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a b s t r a c t 

Injection of CO 2 into carbonate rocks causes dissolution and alters rock transport properties. The extent of the 

permeability increases, due to the increased pore volume and connectivity, strongly depends on the regimes of 

transport and dissolution reactions. Identification of these regimes and their parametrization at the microscopic 

scale is required for an understanding of the injection processes, and, afterward, for calculating the effective 

macroscopic parameters for field-scale simulations. Currently, a commonly used approach for calculating the rock 

effective parameters is the Pore Network Method, PNM, but a better understanding of the validity of its basic 

assumptions and their areas of applicability is essential. Here, we performed a combined microscopic experimental 

and numerical study to explore pore-shape evolution over a wide range of transport and dissolution reaction 

regimes. Experiments were conducted by flowing an acidic solution through a microscopic capillary channel 

in a calcite crystal at two different flow rates. The experimental results were used to validate our pore-scale 

reactive transport model that could reproduce the measured effluent composition as well as pore shape changes. 

Two key stages in pore shape evolution were observed, a transient phase and a quasi-steady-state phase. During 

the first stage, the shape of the single pore evolved very fast, depending on the flow regime. Under advective- 

dominant flow, the pore shape remained nearly cylindrical, while under diffusive-dominant transport, the pore 

shape developed into a half-hyperboloid shape. During the quasi-steady-state stage, the pore volume continued 

to increase, however, without or with diminutive change of the pore shape. In this stage, only a long period 

of injection may result in a significant deviation of the pore shape from its original cylinder shape, which is 

a common assumption in PNMs. Furthermore, we quantitatively evaluated the impact of evolved pore shape 

spectrum on the conductance calculations and compared it to the formulations currently used for pore network 

modeling of reactive transport. Under low flow rates, neglecting the developed non-uniform pore shape during 

the non-steady stage may lead to an overestimation of pore conductance up to 80%. 
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. Introduction 

Geological sequestration of CO 2 in carbonate reservoirs is consid-

red to be a promising solution for mitigating the global warming prob-

em caused by greenhouse gas emission ( Hawez and Ahmed, 2014 ;

iao et al., 2012 ; Pacala and Socolow, 2004 ; Shaw and Bachu, 2002 ).

njection of CO 2 into such rocks triggers a series of chemical reactions,

ost importantly calcite dissolution, that may cause changes in pore

hape, connectivity, and tortuosity (e.g., Rathnaweera et al., 2016 ). Ac-

urate predictions of these changes are important in order to control

he injection rate and to assess the long-term stability of the stored CO 2 

 Rochelle et al., 2004 ). 

Traditionally, the dissolution of carbonate rocks by acidic, CO 2 -rich,

olutions is simulated at the Darcy scale, which solves macroscopic
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quations over averaged porous media with the assumption that each

patial element of a porous medium is a well-mixed volume. However,

he fluid transport processes and geochemical reactions occur at the

ore-scale of the reservoir rock, where the solid-fluid interface are well

efined. Therefore, confident prediction of rock transport properties

rom continuum scale models needs input from pore-scale models. Sev-

ral research groups have utilized 3D micro-CT images or virtually gen-

rated geometries to simulate the coupled physical and chemical pro-

esses at the pore-scale, however, they are limited to a relatively small

mount of pore volumes even with the existing computational power. 

Another powerful approach to investigate these coupled subsurface

rocesses at the pore scale is Pore Network Modeling (PNM) where

he pore space is represented by a set of pre-defined shapes for pore
herlands. 
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odies and throats. PNMs enable simulations on orders of magnitude

arger rock volumes compared to the full 3D pore-scale simulations,

ue to a simplified representation of pore geometries. Several reactive

NMs, capable of handling evolving geometries, have been proposed

n the literature in the context of CO 2 related problems ( Algive et al.,

010 ; Mehmani et al., 2012 ; Nogues et al., 2013 ; Raoof et al., 2012 ;

ansey and Balhoff, 2016 ; Varloteaux et al., 2013b , 2013a ). For in-

tance, microscopic pore wall evolution can be related to the change in

orosity and permeability using dimensionless numbers ( Algive et al.,

010 ; Varloteaux et al., 2013a , 2013b ). In other available PNMs, the ge-

metry modification assumes that pores open linearly, without chang-

ng shape, irrespective of reaction and transport regime ( Mehmani et al.,

012 ; Nogues et al., 2013 ; Raoof et al., 2012 ). The validity of these as-

umptions can be tested using microfluidics experiments and detailed

imulations at the single-pore scale. 

Single-pore models, allow a detailed description of reactive trans-

ort processes ( Chen et al., 2014a , b ; Kang et al., 2003 ; Kumar et al.,

011 ; Li et al., 2008a , b ; Van Noorden, 2009 ). These models simulated

oupled processes in the context of carbonate dissolution for fixed geom-

try ( Li et al., 2008 ) and relatively simple chemical system or evolving

eometry ( Chen et al., 2014a , b ; Kang et al., 2003 ; Kumar et al., 2011 ;

i et al., 2008b ; Van Noorden, 2009 ). Recently, Gray et al. (2018) in-

estigated a single channel drilled through solid calcite and a pristine

etton Oolite core plug. They observed that the cylindrical pore evolves

nto a nonlinear half-hyperboloid shape. However, they did not investi-

ate the flow and reactive transport regimes under which the nonlinear

ore shape developed, and the influence of different transport and reac-

ion parameters on the developed pore shape. 

Here, we combine microscopic experiments with numerical simula-

ions at the single-pore scale to investigate the impact of acidic-solution

njection on pore-shape evolution in calcite. We have used the Stokes

quation for fluid flow coupled with solute advection-diffusion equa-

ions and multicomponent chemical reactions. The evolution of the ex-

licitly defined calcite solid-fluid interface is simulated using arbitrary-

agrangian Eulerian (ALE) method. The developed model is validated

y microfluidic experiments conducted in single pores drilled through

ptical-grade calcite crystals. Confocal laser microscope was used to

rack the pore shape evolution. Furthermore, the chemical composition

f the effluent solution was measured to validate the overall calcite dis-

olution rate. Depending on flow-regime, our results showed an initial

ntense pore-shape change while the concentration gradients turn into a

uasi-steady state. Once quasi-steady state was attained, the continued

issolution lead to an additional pore widening, with limited change of

ore shape over time, which deviates from the original cylinder shape

nly for long periods of injection We have quantitatively evaluated the

mpact of our results on assumptions relating conductance evolution for

NM models that assume a linear pore opening. The goals of this paper

re as follows: 

i) To validate the numerically simulated pore shapes against the mi-

crofluidic lab experiments. 

ii) To perform a systematic study of different flow, transport and reac-

tion conditions in order to identify the regimes for which the cur-

rently used PNMs are providing reliable results and the regimes for

which the usage of PNMs assuming constant cylindrical pore shapes

can lead to significant errors. 

ii) To calculate the pore conductance through the direct simulation al-

gorithm presented here as well as using state of the art approaches

used by PNMs, and compare the two methods. 

. Materials and methods 

.1. Single pore simulations 

To simulate pore evolutions, fluid flow and multi-complement trans-

ort processes were solved fully coupled with moving boundaries due to
issolution reactions (SI, Section S1). A Finite Element method was used

COMSOL Multiphysics®) and a Backward-Euler time stepping method

as implemented for time discretization. 

.1.1. Fluid flow and transport 

In this study we have considered slow fluid velocity only (i.e.,

eynolds number Re << 1). Therefore, the inertial terms can be ne-

lected in the momentum equations and the Stokes equation may be

sed to compute the velocity field and the pressure in the single pore: 

𝜕𝑢 

𝜕𝑡 
+ ∇ .𝑝 = 𝜇Δ𝑢 (1)

 .𝑢 = 0 (2)

here, p is pressure, 𝜌 is the fluid density and 𝜇 is the fluid viscos-

ty. The density and dynamic viscosity of water were 998.25 kg m 

− 3 

nd 8.96 × 10 − 4 Pa s, respectively. The concentration of the dissolved

pecies is assumed to be low enough so that the fluid density and the

iscosity changes are negligible. At the inlet, a constant mass flux con-

ition is imposed, and a constant pressure of 1.0 bar is applied at the

utlet. At the lateral boundaries of the pore, no-slip boundary condi-

ions are imposed. The normal velocity at the lateral pore boundaries

s continuous, i.e., the normal fluid velocity at the interface is equal to

he normal velocity with which the solid wall moves due to the solid

urface dissolution. 

Initialy, i.e., at time zero, it is assumed that the pore with calcite

alls is in equilibrium with the steady-state flow. The simulation starts

y dropping the pH of the injecting fluid via the inlet of the pore, which

nitiates the dissolution process leading to pore geometry evolution.

uring the simulation, the velocity field is updated to account for the

ore geometry changes. 

To simulate the transport of each dissolved species, advection-

iffusion-reaction equation is implemented: 

𝜕 𝑐 𝑖 

𝜕𝑡 
+ ∇ . 

(
− 𝐷 𝑖 . ∇ 𝑐 𝑖 

)
+ ∇ . 

(
𝑢. 𝑐 𝑖 

)
= 𝑅 𝑖 (3)

here, D i , c i and R i are diffusion coeffcient (m 

2 s − 1 ), concentration

mol m 

− 3 ) and reaction input of species i th (mol m 

− 3 s − 1 ), respectively.

At the pore inlet we implemented a flux-based boundary condition

 Starchenko et al., 2016 ). This flux depends upon the fluid velocity and

he concentration values specified. 

. 
(
− 𝐷 𝑖 . ∇ 𝑐 𝑖 + 𝑢. 𝑐 𝑖 

)
= 𝑢 𝑛 . 𝑐 𝑜𝑖 (4)

here, c oi is the inlet (injected) concentration of species i th and u n is the

ormal velocity at the inlet. The concentration for each aqueous species

s given in Table 1 . The outlet boundary is exposed to zero gradient

ondition for all species. To conserve the mass across the solid-fluid

nterface, the total (diffusive plus convective) flux for species involved

n the surface reactions. i.e., Ca 2 + and CO 3 
2 − equals the reactive flux at

he interface. This reads: 

 𝑛. 
(
− 𝐷 𝑖 . ∇ 𝑐 𝑖 + 𝑢. 𝑐 𝑖 

)
= 𝑅 𝐶𝑎𝑙𝑐𝑖𝑡𝑒 (5)

here, R Calcite [mol m 

− 2 s 1 ] is the surface reaction rate as discussed in

I, Section S1.1. 

.1.2. Geochemical model 

The injected solution into the carbonate rock reservoirs contains

issolved CO 2 . This leads to the formation of the weak carbonic acid

nd its dissociation to establish new equilibria with HCO 3 
− and CO 3 

2 − 

pecies. The reactions involving the dissolution of CO 2 in the water

re much faster than any other fluid-mineral reactions ( Rochelle et al.,

004 ), as long as the pH < 9 ( Wolthers et al., 2008 ; Zeebe and Wolf-

ladrow, 2001 ) which is the situation for this study. Therefore, we

an safely assume that solution-phase reactions are of equilibrium type

SI, Section S1.1). Calcite dissolution occurs at the fluid-solid interface

hich is represented by the lateral boundaries of the pore. The dis-

olution rate laws applied at these boundaries are based on the study
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Table 1 

Concentrations and self-diffusion coeffcients of aqueous species in the injecting solution and in the initial solution inside pore. 

Species 

Injecting 

solution – I 

(mol m 

− 3 ) 

Injecting 

solution – 2 

(mol m 

− 3 ) 

Injecting 

solution – 3 

(mol m 

− 3 ) 

Injecting solution – 4 

(Solution corresponding to 

the experiment) (mol m 

− 3 ) 

Initial solution 

inside pore (mol 

m 

− 3 ) 

Diffusion coeffecient (m 

2 s − 1 ) 
a from Li and Gregory, 1974 

and b from Liu et al., 2011 

H 

+ 1.1 5.02 × 10 − 1 1.63 × 10 − 1 1.26 × 10 1 1.27 × 10 − 7 a 9.31 × 10 − 9 

OH 

− 1.58 × 10 − 8 3.54 × 10 − 8 1.09 × 10 − 7 1.43 × 10 − 9 8.35 × 10 − 2 a 5.27 × 10 − 9 

CO 2 (aq) 1.51 × 10 3 3.07 × 10 2 3.23 × 10 1 1.07 × 10 − 2 2.27 × 10 − 5 a 1.19 × 10 − 9 

HCO 3 
− 1.04 4.74 × 10 − 1 1.54 × 10 − 1 6.7 × 10 − 7 8.35 × 10 − 2 a 1.19 × 10 − 9 

CO 3 
2 − 1.34 × 10 − 7 1.34 × 10 − 7 1.34 × 10 − 7 7.68 × 10 − 15 3.38 × 10 − 2 a 0.92 × 10 − 9 

Ca 2 + 0 0 0 0 0.12 a 0.79 × 10 − 9 

Na + 2.00 × 10 2 2.00 × 10 2 2.00 × 10 2 2.00 × 10 2 0 b 1.34 × 10 − 9 

Cl − 2.00 × 10 2 2.00 × 10 2 2.00 × 10 2 2.13 × 10 2 0 b 1.86 × 10 − 9 

pH 3.1 3.4 3.9 2 9.91 –

pCO 2 100 10 1 3.31 × 10 − 4 6.76 × 10 − 7 –
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y Busenberg and Plummer (1986 ) (SI, Sections S1.1 and S3.1). Un-

er acidic conditions, the overall dissolution rate strongly depends upon

he activity of H 

+ which becomes pH independent when values of pH

re above 7. To calculate the activity coefficient of charged species, the

avies equation was applied. 

.1.3. Pore shape evolution model 

Calcite dissolution results in a moving fluid-solid interface problem.

or such problems, the arbitrary Lagrangian–Eulerian (ALE) method is

onsidered to be very precise as the solid-fluid boundary can be exactly

racked ( Kumar et al., 2011 ; Soulaine et al., 2017 ; Van Noorden, 2009 ).

see Kumar et al., 2013 for more details on the ALE method in the con-

ext of reactive transport related problems). 

A displacement rate, normal to the pore surface, is assigned to the

eactive walls which depend on the amount of the dissolved calcite, and

hus on the reaction rate of calcite dissolution. We should note that in

he free boundary problem considered here, the displacement rate of

he pore wall (i.e., the solid-fluid interface) is not a predefined constant

alue or function, instead, it is calculated at each time step and for each

oint along the pore length (SI, Section S1.2). This makes the dissolu-

ion rate a dynamic nonlinear parameter which depends on the solution

omposition. 

.1.4. Physical-chemical parameters 

The initial cylindrical pore geometry is representing a single pore lo-

ated in a carbonate rock sample. For model validation, the dimension

f the pore was set using the size of the capillary tube used in experi-

ents, being length, L = 2 × 10 − 3 m, and, radius, r = 2.5 × 10 − 4 m. For

odels used for analysis, the dimension of the pore was set equal to the

aturally occurring pore sizes i.e., L = 5 × 10 − 4 m, and, r = 4 × 10 − 5 m.

The pore is initially filled with calcite-saturated water. The equilib-

ium concentration of species corresponding to this condition is listed

n Table 1 . Unless specified otherwise, the diffusion coefficients for all

pecies were assumed identical, with a value of 3.36 × 10 − 9 m 

2 s − 1 

hich is the average of the self-diffusion coefficient of species present

n the reactive system (as listed in Table 1 , hereafter this model is re-

erred as Model I). 

We performed several simulations by applying different flow veloc-

ties to cover a range of transport regimes, from diffusion dominated to

dvection dominated conditions. Moreover, by changing the chemical

omposition of the injecting solution we aimed to explore the impact

f different reaction regimes. For the model validation, two flow rates

orresponding to the microfluidic experiments were implemented which

ere equal to 8.3 × 10 − 11 and 8.3 × 10 − 10 m 

3 s − 1, resulting in an av-

rage velocity of 4 × 10 − 4 and 4 × 10 − 3 m s − 1 , respectively. For the

urther analysis of the single pore system, five flow rates were imposed

n our model, including 2 × 10 − 10 , 2 × 10 − 11 , 2 × 10 − 12 , 2 × 10 − 13 ,

 × 10 − 14 m 

3 s − 1 . This resulted in average velocity values of 4 × 10 − 2 ,

 × 10 − 3 , 4 × 10 − 4 , 4 × 10 − 5 and 4 × 10 − 6 m s − 1 . 
The injected solution is in equilibrium with a certain pCO 2 value

pressure of CO 2 gas). The concentration of all species with the tar-

et pCO 2 values were obtained using PHREEQC ( Parkhurst and Ap-

elo, 2013 ) with the phreeqc.dat database. In this study, pCO 2 values

f 100.0, 10.0 and 1.0 bar were chosen to represent different reaction

egimes. The corresponding values of the species concentrations in these

olutions are listed in Table 1 . To implement the experimental condi-

ions as accurately as possible in the COMSOL model, the injecting so-

ution composition was matched to the pH 2 using HCl acid in place of

CO 2 . The details of this solution are given in Table 1 . 

.1.5. Parametrization of the flow and reaction regimes 

In order to analyze the relative strength of advection, diffusion, and

eaction, we use dimensionless Péclet number and Damkhöler number.

he Péclet number, Pe , compares the characteristic times of diffusion

nd advection transport processes as: 

 𝑒 = 

𝑣𝑟 

𝐷 

(6)

here v is the average velocity at the inlet boundary and r is the radius

f the channel at the inlet. Due to the dissolution, the radius at the inlet

hanges, and this leads also to the change of the inlet velocity. Both

ffects indicate that Pe and Da change with time. 

The Damkhöler number, Da , measures the solution reactivity com-

ared to the advection rate as: 

𝑎 = 

𝑇 𝐴 

𝑇 𝑅 
(7) 

 𝐴 = 

𝑟 

𝑣 
(8) 

 𝑅 = 

𝐶 𝐶𝑎𝑙𝑐𝑖𝑡𝑒 

𝑆 𝑅 
(9) 

T A and T R are the advection time scale and reaction time scale, re-

pectively. S R is the surface reaction rate, noted at the end of the first

tage from the inlet pore wall (mol m 

− 2 s − 1 ) and C Calcite is the den-

ity of surface sites of calcite at the start of dissolution (mol m 

− 2 ).

his is calculated from the surface site density data i.e., 4.9 calcite

olecules per nm 

2 based on crystallographic data for the dominant

leavage plane of calcite (e.g., Wolthers et al., 2008 ) and Avogadro num-

er (6.023 × 10 23 ), providing C Calcite as 0.8 × 10 − 5 mol m 

− 2 . 

As Pe and Da numbers change over time, we examine the results with

espect to the initial Pe and Da numbers calculated at the inlet boundary

f the pore. Table 2 provides the Da and Pe numbers corresponding to

he numerical simulations (Model-I), where simulations 1 and 2 were

sed for the model validation and simulations 3–11 were used for the

ore shape analysis. 

.2. Microfluidic experiments 

To directly observe pore evolution and to validate our numerical

odel, microfluidic experiments were conducted using a channel of
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Table 2 

Simulations using different flow rates and reaction parameters to cover a range of Da and 

Pe numbers. 

Simulation no. pH of the injecting solution Average velocity (m s − 1 ) Pe Da 

1 2 4 × 10 − 3 314.64 3.96 

2 2 4 × 10 − 4 31.46 27.40 

3 3.1 4 × 10 − 3 47.4 0.96 

4 3.4 4 × 10 − 3 47.4 0.21 

5 3.9 4 × 10 − 3 47.4 0.03 

6 3.1 4 × 10 − 4 4.74 9.1 

7 3.4 4 × 10 − 4 4.74 1.98 

8 3.9 4 × 10 − 4 4.74 0.29 

9 3.4 4 × 10 − 5 0.47 14.95 

10 3.9 4 × 10 − 5 0.47 2.13 

11 3.9 4 × 10 − 6 0.05 5.5 
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adius 2.5 × 10 − 4 m and length 2 × 10 − 3 m, drilled in optical grade

alcite crystal (Iceland spar). A laser fluorescence confocal microscopy

Nikon A1R confocal) was used to image the extent of dissolution and

he pore shape change. For the fluorescent dye, fluorescein sodium salt

Lot No.: BCBM7214V; Sigma-Aldrich; emission wavelength – 515 nm)

as used. The injection solutions were prepared using deionized water

quilibrated with atmospheric CO 2 and adjusted to desired pH value of

 with 1 M stock solution of HCl acid. To ensure the sufficiently con-

tant ionic activity of solutions, 0.2 M equivalent NaCl salt (Lot No.:

48328204648) was added. At the start of each experiment, CaCO 3 sat-

rated water is injected in the channel, to attain the approximate car-

onate reservoir initial conditions. The solutions were injected with the

se of a syringe pump (11 Pico Plus Elite, Harvard Apparatus) and a

 ml Gastight syringe (Hamilton 1700 series) at the desired flow rates. 

Effluent measurements were done to obtain changes in pH and Ca 2 + 

oncentration due to the dissolution of the calcite. Orion micro pH elec-

rode was used for the pH measurement of the effluent solution. Induc-

ively coupled plasma-optical emission spectrometer (ICP-OES, SPEC-

RO ARCOS) with a cross flow Nebulizer, was used for the Ca 2 + con-

entration measurement. The collected outflow samples for the period

0, T] were diluted with 2% HNO 3 solution to attain the minimum re-

uired sample volume of 6 ml for ICP-OES measurements. Measured

a 2 + concentration from the outflow solution is compared to the flux-

eighted averaged concentration of Ca 2 + at the pore outlet of the nu-

erical model, calculated as: 

 𝐶 𝑎 𝑂𝑈𝑇 = 

∫ 𝑟 ( 𝑇 ) 0 𝑐 𝐶𝑎 ( ́r ) 𝑢 ( ́r ) ́r 𝑑 ́r 

∫ 𝑟 ( 𝑇 ) 0 𝑢 ( ́r ) ́r 𝑑 ́r 
(10)

ere, 𝑐𝐶𝑎 ( ́𝑟 ) and 𝑢 ( ́𝑟 ) are the Ca 2 + concentration and velocity, at the

adial distance of 𝑟́ , respectively. r ( T ) stands for the outlet radius of the

ore at time t = T . Radial symmetry of the solution is assumed, thus no

ntegration with respect to the angle 𝜑 in the cylindrical coordinates is

eeded. 

Displacement of the calcite surface was quantified with reference to

he position of the inert glass section attached to the inlet face of the

hannel. Additional details of material and methods are provided in SI,

ection S2. 

The experiments were conducted at two flow rates with one order

f magnitude difference (i.e., 5 μl min − 1 and 50 μl min − 1 ) to inject the

olution with a pH value of 2. These flow rates yielded average velocities

f 4.2 × 10 − 4 m s − 1 and 4.2 × 10 − 3 m s − 1 , respectively. 

. Results and discussion 

.1. Validation of the numerical model outcome with experiment results 

Fig. 1 shows the Ca 2 + concentration and the pH at the outflow

btained by measurements and using the numerical simulations. The

greement between modeling and measured data was good for Ca out-

ow concentrations and reasonably well for pH under both flow rates. 
The simulation results for pore shape evolutions also showed a good

greement with the experimentally observed pore shape under both flow

egimes ( Fig. 2 ). Under high flow rates, the channel evolved almost uni-

ormly (with only minor curvatures of the pore wall near to the inlet)

nd almost retained the original cylindrical pore shape ( Fig. 2 a and c).

nder low flow rate conditions, the channel evolved to a non-uniform

alf-hyperboloid shape, with a strong curvature developing close to the

ore inlet ( Fig. 2 b and d). In the high flow rate experiment, average

ore-wall displacement was calculated using the average of the top pore

all displacement and the bottom pore wall displacement. We found a

imilar value for the experiment (equal to 51 μm, shown in Fig. 2 a) and

imulations (equal to 61 μm, shown in Fig. 2 c) after injecting the same

umber of pore volumes. In contrast, under low flow rate, the magni-

ude of experimentally observed average pore-wall displacement (with

 value of 179 μm) was overestimated by the model which provide a

alue of 252 μm ( Fig. 2 b and d). 

For high flow rate, both effluent measurement and microscope

mage-based results are within the experimental error with the model

tilizing a single diffusion coefficient for all aqueous species. Also, the

greement between the amount of dissolved calcite from the micro-

copic and the simulated image of the channel ( Fig. 2 ) indicates that

he reactive-transport model appropriately captures the dissolution rate

i.e., the pore evolution). In the low flow rate experiment, the disagree-

ent between the obtained calcite surface displacement value using

odeling and experiments is within the range of the uncertainty of the

nput parameters, i.e., reaction rate constants and the choice of diffusion

odel (details are provided in SI, Sections S3.1 and S3.2). We observed

hat the system remains far from the equilibrium for the whole duration

f the experiment (Fig. S5) which supports the capability of the imple-

ented rate model to capture the dissolution process throughout the

xperiment period. 

We also found that changing the diffusion coefficients or using

pecies-specific diffusion coefficients would not improve the results.

herefore, as pore shape evolution under varying fluid velocity and com-

osition is captured well by using a single diffusion coefficient model,

e have applied Model I for further analysis. 

.2. Initial stages of pore shape development 

The pore fluid is initially at equilibrium with calcite proving a pH

alue of 9.9. Injection of an acidic solution with a pH value of 3.9 and

CO 2 value of 1.0 bar, shifts the equilibrium conditions of the pore fluid,

ifferently under different flow regimes. The injection initiates calcite

issolution through a set of bulk reactions as well as surface reaction.

he surface reaction products, i.e., Ca 2 + and CO 3 
2 − , accumulate within

he boundary layer near the pore wall from where they move away to-

ards the bulk fluid. The amount of reaction products strongly depends

n the difference between pH of the injected solution and that of the

nitial pore fluid. We observe a front propagation behavior along the

ore at the initial stage of the reaction. In the advection-dominated flow
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Fig. 1. Comparison of the measured Ca 2 + and pH at 

the outlet of the experiment with the flux-weighted av- 

erage concentration of Ca 2+ and pH from the numeri- 

cal simulations (Model-I). The error on the Ca and pH 

measurements is the same as the symbol size. 

Fig. 2. Comparison of high flow rate (50 μl/min corresponding to Pe = 314.64, Da = 3.96) and low flow rate (5 μl/min corresponding to Pe = 31.46, Da = 27.40) 

experimental observations with the numerical simulations. (a) and (c) show results under the high flow rate after injecting a solution of pH value of 2 for 3600 s, 

and (b) and (d) show results under the low flow rate after injecting a solution of pH value of 2 for 36,000 s. Images in a and b plots were acquired by superimposing 

images from the transmitted detector and the fluorescein detector (Figs. S2 and S3). Simulation results are for the same flow rate and fluid composition and a similar 

number of pore volumes, with colours showing solution pH within the channel and, arrows indicating the velocity field. Arrow length is proportional to velocity. 

The inner white cylinder indicates the initial channel shape (i.e., at t = 0 s); the coloured regions located outside the cylinder indicate dissolved parts during the 

reaction. 
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egime ( Pe > 1), the Ca 2+ rich zone, that is initially near the pore wall

t the pore inlet ( Fig. 3 a, plot a), is predominantly transported down-

tream along the pore wall ( Fig. 3 a, plots b and c) before reaching the

entral part of the pore. As such, the longitudinal gradient smoothens

aster than the transversal (i.e., cross-sectional) gradient, yielding con-

entration profiles with a prominent transversal gradient ( Fig. 3 a, plot

). Whereas in diffusion dominated flow regime ( Pe < 1), the Ca 2 + plume

s shorter and more intensive (i.e., with a higher concentration of the re-

ction products) ( Fig. 3 b, plot a). The reason is that at Pe = 0.47, the flow

elocity is slower, and more time is available to wash out the dissolution

roducts. A stronger diffusive flux drives the transversal mixing as well,

esulting in a concentration profile with a less prominent transversal

radient compared to the longitudinal gradient ( Fig. 3 b, plots b–d). 
Although the low and high flow rate conditions lead to distinct con-

entration gradients, in both cases during the injection we observe two

tages in the development of the concentration gradients. In the first

tage, the concentration field changes significantly, leading to the estab-

ishment of a flow regime specific concentration field. Whereas in the

econd stage, referred to here as the quasi-steady stage, these changes

ecome minute and the concentration gradients change only slowly.

he quasi-steady state concentration gradient govern the dissolution and

hus the pore wall evolution during the time. In the case when the con-

entration gradient along the wall is almost zero, the pore just expands

n the normal direction without significant change of shape. In the case

hen there is a positive concentration gradient along the pore wall, the

ore widens faster near the inlet compared to the outlet. 
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Fig. 3. Concentration field of Ca 2+ over time inside pore space under flow rates corresponding to (a) Pe = 47.4 (b) Pe = 0.47. To improve the visualization of the 

concentration gradient, different scales have been used for all panels. 

Fig. 4. Relative displacement profiles of the pore wall inlet compared to the pore wall outlet for the Pe numbers of (a) 47.4 and (b) 0.47. Note that the start of these 

plots is from the time when pore outlet point has displaced at least 0.01 nm. The marking of the end of the first stage, as indicated by the dashed vertical line, is at 

the time when the change in the relative displacement rate with time is less than 0.01% and the changes into concentration gradients becomes minute i.e., t = 0.54 

for Pe = 47.4 and t = 34.4 s for Pe = 0.47. 
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To quantify the pore shape evolution during these stages and to ex-

licitly mark the duration of the first stage, the relative displacement

ate of the pore wall was calculated as the ratio of the displacement rate

f the pore inlet to the pore outlet. At any time, the value of the relative

isplacement rate indicates how faster the pore inlet is displaced com-

ared to the pore outlet. For example, for Pe number 0.47, initially inlet

isplacement rate is 8.5 times faster than the outlet displacement rate

 Fig. 4 b). During the first stage, the displacement rate of the pore outlet

ecreases constantly, and at the end of this stage, the relative displace-

ent rate reaches an asymptotic value of 2.3 ( Fig. 4 b). Contrastingly, in

he first stage for Pe number 47.4, this rate attains an almost constant

alue of 1.27 ( Fig. 4 a). Such evolution of the relative displacement rate

f the pore wall results into a rigorous modification of the pore wall

hape. The continuous change in the relative displacement rate is re-

ated to the shape of the pore at that time (shown in Figs. S7 and S8 for

he example case of Pe number 47.4 and 0.47, respectively). 

In conclusion, during the first stage, the concentration field modifies

ntensively, resulting into the intensive evolution of the pore geometry

nd the end of this stage is marked by a nearly established concentration

radients along the pore wall, providing a basis to find a predictive rate

or the pore shape evolution. 

While the pore shape evolves during the first stage, the pressure gra-

ient remains constant (less than 0.1%, see SI, Section S3.3). This is due

o the fact that the magnitude of the pore wall displacement in the short

uration of the first stage is negligible compared to the overall aper-

ure of the pore. Therefore, in the context of the simulated dissolution

egimes and the pore dimensions, the geometry changes during the first

t

tage of the dissolution can be neglected, which is in agreement with

he theoretical evaluation of reactive transport regimes ( Algive et al.,

010 ). 

.3. Evolution of the pore shapes under extended injection times 

Although during the first stage the overall pore size would not in-

rease considerably, the developed half-hyperboloid pore shapes indi-

ate the dissolution pattern. The persisting longitudinal gradients in this

tage imply that the pore inlet has a higher dissolution rate compared

o the pore outlet. 

The overall pore opening takes place during the second stage. To ex-

lain the pore evolution, we choose the simulation corresponding to the

e number of 0.47 and Da number of 2.13. As concentration gradients

re established along the pore after the first stage and considering that

he reaction rate depends on the concentration gradients, dissolution of

he interface at the inlet and at the outlet will take place at different

peeds, however, with a predictive manner ( Fig. 5 ). A remarkable ob-

ervation was that for about 2,000,000 s (nearly 23 days), the reaction

ate showed larger values at the inlet compared to the outlet. As a result,

uring this period the pore widened faster at the inlet compared to the

utlet, deviating to a greater extent from the initial cylindrical shape.

nitially, the calcite near the inlet dissolves about twice faster than close

o the outlet (see also Fig. 4 b), while at time scales well beyond 23 days

e observe lower, however similar, dissolution rates at both inlet and

he outlet faces ( Fig. 5 ). 
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Fig. 5. Evolution of the reaction rate at the pore inlet and at the pore outlet for 

the half-hyperboloid shaped pore ( Pe = 0.47, Da = 2.13). 
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Fig. 6. Evolution of the relative displacement rate during the second stage for the ca

Da = 2.13). The evolved pore shapes and corresponding pressure profiles are shown in

in each inset image. 
Fig. 6 shows relative displacement rates modifying the pore shape

uring the second stage. The continued opening of the half-hyperboloid

hape will eventually result in the development of a non-linear pressure

rofile. Fig. 6 shows the shape of the pore at two different times. At

he time of 1000s, when the inlet radius has increased with about 1.5%

40.6 vs 40) and the outlet radius has increased 0.67% (40.3 vs 40),

he pressure along the pore remains linear, meaning that at each point

long the pore, we have a constant pressure gradient (recall, that the

onstant pressure gradient along a pore is an essential assumption in

ore network algorithms). However, at t = 30,000 s, the pore shape

evelops so that the inlet radius has increased by 44% and the outlet

adius by 18%, resulting in a non-linear pressure profile along the pore.

n contrast, for Pe = 47, the relative displacement rate at the end of

he first stage is close to one and the initially-cylindrical pore remains

early cylindrical throughout the second stage and the pressure profile

tays linear (Fig. S10). 
se when at the end of the first stage, the pore shape is hyperboloid ( Pe = 0.47, 

 inset images, at t = 1000s, and 30,000 s. Note the different vertical axis scales 
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Fig. 7. Simulation results showing the evolved pore shape and the distribution of the velocity field and the reaction rate for two flow regimes of (a) Pe = 0.05 (b) 

Pe = 4.74. The injection period is 15,900 pore volumes for both cases with a pH value of 3.9 and pCO 2 value of 1.0 bar. The white lines indicate the initial pore 

shape and the coloured region outside of them indicates the dissolved zones during the reaction. The coloured rim at the pore wall shows the local calcite dissolution 

rates. 
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.4. Flow rate effects on the pore shape evolution 

To further explore the flow rate effects, we have performed several

imulations by varying the Pe number while the pH of the inflowing

olution was kept constant at a value of 3.9. At Pe < 1, the reaction

roducts effectively diffuse into the pore bulk fluid region before any

ubstantial longitudinal transport takes place ( Fig. 3 b). Near the inlet,

trong diffusion of the reaction products toward the central parts of the

ore facilitates calcite dissolution. At the same time, along the pore,

he saturation index of the pore fluid with respect to calcite increases

owards equilibrium, due to the buffering by the dissolution products,

nd dissolution rates decrease along the flow path. Consequently, dis-

olution reactions take place mainly close to the pore inlet, resulting in

on-uniform pore widening and formation of a half hyperboloid-shaped

ore ( Figs. 2 b and 7 a). For Pe > 1, the transport is dominated by ad-

ection. Under this regime, the fast entering solution into the channel

eplaces the resident solution before the diffusion of the reaction prod-

cts smoothens transversal gradients and buffers the pH of the solution.

herefore, the calcite pore wall is exposed to a reactive solution along

he entire pore, resulting in an even dissolution rate and a nearly uni-

orm evolution of the pore shape ( Figs. 2 a and 7 b). Note that, at both

ow rates, flow velocity increases towards the outlet face of the pore

hich reflects the constricted shape of the pore ( Fig. 7 ). 

Besides a difference in the shape evolution (i.e., a localized differ-

nce in calcite dissolution rate), there is also a clear difference in the

otal amount of dissolved calcite per injected pore volume. The simu-

ation under low flow rate resulted in a higher value of calcite surface

isplacement per pore volume injected, compared to the simulation un-

er a fast flow rate. This is because the solution residence time is larger
 [  
or the low flow rate simulation, and, therefore, reactants dissolve more

alcite. However, when using time rather than injected pore volume, the

ow flow rate dissolves less calcite compare to a high flow rate over time.

he evolution of the pore shape corresponding to all of the simulated

ow rates is discussed in Section S3.4. 

.5. Chemistry effects on the pore shape evolution 

In addition to the flow rate, the chemistry of the injecting fluid af-

ects the pore shape. To explore chemistry effects further, we performed

imulations with two injecting solutions at pH values of 3.1 and 3.9, cor-

esponding to pCO 2 of 100.0 bar and 1.0 bar, respectively. Evolution

f the pore shape depends on the reactivity of the pore wall towards

he injecting solution. Expectedly, the pH = 3.1 solution results in the

tronger displacement of the pore wall than the pH = 3.9 solution. This

esults in increased concentrations of the reaction products near the pore

all, driving the local solution chemistry towards equilibrium with re-

pect to calcite. This buffering of fluid is also reflected by a change of

he fluid pH, in the case of the pH = 3.1 inflow solution at Pe = 4.74,

he transversal average pH increases from 4.71 to 4.82 corresponding

o the dissolution rate from 1.70 × 10 − 4 [mol m 

2 s − 1 ] to 0.49 × 10 − 4 

mol m 

2 s − 1 ] from inlet to outlet boundaries, respectively. The result of

his alteration in the pore fluid chemistry is ultimately reflected by the

volved pore shape. In this case, the pore widens non-uniformly along

he pore length (Fig. S12a). However, injecting a pH = 3.9 solution at

e = 4.74 provides a transversal average pH that changes from 4.09 to

.10 and dissolution rate from 2.12 × 10 − 5 [mol m 

2 s − 1 ] to 1.72 × 10 − 5 

mol m 

2 s − 1 ], from the inlet to outlet boundaries, respectively. In this
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Fig. 8. The normalized position of the reacting pore wall under different reaction and flow regimes denoted by Da and Pe numbers respectively. In all cases, 1590 

pore volumes were injected. (a) The pH of the injecting solution, reflected by high Da (see Table 2 ), impacts the pore shape more prominently for simulations with 

low Pe number (b) Injection flow rate impacts the pore shape more prominently for simulations using more acidic solutions. 
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Fig. 9. Pore evolution after several hours of acid injection, based on changes in 

transport and reaction regimes shown by Pe and Da . 
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ase, fluid buffering during dissolution is relatively weaker and a more

niform pore shape develops (Fig. S12b). 

To cover a range of values for Damkhöler numbers, i.e., reaction

egimes, we have chosen a combination of flow rates and injecting fluid

hemistries ( Fig. 8 ). Table 2 provides details of these simulations. By

ncreasing Da number, the reaction time scale decreases compared to the

dvection time scale and the system approaches being transport limited

nstead of surface-rate limited. The normalized displacement profiles

fter injecting 1590 pore volumes, provided in Fig. 8 , show that there is

 monotonic relation between pore shape and Da , under the considered

eaction regimes. 

For Da < 1 and Pe = 47.4, reaction time scale is higher than the

dvection time scale, and at the same time advection dominates the dif-

usion. In such advection-dominated transport regimes, the chemistry

f the injecting fluid has less control on pore shape evolution and ad-

usting inflow pH from 3.4 to 3.9 has a negligible impact over the pore

hape ( Fig. 8 a, Da numbers 0.03 and 0.21). Whereas in the Da > 1 and

e = 0.47 regime, which is overall reaction-dominated while transport is

iffusion-dominated, the same shift of inlet pH causes a profound change

n pore shape ( Fig. 8 a, Da number 2.13 and 14.95). 

The dissolution regime corresponding to Da < 1 and Da > 1, can also

e obtained by changing the pH of the injecting fluid. If the pH = 3.9

olution is injected, i.e., Da < 1, the impact of changing flow rate is

ess prominent over the pore shape and the pore shape remains nearly

niform ( Fig. 8 b, Da = 0.03 Pe = 47.4 versus Da = 0.29, Pe = 4.74).

or a regime of Da > 1 using a reactive fluid with pH = 3.1, a shift of

e number causes a significant change of the pore shape ( Fig. 8 b, Da

umber 0.96 and 9.1). 

In reaction-limited dissolution regimes ( Da < 1), control of flow rate

nd reactive strength of the injecting fluid becomes marginal over the

hape of the pore. The reason is that the time necessary for dissolution-

eaction (i.e., generating the reaction products and consuming protons)

ay dominate rather than the fluid mixing scale when analyzing the

uid buffering state. And in these regimes, dissolution is spatially ho-

ogeneous leading to uniformly developed pore shapes. Whereas in

ransport-limited dissolution regimes ( Da > 1), fluid mixing strength

xerts control over the chemical gradient inside pore space. This leads

o heterogeneous dissolution process in which both flow rate and chem-

stry of the injecting fluid govern the pore shape. 

To summarize, we can conclude that both injection parameters such

s flow rate and fluid chemistry impart control over the pore shape.

ig. 9 provides a spectrum of pore shapes based on changes in transport

nd reaction regimes shown by Pe and Da numbers. The marking of the

egimes in this study aligns well with the previously reported pore-scale

ork specific to the calcite dissolution for e.g., Soulaine et al., 2017 .

l  
hey have also observed the boundary between the uniform and non-

niform type of dissolution at Da number 1. In the subsequent section,

e compare the conductance of a single pore after long injection period,

alculated here with using fully coupled pore-scale model utilizing ALE

ethod, and the approximate calculation of the conductance discussed

n Pore Network algorithms, and investigate the related error depending

n the dimensionless process parameters Pe and Da . 

.6. Implication of the pore shapes on the pore conductance 

Evolution of conductance in dissolution simulations is imple-

ented in existing pore network algorithms (e.g., Raoof et al., 2012 ,

ehmani et al., 2012 , Raoof et al., 2013 and Nogues et al., 2013 ). A

ignificant underlying assumption in this implementation is that the

hape of the pore remains uniform, where the evolved pore shape still

esults in a linear pressure drop along the pore. The results presented

ere show that this assumption is valid under the advection-dominated

ow regimes with Pe > 1 and transport-dominated reaction regimes

ith Da < 1. However, as we observed in the case of the Pe = 0.47,

he changes of the shape start to influence the pressure profile in a time

cale of 30,000 s which is within the time scale of injection period in a

eservoir. 

The pressure profile along a pore is directly related to the conduc-

ance calculated in PNM. Taking the commonly assumed laminar flow,

hen the pore changes are uniform along its length, the pressure drops

inearly (Fig. S10). This is not the case when the pore shape deviates



P. Agrawal, A. Raoof and O. Iliev et al. Advances in Water Resources 136 (2020) 103480 

Fig. 10. Conductance of the pore as a function of pore volume for (a) different Pe numbers and constant fluid pH value of 3.9 (b) different Da numbers and two of 

the Pe number sets. 
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rom the cylindrical one. In such a case the pressure gradient is not

onstant and changes along the pore ( Fig. 6 ). Such pressure nonlinear-

ty affects the pore conductance, and, therefore, the rock permeability.

ence, we need to quantify the impact of such modified shapes on the

onductance of the pore. 

The definition of conductance, K , is given via the flow rate, Q

m 

3 s − 1 ) and the pressure drop ΔP (N m 

− 2 ) along the pore as: 

 = 𝐾Δ𝑃 (11)

For a rounded cylindrical pore (with a constant diameter along the

ore) with a parabolic velocity profile (i.e., Hagen - Poiseuille flow) the

onductance, K (m 

5 N 

− 1 s − 1 ), is known and it is given by: 

 = 

𝜋( 2 𝑟 ) 4 

128 𝜇𝐿 

(12)

ere L is the length of the pore (called also pore throat length in the

NM literature) given in meters, (m), r is the radius of the pore (m).

n dissolution experiments, as the radius r = r (t) (and eventually, the

hape of the pore changes), the pore conductance is no longer constant,

 = K (t). We calculated the apparent pore conductance (i.e., overall con-

uctance of the pore) using Eq. (11) . For Fig. 10 , the conductance and

ore volume is normalized with respect to the initial pore conductance

nd the initial pore volume, respectively. 

The half-hyperboloid pore shape leads to a changing pressure gra-

ient along the pore ( Fig. 10 a, black line). The narrowness of the

ore aperture towards the outlet provides small contributions to the

verall volume changes of the pore; however, this section of the pore

ontrols the overall conductance of the pore. Consequently, pore vol-

me increases considerably (near the pore inlet), while pore conduc-

ance changes marginally during hyperboloid pore shape formation

 Fig. 10 a, black line). This means that, as non-uniformity of the pore

hape increases, the change of conductance becomes smaller for the

ame amount of volume change ( Fig. 10 ). Therefore, at the pore scale,

he change of the pore conductance in time in certain cases cannot be de-

cribed just as a function of the pore volume, the pore shape may play a

ignificant role. The implication of this observation for macroscale sim-

lations is that formulae which provide permeability only as a function

f porosity are not always suitable, and they are accurate only over a

ertain flow and reactive transport regime for which they have been

eveloped. 

In most of the existing pore network models, the conductance of the

ore throat is updated at each time step in response to the changing vol-

me of the pore only, without accounting for the pore shape evolution.

nd, such a conductance is obtained by utilizing either the volume of the

onnecting pore bodies ( Nogues et al., 2013 ) or the volume of the pore

hroat ( Raoof et al., 2012 ). We calculated the conductance of the simu-

ated pore geometry in a similar method as used by Raoof et al., 2012 .
t each time step, the volume of the pore provides the uniform radius of

he pore which is further utilized in calculating the conductance. Fig. 11

hows the comparison of this conductance with the one calculated from

he actual geometry of the pore, for two of the dissolution regimes. 

We observe that if the dissolution process maintains the cylindrical

hape of the pore, then the conductance is only a function of the volume

f the pore, as assumed in PNMs ( Fig.11 b). Whereas, for the dissolution

egime corresponding to Pe < 1 and Da > 1, the conductance of the

ore does not remain a function only of the volume of the pore, but

t depends also on the shape of the pore. In the latter case, ignoring

he dependence of the conductance from the pore shape results in an

rror. The conductance calculated from the volume of the pore (PNM

pproach) overestimates by 38% the conductance calculated from the

ctual hyperboloid pore shape when the volume of the dissolved cal-

ite is equal to the original volume of the pore. This overestimation is

6% when the volume of the dissolved calcite is equal to two times the

riginal volume of the pore and may increase further with dissolution

 Fig. 11 a). 

Note that the pore conductance evolution during the dissolution pro-

ess depends not only on the flow and reaction regimes, as shown here

 Fig. 10 ), but also on the length of the pore, on the initial radius of

he pore, on the equilibrium pH and on the pH of the injected fluid.

or the pH, radius and length of the pore investigated here, Fig. 12

ummarizes the regimes in which the conductance can be calculated

s in PNM only by the volume of the pore vs the regimes where this

ethod fails to capture the correct conductance. This figure presents a

oment during the dissolution process at which the change in the pore

olume is 100% (i.e., V/V0 = 2). For the reaction-controlled regimes

 Da < 1), irrespective of the flow rate, the volume-based conductance

s within 1% range of the actual conductance. This difference increases

ignificantly for the transport-controlled regimes, where the diffusion-

ominated flow regimes yielding up to 76% of the difference. Note that

he difference increases further with dissolving larger volume of the cal-

ite. This result illustrates the limitation of the existing assumption in

he pore network model, however, the work for deriving a more defined

elationship for conductance remains a topic for future work. Although

he presented insights about the pore-scale processes are based on a de-

ailed geochemical model which includes both equilibrium and kinetic

rocesses along with the multi-component solution system, it would be

nteresting future work to investigate the limitation of a simplified geo-

hemical model against the current detailed model. Also, in this study

e have presented two sets of microfluid experiments with an objective

f validating the modeled pore shapes, however, utilizing such calcite

icromodel setups to investigate the calcite dissolution processes under

 wider range of transport and reaction regimes and in different pore

eometries, remains future work. 
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Fig. 11. Comparison of the pore conductance calculated from the actual shape of the pore vs an exemplary method from the existing pore network model for (a) 

Pe = 0.05 and Da = 5.62 (b) Pe = 47.4 and Da = 0.03. 

Fig. 12. e - Da phase diagram showing the% difference 

in the conductance based on the volume of the pore 

with the one from the actual pore geometry. 
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. Conclusions 

1. The simulation results of reactive transport processes through single

calcite pore and the results from the respective microfluidic experi-

ments were found to be in good agreement at both investigated flow

rates. The validated computational algorithm was used to perform a

thorough and detailed study of the dissolution processes for a range

of hydrochemical parameters. 

2. It was observed that the calcite dissolution process can be divided

into two stages with respect to the concentration field development

and pore shape evolution. During the first, very short (in the order of

seconds) and intrinsically transient stage, the reactive-transport pro-

cesses rapidly change the concentration field inside the pore, and at

the end of this stage, the pore has attained a characteristic shape

and concentration gradient. Only the latter plays a critical role in

the longer-term dissolution process. These numerical results are a

justification of the statements of other authors that the pore shape

development during the first stage can be ignored, while the concen-

tration gradient should be accurately calculated. The second stage

is long (days or longer) and corresponds to real injection times in

reservoirs. At this stage, the flow and transport are at a quasi-steady

state. The pore shape changes slowly, but for large concentration

gradients, significant deviation from the original cylindrical shape

can be observed for certain dissolution regimes. 

3. Generally, lower flow rates result in significant concentration gradi-

ents in the longitudinal direction and thus in a non-uniform change

of the pore shape. As a result, the pressure gradient is no longer con-

stant along the pore. An increase in solution reactivity (lowering in

pH) provides the same effect; it drives reactions towards equilibrium

r  
over a shorter distance from the inlet, and, therefore, results in non-

uniform pore shapes. Injecting fluid with a high flow rate, or lower

reactivity yields a more uniform pore volume increase. We also ob-

serve that the impact of flow rate and fluid reactivity on the pore

shape are more significant when dissolution is transport controlled

( Da > 1). 

4. For certain flow and reaction regimes, a significant difference is

observed between the pore conductance computed here and pore

conductance computed according to PNM (assuming constant pore

shape). Further research is needed to understand if and how PNM can

be used for dissolution regimes for which the basic PNM assumption

leads to significant error in conductance evaluation. 
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