ij)qij + AijDα

(
Cα,i − Cα,ij

0.5lij + ri

)
+ AijDα

(
Cα,j − Cα,ij

0.5lij + rj

)
−Rα,ij Aψ,ij.

(4.6)

In our approach, the concentration field is solved implicitly (implicit Euler

method) 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. (4.5) and (4.6). The linear

system for the unknown concentrations of species α is solved by the spsolve

direct method from the SciPy library [76].

The domain initial condition and the boundary conditions are represented

by Eqs. (3.7), (3.8) and (3.9), previously presented and discussed. In summary,

the initial condition represents a constant concentration profile, the inlet condi-
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tion is a constant concentration, and the outlet condition represents an outflow

boundary condition. Figure 4.1 presents a scheme of the boundary pores (in

red), that are added to the network to apply the boundary conditions. Pores in

blue represent the porous medium in analysis.

Figure 4.1: Scheme of the boundary condition pores (in red). Pores in blue
represent the porous medium under analysis. The properties of boundary pores
do not change in time.

4.2.4 Kinetics of dissolution

The kinetics of dissolution is described in section 3.2.4.

4.2.5 Volume evolution and geometry update

As our solution involves geometry changes at each time step during the sim-

ulations, control volumes of pores and throats are changed. In this way, after

each time step, with the solution of the concentration field based on mass bal-

ance, the change in volume of the pore spaces is obtained by the relation between

the solid consumed on the effective surface of each pore space and the density

of the reactive mineral that composes the porous medium.

Considering a first-order reaction rate for the heterogeneous chemical reac-

tion and a stoichiometric coefficient (β) that relates the consumption of the hy-

drochloric acid (α = a) and the consumption of the reactive mineral, the change

in volume due to the dissolution process is given by
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δVd
i '

Ra,i An
ψ,iβδt

ρs
=

(
krCn+1,∗

a,i

)
An

ψ,iβδt

ρs
, (4.7)

δVd
ij '

Ra,ij An
ψ,ijβδt

ρs
=

(
krCn+1,∗

a,ij

)
An

ψ,ijβδt

ρs
, (4.8)

where δVd
i is the change in volume due to dissolution process in pore i and δVd

ij

is the change in volume due to dissolution process in throat ij

Based on Eqs. (4.7) and (4.8), the change in radii of pores (δrd
i ) and throats

(δrd
ij) due to dissolution is defined (see Fig. 4.2), respectively, as

δrd
i =

δVd
i

An
ψ,i

=
krCn+1,∗

a,i βdt
ρs

, (4.9)

δrd
ij =

δVd
ij

An
ψ,ij

=
krCn+1,∗

a,ij βdt

ρs
. (4.10)

Figure 4.2: Scheme of the change in volume due to dissolution for pores and
throats. δrd

i and δrd
ij represents the radius increase, respectively for pores and

throats.

There are regions in the contact area between pore i and connecting throats

ij that the same volume is dissolved twice: by the pore i and the throat ij,

simultaneously (see Fig.4.3, hatched area in red). The consumed volume needs

66



to be counted twice to keep the mass conservative. 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 . (4.11)

Figure 4.3: Scheme of the change in volume due to double dissolution (δVdd
i,ij ).

Hatched area in red represents the contact area between pore i and connecting
throats ij that is dissolved twice and δrdd

i is the respective pore radius increase.

For throats, the double dissolution may consider the contact area between the

two connected pores i and j (see Eq. (4.12)), and for pores, the double dissolution

may account for the contact area between pore i and all connected throats ij (see

Eq. (4.13)).

δVdd
ij = δVdd

i,ij + δVdd
j,ij, (4.12)

δVdd
i = ∑

ij
δVdd

i,ij . (4.13)

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

δVdd
i

An
ψ,i

. (4.14)

The grain region that pore i invades due to the addition of the double dis-

solved volumes that is also invaded by the dissolution of throat ij (see Fig.4.4,

hatched area in green) is also transferred to the pore. The volume related to this

region are defined by Eq. (4.15). The total change in volume related to this step

for throats and pores are defined, respectively in Eqs. (4.16) and (4.17).

δVc1
i,ij = π

[(
rn

ij + δrd
ij

)2
−
(

rn
ij

)2
]

δrdd
i . (4.15)

δVc1
ij = δVc1

i,ij + δVc1
j,ij. (4.16)

δVc1
i = ∑

ij
δVc1

i,ij. (4.17)

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

by

δrc1
i =

δVc1
i

An
ψ,i

. (4.18)
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Figure 4.4: Scheme of the change in volume due to correction 1 (δVc1
i,ij). Hatched

area in green represents the contact area between pore i and connecting throats
ij that needs to be relocated and δrc1

i is the respective pore radius increase.

Again, the grain region that pore i invades due to the addition of the correc-

tion volume δVc1
i,ij that is also invaded by the dissolution of throat ij (see Fig.4.5,

hatched area in blue) is transferred for the pore. The volume related to this re-

gion are defined by Eq. (4.19). The total change in volume related to this step

for throats and pores are defined, respectively in Eqs. (4.20) and (4.21).

δVc2
i,ij = π

[(
rn

ij + δrd
ij

)2
−
(

rn
ij

)2
]

δrc1
i . (4.19)

δVc2
ij = δVc2

i,ij + δVc2
j,ij. (4.20)

δVc2
i = ∑

ij
δVc2

i,ij. (4.21)

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

by
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δrc2
i =

δVc2
i

An
ψ,i

. (4.22)

Figure 4.5: Scheme of the change in volume due to correction 1 (δVc2
i,ij). Hatched

area in blue represents the contact area between pore i and connecting throats ij
that needs to be relocated and δrc2

i is the respective pore radius increase.

Formally, the transfer of volumes between pores and throats requires an it-

erative process to achieve a desired level of accuracy. Here, the correction step

stops in the second correction 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 both suffered a 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 belonged to throat ij (see

Fig.4.6, 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, (4.23)
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δmt
i,ij = Cn+1,∗

ij

(
δrd

i + δrdd
i + δrc1

i + δrc2
i

)
An

i,ij. (4.24)

The total change in volume related to this step for throats and pores are

defined, respectively in Eqs. (4.25) and (4.26).

δVt
ij = δVt

i,ij + δVt
j,ij. (4.25)

δVt
i = ∑

ij
δVt

i,ij. (4.26)

The total change in mass of acid related to this step for throats and pores are

defined, respectively in Eqs. (4.27) and (4.28).

δmt
ij = δmt

i,ij + δmt
j,ij. (4.27)

δmt
i = ∑

ij
δmt

i,ij. (4.28)
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Figure 4.6: Scheme of δVt
i,ij. Scheme of the change in volume due to transfers

(δVt
i,ij). Hatched area in purple represents the porous area of throats ij that needs

to be transferred to pore i and δrt
i is the respective pore radius increase.

Figure 4.7 presents a flowchart with the main steps necessary for the deter-

mination of the total change in volume of pores and throats at each time step of

the simulations.

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 in all time steps 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. Impor-

tantly, all transport-limited conditions presented Courant numbers smaller than

1.

Figure 4.7: Flowchart with the main steps to obtain the total change in volume
of pores and throats. The main steps include changes due to dissolution, double
dissolution, corrections 1 and 2, and transfer of porous spaces.
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The next section presents the algorithm with the total evolution of the vol-

umes of pores and throats, and the geometry update.

4.2.5.1 Algorithm for the geometry update

The steps for the geometry update of pores and throats, considering the evo-

lution of volumes described in the previous section, are described below.

1. Computation of the change in volume of pores and throats.

(a) Computation of the change in volume of pores and throats due to

dissolution (δVd
i and δVd

ij ) using Eqs. (4.7) and (4.8).

(b) Computation of the change in volume of pores and throats due to

double dissolution (δVdd
i and δVdd

ij ) using Eqs. (4.13) and (4.12).

(c) Computation of the change in volume of pores and throats due to the

first correction step (δVc1
i and δVc1

ij ) using Eqs. (4.17) and (4.16).

(d) Computation of the change in volume of pores and throats due to the

second correction step (δVc2
i and δVc2

ij ) using Eqs. (4.21) and (4.20).

(e) Computation of the change in volume of pores and throats due to the

transfer of porous spaces (δVt
i and δVt

ij) using Eqs. (4.26) and (4.25).

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

δVi = δVd
i + δVdd

i + δVc1
i + δVc2

i + δVt
i (4.29)

3. Computation of the total change in volume of throats by

δVij = δVd
ij − δVdd

ij − δVc1
ij − δVc2

ij − δVt
ij (4.30)
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4. Update of the new volume of pores and throats, respectively, by

Vn+1
i = Vn

i + δVi, (4.31)

Vn+1
ij = Vn

ij + δVij. (4.32)

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. (4.28) and (4.27).

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 , (4.33)

mn+1
ij =

(
Cn+1,∗

ij Vn
ij

)
− δmt

ij. (4.34)

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

rn+1
i =

3

√
3Vn+1

i
4π

. (4.35)

8. Correction of the new length of throats, by

ln+1
ij = dij − rn+1

i − rn+1
j . (4.36)

9. Calculation of the new throat radii, by
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rn+1
ij = 2

√√√√ Vn+1
ij

πln+1
ij

. (4.37)

10. Update of the reactive surface area and cross-sectional area of throats, re-

spectively, using Eqs. (3.22) and (3.23).

11. Update of the reactive surface area of pores using Eq. (3.25).

12. Update of the effective surface area of pores and throats using Eqs. (4.3)

and (4.4).

13. Update of the conductance of throats using (3.3).

14. Update of the effective conductance of throats using Eq. (4.1).

15. 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

, (4.38)

Cn+1
ij =

mn+1
ij

Vn+1
ij

. (4.39)

The above procedure is repeated for each time step and, because of this, it

is possible to evaluate the evolution of the permeability and also the pore-space

during the simulation of the reactive transport coupled with dissolution process.

4.2.6 The new merging approach

This section presents the methodology developed to consider merging of

pores and throats during reactive transport simulations when pore surfaces dis-

solve. The novel merging approach methodology, introduces the use of correc-
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tion factors to conserve effective surface areas and conductance of throats 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 of the system, before

and after the application of the merging method, but also the reactive surface

area and the conductance of throats. These are key parameters for the reactive

transport problem that depends strongly on flow properties (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 defor-

mation 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 in-

troduced 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. (4.3) and (4.4). Effective conductance of throats are defined by

Eq. (4.1).

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.

New merged pores as well as pores and throats connected to the new merged

pores have correction factors different from one to account 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. Also, when a throat diameter reaches the same value of the diameter

of a connected pore, the merging method is called to merge the pores connected
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to this throat.

The main steps of this novel merging methodology are then described. The

method is explained considering the case of the overlapping pores, but it is

similar for the case of throats with larger diameters 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. 4.8).

Figure 4.8: The 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.

The new merged pore is located in the volume-weighted average of the coor-

dinates of the connecting pores, as presented below

xm =
Vixi + Vjxj

Vm
, (4.40)

where xm, xi, and xj are the position vectors of the merged pore m and the

merging pores i and j, respectively.

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

rn+1
m =

3

√
3Vn+1

m

4π
. (4.41)

The length of the throats connected to the the new merged pores (ln+1
mk ) are
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updated due to the new location of the merged pore by

ln+1
mk = dmk − rn+1

m − rn+1
k . (4.42)

where dmk is the interpore distance between the newly merged pore m and the

connected pore k, as follows

dn+1
mk =| xm − xk |, (4.43)

where xm and xk are the position vectors of pores m and k.

There are two different procedures in generating the throats connected 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 connected 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 = 2

√√√√ Vn+1
mk

πln+1
mk

. (4.44)

The deformation of the throats during the merging process change the re-

active surface area and conductance (see Fig. 4.9). The new surface area and

conductance of the throats involved in the merging process, are determined,

respectively by
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Figure 4.9: 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.

An+1
r,mk = 2πrn+1

mk ln+1
mk , (4.45)

cn+1
mk =

π
(

rn+1
mk

)4

8µln+1
mk

. (4.46)

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

, (4.47)

εn+1
mk =

cn+1
ε,ik

cn+1
mk

. (4.48)
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Figure 4.10: 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.

If the original 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. 4.10). The new throat length,

radius, effective surface area, and effective conductance are also computed from

Eqs. (4.42), (4.44), (4.45), and (4.46). Consequently, the correction factors are

defined as

ψn+1
mk =

An+1
ψ,ik + An+1

ψ,jk

An+1
r,mk

, (4.49)

εn+1
mk =

cn+1
ε,ik + cn+1

ε,ik

cn+1
mk

. (4.50)

Finally, the reactive surface area of the new merged pore is updated con-

sidering the its radius (rn+1
m ) and the new radii of the connected throats, using

Eq. 3.25. Then, the correction factor to keep constant the effective surface area

during the merging process is obtained by
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ψn+1
m =

An+1
ψ,i + An+1

ψ,j

An+1
r,m

. (4.51)

Note that the pores connected to the new merged pore also need their ef-

fective 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 at

OpenPNM [74] 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 before calling the merge method from OpenPNM and relocated to

new pores and throats after the use of the method.

Figure 4.11 presents a flowchart with the main steps of the novel merging

methodology.
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Figure 4.11: Flowchart of the novel methodology for merging of pores and
throats. In summary, for each time step, after solving the reactive transport
problem and the geometry update, merging conditions are evaluated and if it is
necessary, the merging method is performed. Geometry update is also necessary
after performing a merging process, and, for this case, correction factors must
be updated.

4.2.6.1 Algorithm of the novel merging approach

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 merg-

ing process.

3. Call OpenPNM method for merging of pores and throats.

Note that this method deletes the two original merging pores and all con-

nected throats, and after that creates a new merged pore and new connec-

tions between the new pore and the previous connected pores. This new

pore spaces do not have any geometric information or any data from mass

balance.

4. Update the radius of the new merged pore and all connected pores using

Eq. 4.41.
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5. Update the length of the new throats using Eq. 4.42.

6. New connected throat radii are obtained by Eq. 4.44, the surface areas are

obtained by Eq. 4.45 and the conductances are obtained by Eq. 4.46.

7. Correction factors for the effective surface area and conductance of the

connected throats are updated, respectively, using Eq. 4.47 and Eq. 4.48.

If a new throat replaced two original throats, use Eqs.4.49 and 4.50.

8. Correction factors for the effective surface area of the new merged pore

and connected pores are updated using Eq. 4.51

9. Effective surface area of pores and throats are updated using Eqs. 4.3 and

4.4.

10. Effective conductance of throats are updated using Eq. 4.1.

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.

4.2.7 Dimensionless numbers

The dimensionless numbers are described in section 3.2.4.

4.2.8 Quantitative criteria: a more robust approach

ESTEVES et al. [29] introduced the use of statistical approaches to classify

the dissolution regimes. Here, a novel approach more generic and considering

dimensionless parameters is proposed.

The network is partitioned in Ncs volumes in the flow direction. Each pore

space that has its center within a partition volume it is said to belong to this par-

tition. Thus, some statistical quantities can be calculated for each cross-sectional

partition.
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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 [80]. The CV

is used to evaluate the variation of the acid concentration profile within the

network. Considering the definition of standard deviation (see Eq. (4.53)), the

CV is determined for each network cross-section partition (CVcs) by Eq. (4.54),

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. (4.52)). The CV for each simulation condition is defined then by Eq. (4.55),

where CVcs is the average of all CVcs.

Ca,cs =
1

Nps

Nps

∑
ps=1

Ca,ps. (4.52)

σcs =

√√√√ 1
Nps

Nps

∑
ps=1

(
Ca,ps − Ca,cs

)2
. (4.53)

CVcs =
σcs

Ca,cs
. (4.54)

CV = CVcs =
1

Ncs

Ncs

∑
cs=1

CVcs (4.55)

The measure of the extension of the acid along the network in the flow direc-

tion is characterized by the parameter ∆C, that is defined by Eq. (4.56), where

Ca,in is the inlet acid concentration and Ca,out is the acid concentration in the

outlet pore.
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∆C =

∣∣∣∣Ca,in − Ca,out

Ca,out

∣∣∣∣ (4.56)

Hence, these two parameters, CV and ∆C are used to identified the dis-

solution 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 surface dissolution regime

is characterized by a more homogeneous spread of the acid along the cross sec-

tions perpendicular to the flow and is identified by a small CV (small dispersion

of the values of acid concentration in each cross section) and a high ∆C. The high

∆C identifies the consumption of the acid along the network due to the large re-

activity of this dissolution regime. Finally, uniform dissolution is described by

small values of CV and ∆C, that identify a regime that the acid concentration is

homogeneous within the cross sections and the consumption is nearly uniform

in the entire domain due to the small reactivity of this dissolution regime.

4.3 Results and discussion

Simulations of reactive transport and mineral dissolution are performed in

different networks to show the applicability of the methodology for a wide range

of systems.

A concentration of 10 kg/m3 of acid is injected from the left-hand side of the

network (one-dimensional flow in the positive x direction) at a constant volu-

metric flow rate corresponding to a Re ≈ 0.1. Fluid and solid properties are set

to µ f = 10−3 Pa.s, ρ f = 1000 kg/m3 and ρsolid = 2165 kg/m3. The stoichiomet-

ric coefficient that relates the consumed acid species with the consumed solid

reactive mineral is set to β = 1.37, based on molar masses (M) and stoichiomet-

ric coefficients of Eq. (3.10) (MCaCO3/2MHCl). An analysis of the mass balance

errors in the simulations are presented in Appendix B.

Simulation conditions were explored based on the dimensionless numbers

Pe, Da, and PeDa. Reaction rate constant and diffusivity were adjust to reach
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the desired conditions.

Table 4.2: 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 2x10−5

3 Uniform dissolution 100 0.05 5

4 Uniform dissolution 10−5 0.05 5x10−7

4.3.1 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 reser-

voir simulations that relates the evolving permeability based on the increase of

the porosity of the porous medium.

Figure 4.12 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 a 40x40 network.

The use of correction factors enables a continuous curve of the evolution of

permeability and porosity of the network under dissolution condition. The de-

formation of the original pore spaces due to the merging hypothesis shows to

impact significantly the behavior of the K − φ curve. This means that, the new

methodology proposed here helps in the construction of a more accurate physi-

cal description of the evolving of a porous medium under reactive transport and

mineral dissolution processes and generates more reliable input information for
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larger scale simulations.

Figure 4.12: 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 evolution
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.

4.3.2 Application in two-dimensional networks

This section aims to show the applicability of the methodology for two-

dimensional networks.

Figure 4.13 presents the acid concentration profile at the end of simulations

in the 10x10 network. The expected dissolution regime for each simulation case

is observed. Preferential pathways are observed in the upper region of the net-

work for Condition 1 (see Fig. 4.13a). Surface dissolution is characterized by

a homogeneous high acid consumption along the network for Condition 2 (see

Fig. 4.13b). Uniform dissolution regime is observed for Conditions 3 and 4 (see

Fig 4.13c and 4.13d) by a uniform and large spread of the acid throughout the

entire network.
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(a) (b)

(c) (d)

Figure 4.13: Acid concentration profile at the end of simulation for the 10x10
network. (a) Condition 1, characterized by a preferential pathways regime, after
111 PVI. (b) Condition 2, characterized by a surface dissolution regime, after 111
PVI. (c) Condition 3, characterized by a uniform dissolution regime, after 1323
PVI. (d) Conditions 4, characterized by a uniform dissolution regime, after 1323
PVI.

Figure 4.14 presents the permeability versus porosity curves obtained for

simulations in the 10x10 network. The preferential pathways regime presents

the largest increase of the permeability (blue curve) while the surface dissolu-

tion presents the largest increase of porosity (orange curve). Uniform dissolution

curves (green and red curves) present intermediate behavior. The observed be-

haviors are expected as previously described in the literature, but note that, the

increases observed in Fig. 4.14 are reaching values larger than 100 times of the
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initial permeability of the network. These results are just 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 happens in real porous media using a simplified

stick-and-ball pore-network model.

Figure 4.14: Permeability versus porosity curves obtained for simulations in the
10x10 network.

Figure 4.15 presents the acid concentration profile at the end of simulations in

the 20x20 network. The idea here is to demonstrate that the behaviors expected

for each simulation case are also reproduced in larger networks. Moreover, in

larger domain sizes, the characteristic behavior of the dissolution regimes are

highlighted. Figure 4.15a, for example, shows clear formation of a preferential

pathway in the upper side of the network in contrast to the middle and lower

regions of network that presents small amount of acid.
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(a) (b)

(c) (d)

Figure 4.15: Acid concentration profile at the end of simulation for the 20x20
network. (a) Condition 1, characterized by a preferential pathways regime, after
88 PVI. (b) Condition 2, characterized by a surface dissolution regime, after 88
PVI. (c) Condition 3, characterized by a uniform dissolution regime, after 876
PVI. (d) Condition 4, characterized by a uniform dissolution regime, after 876
PVI.

Figure 4.16 presents the flow rate profile for Condition 1, characterized by a

preferential pathways regime, after 88 PVI in the 20x20 network. The path with

the greatest flow rates in the network corroborates the location of the preferential

pathways formed during the simulation of Condition 1.
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Figure 4.16: Flow rate profile for Condition 1, characterized by a preferential
pathways regime, after 88 PVI in the 20x20 network.

Figure 4.17 presents the permeability versus porosity curves obtained for

simulations in the 20x20 network, reproducing the behaviors described for sim-

ulation in the 10x10 network.

Figure 4.17: Permeability versus porosity curves obtained for simulations in the
20x20 network.
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Finally, Figure 4.18 presents the acid concentration profile at the end of sim-

ulations in the 40x40 network. The expected behavior for each simulation case

is reproduced for the 40x40 network.

(a) (b)

(c) (d)

Figure 4.18: Acid concentration profile at the end of simulation for the 40x40
network. (a) Case 1, characterized by a preferential pathways regime, after 94
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.

Figure 4.19 illustrates the complex flow rate profile for Condition 1, charac-

terized by a preferential pathways regime, after 94 PVI in the 40x40 network.
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Ramifications of the wormhole are clearly seen.

Figure 4.19: Flow rate profile for Condition 1, characterized by a preferential
pathways regime, after 94 PVI in the 40x40 network.

Figure 4.20 presents the permeability versus porosity curves obtained for

simulations in the 40x40 network, reproducing similar behaviors described for

simulations in the 10x10 and 20x20 network. Here, otherwise, it is possible to see

that the curve of preferential pathways dissolution regime needs more porosity

increase than the uniform dissolution curves to reach the largest permeability in-

crease. This fact demonstrates the possible differences in behaviors for networks

with different characteristics lengths and the importance to take into account the

heterogeneity of the porous medium when discussing observed results.
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Figure 4.20: Permeability versus porosity curves obtained for simulations in the
40x40 network.

A power-law form is generally used to represent the relationship between

the logarithmic of the K/K0 and the logarithmic of φ/φ0. Table 4.3 presents

the power-law exponents and coefficients of determination (R2) obtained for the

simulations in the two-dimensional networks.

Table 4.3: Power-law exponents and coefficients of determination (R2) obtained
for the simulations in the two-dimensional networks.

Network 10x10 20x20 40x40

Case Observed regime Exponent (R2) Exponent (R2) Exponent (R2)

1 Preferential pathways 12.9 (0.996) 14.1 (0.978) 10.3 (0.953)

2 Surface dissolution 9.8 (0.982) 7.9 (0.972) 4.3 (0.902)

3 Uniform dissolution 10.6 (0.984) 10.6 (0.980) 10.8 (0.981)

4 Uniform dissolution 10.5 (0.985) 10.5 (0.981) 10.8 (0.982)

The surface dissolution regime is identified by the smallest power-law expo-
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nents. This means that the increase of permeability is limited for a limited poros-

ity variation. Note that in this regime most of the changes in volume happens

around the inlet area where most of the acid is already consumed. Moreover,

it is possible to see that the exponent values decrease as the network work size

increases.

The formation of preferential pathways leads to sharp increases of the per-

meability for a limited porosity variation and, consequently, 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 present the largest values of the exponents. This can be explained by low

values of the R2 that shows that the power-law form can not be the best form to

represent the behavior of the permeability versus permeability curves.

The uniform dissolution regime, in general, presents intermediate behavior

of the curves compared to the preferential pathways regime and the the surface

dissolution regime.

4.3.2.1 Demonstration of the evolution of the correction factors

This section presents the final profile of the correction factors simulating Con-

dition 1 in the 20x20 and 40x40 networks. The objective here is to show the the

magnitude of the values necessary to correct the deformation of the pore spaces

and conserve the main important properties for the reactive transport and min-

eral dissolution simulations.

Figure 4.21 presents the final profile of the correction factor for the effective

surface area of pores (ψi) considering Case 1, characterized by a preferential

pathways dissolution regime, simulated in the 20x20 (Fig. 4.21a) and 40x40 (Fig.

4.21b) networks. It is possible to see that the correction factors that were mod-

ified are located around the preferential pathway and the pore spaces that suf-

fered a merging process. Note that the maximum values of ψi are approximately

twice the original values.
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(a) (b)

Figure 4.21: Final profile of the correction factor for the effective surface area of
pores (ψi) considering Case 1, characterized by a preferential pathways dissolu-
tion regime. (a) Simulation in the 20x20 network after 111 PVI. (b) Simulation in
the 40x40 network after 88 PVI.

Figure 4.22 presents the final profile of the correction factor for the effective

surface area of throats (ψij) considering Case 1, characterized by a preferential

pathways dissolution regime, simulated in the 20x20 (Fig. 4.22a) and 40x40

(Fig. 4.22b) networks. It is possible to see that the correction factors that were

modified are located around the preferential pathway and the pore spaces that

suffered a merging process. The values of ψij are approximately in the [0.1, 3.2]

range.
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(a) (b)

Figure 4.22: Final profile of the correction factor for the effective surface area
of throats (ψij) considering Condition 1, characterized by a preferential path-
ways dissolution regime. (a) Simulation in the 20x20 network after 111 PVI. (b)
Simulation in the 40x40 network after 88 PVI.

Figure 4.23 presents the final profile of the correction factor for the effective

conductance of throats (εij) considering Case 1, characterized by a preferential

pathways dissolution regime, simulated in the 20x20 (Fig. 4.23a) and 40x40 (Fig.

4.23b) networks. Here, the value of εij span eleven of magnitude. It can be

greater than 108 times the original values. These results highlight the impact

of the deformation of throats during the merging process, that impacts directly

the permeability of the network, and the importance in considering correction

factors to conserve the evolution of the conductance profile along the network.
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(a) (b)

Figure 4.23: Final profile of the correction factor for the effective conductance of
throats (εij) considering Case 1, characterized by a preferential pathways disso-
lution regime. (a) Simulation in the 20x20 network after 111 PVI. (b) Simulation
in the 40x40 network after 88 PVI.

4.3.3 Application in a regular three-dimensional network

This section shows the applicability of the methodology for simulations in

three-dimensional networks.

Figure 4.24 presents the acid concentration profile at the end of simulations

in the 10x10x10 network. The expected dissolution regime for each simulation

case is observed. Preferential pathways are observed in the middle region of the

network for Condition 1 (see Fig. 4.24a). Surface dissolution is characterized by

a homogeneous high acid consumption along the network for Condition 2 (see

Fig. 4.24b). The uniform dissolution regime is observed for Conditions 3 and 4

(see Figs. 4.24c and 4.24d) by a uniform and large spread of the acid throughout

the entire network.
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(a) (b)

(c) (d)

Figure 4.24: Acid concentration profile at the end of simulation for the 10x10x10
network. (a) Condition 1, characterized by a preferential pathways regime, after
111 PVI. (b) Condition 2, characterized by a surface dissolution regime, after 111
PVI. (c) Condition 3, characterized by a uniform dissolution regime, after 1037
PVI. (d) Condition 4, characterized by a uniform dissolution regime, after 1037
PVI.

Figure 4.25 presents the permeability versus porosity curves obtained for

simulations in the 10x10x10 network, reproducing similar behaviors described

for simulations in the two-dimensional networks. Here, it is possible to see an

increase of the permeability for the preferential pathways regime that reached

600 times the initial permeability value, while for the surface dissolution regime
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the increase of permeability is significantly limited.

Figure 4.25: Permeability versus porosity curves obtained for simulations in the
10x10x10 network.

Table 4.4 presents the power-law exponents and coefficients of determination

(R2) obtained for the simulations in the regular three-dimensional network. Sur-

face dissolution regime is identified by the smallest power-law exponent while

the formation of preferential pathways is identified by the largest value of the

power-law exponent. The uniform dissolution regimes present a intermediate

values of the power-law exponents.
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Table 4.4: Power-law exponents and coefficients of determination (R2) obtained
for the regular three-dimensional network.

Case Observed regime Exponent (R2)

1 Preferential pathways 13.9 (0.936)

2 Surface dissolution 8.8 (0.988)

3 Uniform dissolution 10.0 (0.989)

4 Uniform dissolution 9.8 (0.989)

4.3.4 Application in a random three-dimensional network

This section aims to show the applicability of the methodology for simula-

tions in three-dimensional random networks.

Figure 4.26 presents the acid concentration profile at the end of simulations

in the three-dimensional random network. The expected dissolution regime for

each simulation condition is observed. Preferential pathways are observed in the

upper region of the network for Condition 1 (see Fig. 4.26a). Surface dissolution

is characterized by a homogeneous high acid consumption along the network

for Condition 2 (see Fig. 4.26b). Uniform dissolution regime is observed for

Conditions 3 and 4 (see Figs. 4.26c and 4.26d) by a uniform and large spread of

the acid throughout the entire network. The pores with small acid concentration

in Fig. 4.26c are in the inlet and outlet regions, and are mostly connected to

pores in the same region. In this way, they are under the same pressure and

as diffusion in this condition is very low, acid couldn’t be transported to this

specific pores.
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(a) (b)

(c) (d)

Figure 4.26: Acid concentration profile at the end of simulation for the three-
dimension 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.

Figure 4.27 presents the permeability versus porosity curves obtained for

simulations in the random network, reproducing similar behaviors described

for simulations in the two-and-three dimensional regular networks.
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Figure 4.27: Permeability versus porosity curves obtained for simulations in the
three-dimensional random network.

Table 4.5 presents the power-law exponents and coefficients of determina-

tion (R2) obtained for the simulations in the random three-dimensional network.

The surface dissolution regime is identified by the smallest power-law exponent

while the formation of preferential pathways is identified by the largest value of

the power-law exponent.

Table 4.5: Power-law exponents and coefficients of determination (R2) obtained
for the random three-dimensional network.

Case Observed regime Exponent (R2)

1 Preferential pathways 8.5 (0.993)

2 Surface dissolution 6.6 (0.978)

3 Uniform dissolution 7.8 (0.981)

4 Uniform dissolution 7.5 (0.982)
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4.3.5 Special case of a network generated using a carbonate

topology

This section aims to show the possibility to use the merging methodology for

very heterogeneous networks.

Figure 4.28 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 path-

ways due to the significant heterogeneity of the system for Condition 1 (see Fig.

4.28a). Surface dissolution is characterized by a homogeneous and large acid

consumption along the network for Condition 2 (see Fig. 4.28b). Uniform disso-

lution regime is observed for Conditions 3 and 4 (see Figs. 4.28c and 4.28d) by

a high spread of the acid throughout the entire network. There are many pores

with small acid concentration in Fig. 4.28c, Condition 3, and this is a conse-

quence of the large heterogeneity of the network, and consequently the presence

of some restricted pore spaces, and a very low diffusivity that is necessary to

reach high values of Peclet number.
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(a) (b)

(c) (d)

Figure 4.28: Acid concentration profile at the end of simulation for the carbonate-
derives 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.

Figure 4.29 presents the permeability versus porosity curves obtained for sim-

ulations 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 small Peclet number (in red).

This behavior is explained by the small value of permeability of this network
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and its significant heterogeneity. For this case, preferential dissolution in the

inlet area of the network is helping in the increase of the overall permeability

of the network, considering that this area presents a significant restriction to the

flow.

Figure 4.29: Permeability versus porosity curves obtained for simulations in the
carbonate-derived network.

Table 4.6 presents the power-law exponents and coefficients of determination

(R2) obtained for the simulations in the carbonate network. The smallest power-

law exponent reflects the porosity-permeability behavior for Condition 4. The

largest value of the power-law exponent is related to the curve of the preferential

pathways. Again, considering the poor adjustment of the curves, specially for

Condition 1, the power-law seems not to be ideal for all simulation cases. This

highlight the importance of using pore-scale simulations to observe better the

behavior of the evolving of porosity and permeability in a porous medium.
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Table 4.6: Power-law exponents and coefficients of determination (R2) obtained
for the carbonate-derived network.

Case Observed regime Exponent (R2)

1 Preferential pathways 17.2 (0.874)

2 Surface dissolution 13.1 (0.911)

3 Uniform dissolution 15.1 (0.911)

4 Uniform dissolution 11.1 (0.964)

4.3.6 Statistical parameters analysis

Here, the statistical parameters obtained to identified the dissolution regimes

are presented.

Table 4.7 presents the statistical parameter CV and Table 4.8 presents the

statistical parameter ∆C obtained for all the reactive transport and mineral dis-

solution simulations. Note that the results reflect the final acid concentration

profiles and that the increase of porosity observed for all simulations reached, at

least, 40%.

Preferential pathways are identified by the largest values of CV and, conse-

quently, the largest variance in the values of acid concentration within each cross

section of the network. Based on the simulation results, preferential pathways

are identified by a CV > 1.
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Table 4.7: Statistical parameter CV obtained for all the simulation conditions for
the six networks explored.

Condition Observed regime 10x10 20x20 40x40 10x10x10 Random Carbonate

1 Preferential pathways 2.433 3.904 4.732 5.449 3.165 1.081

2 Surface dissolution 0.062 0.136 0.390 0.025 0.049 0.219

3 Uniform dissolution 0.150 0.105 0.093 0.234 0.277 0.705

4 Uniform dissolution 0.001 0.003 0.006 0.001 0.001 0.008

Surface dissolution are identified by the largest values of ∆C. 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 a ∆C > 1.

Table 4.8: Statistical parameter ∆C obtained for all the simulation conditions for
the six networks explored.

Condition Observed regime 10x10 20x20 40x40 10x10x10 Random Carbonate

1 Preferential pathways 1.66 2.45 5.83 0.56 1.95 0.95

2 Surface dissolution 3.97 12.40 94.60 4.27 6.83 1.65

3 Uniform dissolution 0.08 0.15 0.30 0.08 0.12 0.02

4 Uniform dissolution 0.08 0.14 0.28 0.08 0.12 0.03

The uniform dissolution regime is characterized by the smallest values of

CV and ∆C, meaning a system where reactivity is low and acid spreads homo-

geneously throughout the entire network. Based on the simulation results, the

uniform dissolution regime is identified by both CV < 1 and ∆C < 1.
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4.4 Summary

This study proposes and demonstrates a new pore-network modeling ap-

proach to simulate single-phase reactive transport and mineral dissolution in

porous media. A new algorithm for the merging of pores and throats resulting

from solid dissolution is introduced to guarantee the conservation of the main

variables of interest during the merging process. Pore surface areas and throat

conductances are modeled accurately using a novel application of correction fac-

tors and effective properties.

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 reactive transport

problem is described by the acid advection-diffusion transient equation in con-

trol volumes represented by pores and throats. The network geometry is up-

dated based on the dissolution process happening at the mineral surface.

Pores and throats are enlarged due to mineral consumption. The merging

method is performed when two connected pores reach each other. Pore spaces

are relocated in the network and correction factors are updated to conserve the

effective surface areas and effective conductance of throats. The fluid flow field

is also updated due to these new larger sizes of pores and throats.

A wide range of pore-network models were used to study the reactive trans-

port problem. The main results include the exploration of different dissolution

regimes through porosity-permeability evolution curves, acid concentration pro-

files, 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 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, geological storage of carbon dioxide (CO2), and en-

hanced oil recovery.
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Chapter 5

Conclusions

This thesis presents a pore-network modeling approach to explore reactive

transport and mineral dissolution in porous media. The methodology presented

here made possible the investigation of the occurrence of different dissolution

regimes in a porous medium subject to various flow and reactivity conditions

during single-phase flow using a simplified ball-and-stick pore-network model.

The transport problem considers pores and throats as moving control vol-

umes that evolves as a function of the mineral consumption due to heteroge-

neous chemical reactions between the acid fluid and the reactive mineral walls.

The fluid flow field is also updated due to these new larger sizes of pores and

throats.

One of the main contributions of this work is the new algorithm for the

merging of pores and throats that aims to guarantee the conservation of the

main variables of interest during the merging process. Here, we introduce the

novel use of correction factors and effective properties, that aims to conserve

throat conductances and surface areas of pores and throats while the topology

of the network evolves.

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. Then, pore spaces are relocated in the network and cor-

rection factors are updated to conserve the effective surface areas and effective

conductance of throats.

The main dissolution regimes were mapped in behavior diagrams based on
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dimensionless numbers and were explored in simple regular networks and, af-

ter the implementation of the new merging methodology, in a wide range of

network heterogeneity.

The methodology developed here showed to be applicable to investigate the

main dissolution regimes. The main results include the exploration of different

dissolution regimes through porosity-permeability evolution curves, acid con-

centration profiles, and the use of statistical criteria to differentiate regimes. Im-

portantly, this methodology has the ability to simulate permeability increases

larger than 100-fold during the formation of preferential pathways through the

network

Statistical parameters are introduced here as quantitative criteria to classify

dissolution regimes based on the acid concentration profile within the network

at the end of simulation. In this way, it is possible to identify standard disso-

lution patterns based on parameters obtained at the end of simulation, without

depending on post-processing and qualitative analysis.

The unique contribution of this study to the literature is to present a pore-

network methodology to study single-phase reactive transport and mineral dis-

solution that is able to explore wide ranges of reactivity and flow conditions.

This methodology is not limited to a fixed topology or the simplified ball-and-

stick geometry of the porous medium. Also, the use of statistical quantitative

criteria brings a simple and more accurate way to identify the main dissolution

regimes without only relying on qualitative criteria.

5.1 Future Work

Here, some suggestions for future work are given that could use the novel

ideas and tools developed.

• Improvements to the ability of the new merging methodology.

During geometry and topology evolution due to dissolution many different

conditions happens. Our algorithm contemplates some of them, but there

is still space for improvements.
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For example, after merging, the new merged pore is relocated in the net-

work. Sometimes, an overlap of pore spaces happens due to the new po-

sition of the merged pore. This situation was named sequential mergings.

During sequential mergings, throat conductances are lost and can gener-

ate small discrepancies in the evolution of the overall conductance of the

network. This behavior could be more thoroughly explored to avoid these

differences.

Another example is that our algorithm is designed to process one merging

per time step, and sequential mergings as necessary. It would be interesting

to handle mergings that involve a cluster of pore spaces, for example, three

connected pores that in the same time step reach the merging criteria.

• Coupling with geochemistry modules.

Our approach implements a simplified kinetic model with a single hetero-

geneous chemical reaction describing the dissolution of calcite by acidic

solutions. The coupling of our methodology and a geochemistry module,

such as PHREEQC [81] and Reaktoro [82], enables the study of the com-

plex geochemistry system involved in the injection of acidic solution in

carbonate rocks.

• Coupling with large-scale simulators.

The coupling of the pore-network model with large scale simulators in-

creases the representativeness of the input data that the pore-scale model

can provide. For example, permeability versus porosity curves can be de-

termined by pore-scale models ans used as input for larger scale simula-

tors.

• Implementation of the presence of an immobile or mobile gas phase.

CO2 is not always dissolved in the fluid phase. A system with large reactiv-

ity might lead to the formation of a CO2 gas phase due to the large amount
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of reaction product produced. Including the formation of a gas phase con-

sidering thermodynamic equilibrium between phases is suggested as fu-

ture work.
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Appendix A

Mass balance derivations

The reactive transport and dissolution problem is described by the mass bal-

ance in all available pore spaces, pores, and throats, and is deduced from the

mass conservation equations of the chemical species [75]. Here, derivation of

the mass balance equation for pores and throats are described.

A.1 Mass balance for pores

Reactive flow processes are described by the continuity equation for a multi-

component mixture, as

∂Cα

∂t
+5 · (Cαv) = −5 · (Jα) + sα (A.1)

where Cα is the mass concentration of specie α, t is the time, v is the average

mass velocity of the mixture, Jα is the mass diffusive flux and sα is the source

term [75].

Volume integration of Eq. (A.1) results in

∫
V(t)

∂Cα

∂t
dV +

∫
V(t)

5 · (Cαv + Jα) dV =
∫

V(t)

sα dV (A.2)

where V(t) is the control volume at instant t.

The dissolution process is characterized by the expansion of the control vol-
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ume. That means that the control volume is variable with time. Theorem 5.1

from [83] describes this phenomenon considering an arbitrary volume V(t) with

boundary A(t) that moves at the velocity vc and has n̂ as an exterior normal to

the boundary, as

d
dt

∫
V(t)

Cα dV =
∫

V(t)

∂Cα

∂t
dV +

∫
A(t)

Cαvc · n̂ dA. (A.3)

The Gauss divergence theorem is used to relate the outward flux through a

closed surface to the integral of the volume of this surface, as follows

∫
V(t)

5 · (Cαv + Jα) dV =
∫

A(t)

(Cαv + Jα) · n̂ dA. (A.4)

Substituting Eqs. (A.3) and (A.4) into Eq. (A.1), the following equation is

obtained

d
dt
(CαV)−

∫
A(t)

Cαvc · n̂ dA +
∫

A(t)

(Cαv + Jα) · n̂ dA = Sα. (A.5)

The control volume is divided in three regions: inlet and outlet zones (Ain

and Aout), and the reactive surface area (Ar), where heterogeneous chemical

reactions occur. The union of these three regions represents all control volume

surfaces, as

A(t) = Ain ∪ Aout ∪ Ar. (A.6)

The substitution of Eq. (A.6) into Eq. (A.5) results in

d
dt
(CαV) +

∫
Ain

[Cα(v− vc) + Jα] · n̂ dA +
∫

Aout
[Cα(v− vc) + Jα] · n̂ dA

+
∫

Ar
[Cα(v− vc) + Jα] · n̂ dA = Sα,

(A.7)
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that represents the base equation for reactive transport in multidimensional sys-

tems.

For pores, with spherical geometry and with a homogeneous concentration

inside the control volume, the advective terms at inlet and outlet zones take into

account advective mass inflow rates, represented by the mass that arrives in pore

i from connected throats ij, and advective mass outflow rate, represented by the

mass that leaves pore i through throats ij, as presented below

∫
Ain∪Aout

[Cα(v− vc) · n̂]dA ∼= −
(
+ ∑

ij,in
Cα,ij qij − Cα,i ∑

ij,out
qij

)
(A.8)

where Cα,ij is the mass concentration of species α that arrives into pore i by throat

ij that has qji as the volumetric flow rate, Cα,i is the mass concentration of species

α that leaves pore i by throat ij.

The rate of change of mass due to diffusion between pore i and all connected

throats ij through inlet and outlet zones is represented by Fick’s Law, as follows

Jα = −Dα5Cα → Jα · n̂ = −Dα(n̂ ·5Cα) ∼= −Dα

(
Cα,ij − Cα,i

0.5lij + ri

)
, (A.9)

∫
Ain∪Aout

Jα · n̂ dA ∼= −∑
ij

AijDα,ij

(
Cα,ij − Cα,i

0.5lij + ri

)
, (A.10)

where Dα is the diffusion coefficient of species α, Cα,ij is the mass concentration

of species α in throat ij connected to pore i, lij is the length of throat ij, and Aij

is the cross-section area of throat ij.

The mass change through the pore reactive surface area is due to heteroge-

neous chemical reaction that occurs in the available reactive surface area of pore

i, as follows

∫
Ar
[Cα(v− vc) + Jα] · n̂ dA ∼= Rα,i Ar,i = Cα,i kr Ar,i, (A.11)
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where Rα,i is the heterogeneous chemical reaction rate of species α, assuming a

first order reaction, Ar,i is the reactive surface area of pore i, and kr is the linear

reaction rate coefficient.

The source term is zero in our approach because we are not considering any

homogeneous chemical reactions in our system. Finally, substituting Eqs. (A.8),

(A.10) and (A.11) into Eq. (A.7), the reactive transport equation for pore i is

d
dt
(Cα,iVi) = ∑

ij,in
Cα,ij qij − Cα,i ∑

ij,out
qij + ∑

ij
AijDα

(
Cα,ij − Cα,i

0.5lij + ri

)

−Rα,i Ar,i.

(A.12)

A.2 Mass balance for throats

Considering Eq. (A.7), mass change due to advection between the inlet and

at outlet zones of throat ij is described by the mass of chemical species α that

arrives in throat ij from the connected pore i and by the mass of α that leaves

throat ij in the direction of pore j, Cα,i and Cα,ij, respectively, as follows

∫
Ain∪Aout

[Cα(v− vc) · n̂]dA ∼= −
[(

Cα,i − Cα,ij
)

qij
]

. (A.13)

The mass change due to diffusive transport is represented by considering

Fick’s Law and the concentration difference between throat ij and the two con-

nected pores i and j, as follows

∫
Ain∪Aout

Jα · n̂ dA ∼= −
[
+AijDα

(
Cα,i − Cα,ij

0.5lij + ri

)
+ AijDα

(
Cα,j − Cα,ij

0.5lij + rj

)]
. (A.14)

Transport through the available reactive surface is represented by heteroge-

neous chemical reactions between species α and the reactive mineral present in

the surface wall, as
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∫
Ar
[Cα(v− vc) + Jα] · n̂ dA ∼= Rα,ij Ar,ij = Cα,ij kr Ar,ij, (A.15)

where Rα,ij is the heterogeneous chemical reaction rate of specie α and Ar,ij is the

reactive surface area of throat ij. The source term is described by the homoge-

neous chemical reactions of specie α. We are not considering any homogeneous

chemical reactions in our system, in this way, this term is equal to zero in our

approach.

Finally, the mass balance equation for species α in throat ij is

d
dt
(Cα,ijVij) = (Cα,i − Cα,ij)qij + AijDα

(
Cα,i − Cα,ij

0.5lij + ri

)
+ AijDα

(
Cα,j − Cα,ij

0.5lij + rj

)
−Rα,ij Ar,ij

(A.16)
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Appendix B

Mass balance errors

The mass balance errors are estimated based on the relative difference be-

tween the accumulation term and the sum of the terms related to inlet, outlet,

and consumption of mass of acid at each time step for the entire simulation, as

described bellow

MBerror =
accumulation− (inlet− outlet− consumption)

accumulation
(B.1)

Table B.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 present in percentage.
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Table B.1: Mass balance error (%) obtained in the simulations.

Network Condition 1 Condition 2 Condition 3 Condition 4

10x10 0.0003 0.0003 0.0012 0.0013

20x20 0.0008 0.0010 0.0015 0.0016

40x40 0.0065 0.0083 0.0058 0.0062

10x10x10 0.0023 0.0019 0.0058 0.0060

Random 0.0014 0.0014 0.0038 0.0038

Carbonate 0.0007 0.0005 0.0148 0.0082

Tables B.2 and B.3 present, respectively, the time-step sizes and number of

time steps used in the simulations.
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Table B.2: Time-step sizes (in seconds) used in the simulations.

Network Condition 1 Condition 2 Condition 3 Condition 4

10x10 1.0× 10−4 1.0× 10−4 2.0× 10−4 2.0× 10−4

20x20 2.0× 10−4 2.0× 10−4 5.0× 10−4 5.0× 10−4

40x40 2.0× 10−4 2.0× 10−4 5.0× 10−4 5.0× 10−4

10x10x10 1.0× 10−4 1.0× 10−4 4.0× 10−4 4.0× 10−4

Random 1.0× 10−4 1.0× 10−4 3.0× 10−4 3.0× 10−4

Carbonate 1.0× 10−6 1.0× 10−6 1.5× 10−5 1.5× 10−5

Table B.3: Number of time steps used in the simulations.

Network Condition 1 Condition 2 Condition 3 Condition 4

10x10 1.5× 10+4 1.5× 10+4 9.0× 10+4 1.8× 10+5

20x20 1.0× 10+4 1.0× 10+4 4.0× 10+4 4.0× 10+4

40x40 2.1× 10+4 2.1× 10+4 4.0× 10+4 4.0× 10+4

10x10x10 1.5× 10+4 1.5× 10+4 3.5× 10+4 3.5× 10+4

Random 1.0× 10+4 1.0× 10+4 3.0× 10+4 3.0× 10+4

Carbonate 4.0× 10+4 3.0× 10+4 4.0× 10+4 4.0× 10+4
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