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a b s t r a c t 

Pore network model simulation (PNM) is an important method to simulate reactive transport processes in porous 

media and to investigate constitutive relationships between permeability and porosity that can be implemented 

in continuum-scale reactive-transport modeling. The existing reactive transport pore network models (rtPNMs) 

assume that the initially cylindrical pore throats maintain their shape and pore throat conductance is updated us- 

ing a form of Hagen-Poiseuille relation. However, in the context of calcite dissolution, earlier studies have shown 

that during dissolution, pore throats can attain a spectrum of shapes, depending upon the imposed reactive-flow 

conditions (Agrawal et al., 2020). In the current study, we derived new constitutive relations for the calculation 

of conductance as a function of pore throat volume and shape evolution for a range of imposed flow and reaction 

conditions. These relations were used to build animproved new reactive pore network model (nrtPNM). Using the 

new model, the porosity-permeability changes were simulated and compared against the existing pore network 

models. 

In order to validate the reactive transport pore network model, we conducted two sets of flow-through exper- 

iments on two Ketton limestone samples. Acidic solutions (pH 3.0) were injected at two Darcy velocities i.e., 

7.3 × 10 − 4 and 1.5 × 10 − 4 m. s − 1 while performing X-ray micro-CT scanning. Experimental values of the changes 

in sample permeability were estimated in two independent ways: through PNM flow simulation and through 

Direct Numerical Simulation. Both approaches used images of the samples from the beginning and the end of 

experiments. Extracted pore networks, obtained from the micro-CT images of the sample from the beginning of 

the experiment, were used for reactive transport PNMs (rtPNM and nrtPNM). 

We observed that for the experimental conditions, most of the pore throats maintained the initially prescribed 

cylindrical shape such that both rtPNM and nrtPNM showed a similar evolution of porosity and permeability. 

This was found to be in reasonable agreement with the porosity and permeability changes observed in the exper- 

iment. Next, we have applied a range of flow and reaction regimes to compare permeability evolutions between 

rtPNM and nrtPNM. We found that for certain dissolution regimes, neglecting the evolution of the pore throat 

shape in the pore network can lead to an overestimation of up to 27% in the predicted permeability values and 

an overestimation of over 50% in the fitted exponent for the porosity-permeability relations. In summary, this 

study showed that while under high flow rate conditions the rtPNM model is accurate enough, it overestimates 

permeability under lower flow rates. 
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. Introduction 

Numerous applications require an understanding of fluid interac-

ions with porous solid phases. Examples include optimization of the

ecovery from hydrocarbon reservoirs and prediction of the long-term

onsequences of CO injection in the subsurface. Calcite dissolution is
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n important reaction in the subsurface reservoirs. Several studies have

emonstrated that during calcite dissolution, a multitude of physical

nd chemical processes operate at the pore scale which govern the evo-

ution of the porous medium. Such modification of the porous medium

nd the related porosity-permeability relations is a function of the ini-

ial heterogeneity of the rock and of the dissolution conditions like the

njection rate and chemistry of the injected fluid (e.g., Agrawal et al.,

020 ; Golfier et al., 2002 ; Hoefner and Fogler, 1988 ; Li et al., 2008 ;

uquot et al., 2014 ; Luquot and Gouze, 2009 ; Meile and Tuncay, 2006 ;
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olins et al., 2014 ). One approach to comprehend the complexity of

alcite dissolution process is through using pore-scale models such as

ore network models (PNMs). 

Several pore network formulations have been developed to present

orous media topology and angular pore geometries ( Acharya et al.,

005 ; Al-Gharbi and Blunt, 2005 ; Ghanbarian B., Hunt A. G., 2016 ;

aoof et al., 2013 ; Raoof and Hassanizadeh, 2012 ; Raoof and Has-

anizadeh, 2009 > ). Some studies have used pore throats with vary-

ng shapes, such as sinusoidal or other converging-diverging shapes

 Acharya et al., 2005 ; Al-Gharbi and Blunt, 2005 ), for which analytical

xpressions can be applied to calculate pore conductance ( Acharya et al.,

005 ; Ghanbarian B., Hunt A. G., 2016 ; Raoof and Hassanizadeh, 2012 ).

orrect estimation of the hydraulic conductance values of the pores

hroats is required to obtain an accurate permeability for the sample. 

In the context of calcite dissolution, the existing pore network models

se a network of spherical pores bodies and cylindrical pore throats to

imulate the related reactive transport processes ( Mehmani et al., 2012 ;

ogues et al., 2013 ; Raoof et al., 2012 ). These pore network models

rovide porosity-permeability relations as a function of the specific dis-

olution condition, which is a key input for continuum scale models. An

mportant consideration in the existing pore network models is related

o the way conductance of the pore throat is updated during the calcite

issolution. 

Most pore network models assume that pore throats, having initially

 uniform circular cross section along their length, preserve their form

hroughout dissolution, irrespective of the flow and reaction regimes.

onsequently, in response to dissolution, pore conductance values can

e calculated using the Hagen-Poiseuille relation. However, it has been

hown that initially uniform pore throat structures can develop into a

pectrum of pore throat shapes with circular cross sections of variable

iameter along their length depending on the flow and reaction regimes

e.g., Agrawal et al., 2020 ). For example, under diffusion and reaction

ominated dissolution regimes, the pore throat structure changes into a

alf-hyperboloid (i.e., conical) shape. Under this condition, the Hagen-

oiseuille equation would result in an overestimation of pore throat

onductance. Agrawal et al. (2020) showed that the conductance evo-

ution in the pore network models should include information on pore

hroat shape evolution that takes the reaction regime into account. As

entioned earlier, some PNMs have been developed with originally

on-uniform shapes of pore throats, however, no pore network-based

tudy has incorporated the dissolution induced evolution of pore throat

hapes. 

In this study, we link the evolving shape of pore throats, under a wide

ange of conditions, to the resulting pore throat conductance values us-

ng reactive transport simulations. We implemented the correlation re-

ations for the evolution of conductance as a function of pore throat

hape and volume ( Agrawal et al., 2020 ) in a pore network extracted

rom experimental micro-CT data, to simulate reactive transport across

he rock sample in a modified PNM. The outcome was compared to the

agen-Poiseuille PNM approach and to the permeability evolution de-

ermined experimentally using micro-CT. Finally, the impact of the new

onductance evolution relationship on porosity-permeability relations

as tested for a range of flow and reaction regimes. 

. Experimental method 

In this study, we used an oolitic limestone sample, Ketton Limestone,

uarried from the Upper Lincolnshire Limestone Formation (village of

etton in Rutland, England). Two plugs with a diameter of 6 mm and

n approximate length of 12 mm were extracted from the homogeneous

olitic block. Hereafter, these samples are referred as K1 and K2. Two

ets of reactive transport experiments were conducted on these samples.

he injecting solution contained HCl acid with a pH value of 3.0 applied

nder two flow rates provided in Table 1 . The environmental micro-CT

EMCT) scanner ( Bultreys et al., 2016 ) at the center for X-ray Tomog-

aphy ( www.ugct.ugent.be ) was used to image the progress of calcite
2 
issolution with a reconstructed voxel size of 6 μm . Each dynamic scan

onsisted of 2200 projections recorded in a total scan time of around

5 min. The sample was scanned at the beginning and at the end of the

xperiment. Data from raw projections were reconstructed into a 3D

tack volume using the filtered back- projection method implemented

n Octopus Software ( Vlassenbroeck et al., 2007 ). 

Next, 3D datasets were filtered using a non-local means filter and

egmented with the watershed segmentation method (Avizo 9.5.0).

able 1 provides the porosity values computed from the segmented im-

ge volumes of the sample from the beginning of the experiments. We

bserved that the computed porosity values in this study fall within the

ange of earlier reported image-based segmentation porosity values for

he Ketton rock (e.g., Table 3 in Menke et al., 2017 ). These values differ

rom the measured bulk porosity (e.g., Table 1 in Menke et al., 2017 )

ndicating that image segmentation include some (unavoidable) devi-

tions from the measured bulk porosity values. For both experiments,

he size of the segmented 3D volume was 1318 × 1316 × 2494 voxels

rom which smaller sub-volumes were used in this study as discussed in

ection 3.2.1 . 

. Numerical methods 

We performed pore-scale modeling at three different levels: i) single

ore scale (where we simulated reactive transport for a single evolving

ore space under different conditions, cf Agrawal et al., 2020 ), ii) pore

etwork scale (where rock dissolution is simulated using PNM), and iii)

irect Numerical Simulations (DNS) using 3D imaged pore structures

where detailed flow field is obtained by simulating incompressible flow

n the rock images). The single pore-scale model provided insight on

he evolution of the conductance of a pore throat for a range of physio-

hemical conditions and was previously validated against experimental

icrofluidic experiments ( Agrawal et al., 2020 ). In the current work, we

evelop constitutive relationships for dissolution-induced conductance

ased on results from this systematic single pore model. The evolution

f porosity and permeability observed in the pore network model was

alidated against a Direct Numerical Solution of flow across the sample.

ext, for a range of flow and reaction regimes, pore network models

ere run with and without the new improved conductance relationships

nd the permeability results of both models were compared. Table 2

ummarizes key details of various simulations used in this study. 

.1. Single pore-scale model 

Pore-scale reactive transport utilizing a single capillary geome-

ry were simulated by solving the Stokes equations for fluid flow

nd advection-diffusion-reaction equations for reactive transport of

queous species (COMSOL Multiphysics®). Readers are referred to

grawal et al. (2020) for details of the simulations and their validation

gainst microscopic experiments of reactive transport in calcite crystals.

he modeled range of boundary conditions (i.e., injection rate, compo-

ition of injecting solution, and pore throat geometry) correspond con-

itions relevant to injection of CO 2 or acidic solution into carbonate

ocks. Details of the simulated flow regimes, reaction regimes and pore

hroat geometries are provided in Table S1. 

To investigate the control of the reaction and flow regimes over the

volution of pore throat conductance, we calculated three dimensionless

arameters including the Péclet number, the Damköhler number, and

he Geometry Factor at the beginning of each simulation. The Péclet

umber ( Pe ) was defined as: 

 𝑒 = 

𝑣𝑟 

𝐷 

(1)

here, v is the average velocity at the inlet boundary, r is the radius of

he pore throat (m) and D is the diffusion coefficient i.e., 3.36 × 10 − 9 

 

2 . s − 1 . 

The Damköhler number ( Da ) was defined as: 

 𝑎 = 

𝑟 𝑘 

𝑣 𝐶 
(2)
𝐶𝑎𝑙 𝑐𝑖𝑡𝑒 

http://www.ugct.ugent.be
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Table 1 

Parameters applied in two micro-CT experiments. 

Experiment Porosity Flow rate (m 

3 .s − 1 ) Darcy velocity (m. s − 1 ) pH of injected solution Injection duration (min) 

E1-HQ 0.18 2.05 × 10 − 8 7.3 × 10 − 4 3.0 102 

E2-LQ 0.13 4.33 × 10 − 9 1.5 × 10 − 4 3.0 330 

Table 2 

Overview of the various simulations performed in this study. 1 following method of Aslannejad et al. (2018) ; 2 following method from Raoof et.al. (2012). 

Model Label Program Obtains 

Single-pore simulation of reactive transport 

COMSOL COMSOL Multiphysics® Relationship describing impact of pore shape evolution on conductance evolution 

3D pore space simulation of flow only 

DNS OpenFOAM Permeability change from experimental images 1 

foPNM PoreFlow Permeability change from the pore network extracted from experimental images 2 

3D pore space simulation of reactive transport 

rtPNM PoreFlow Simulation of porosity and permeability evolution 2 

nrtPNM PoreFlow Determine impact of pore shape evolution on simulated permeability evolution 
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w  
here, C Calcite is the density of surface sites of calcite i.e.,

.8 × 10 − 5 mol. m 

− 2 and k (mol. m 

− 2 . s − 1 ) is obtained based on

he forward rate constant in the kinetic rate law for calcite dissolution

i.e., the reaction rate constant k 1 in Eq. (11) in Section 3.3.2 ) and the

ctivity of H 

+ ions (i.e., aH 

+ in Eq. (11) in Section 3.3.2 ) in the injected

olution. 

The Geometry Factor, GF , was defined as: 

𝐹 = 

𝑙 

𝑟 
(3)

here, l is the length of the pore throat. 

The conductance g (m 

5 N 

− 1 s − 1 ) of the pore throat was calculated

rom the imposed volumetric flux, F (m 

3 s − 1 ), and the pressure drop

cross the pore throat, ΔP sp (N m 

− 2 ), as: 

 = 𝑔Δ𝑃 𝑠𝑝 (4)

In the case of a cylindrical pore throat geometry and laminar flow,

q. (4) is equivalent to the following definition of conductance, g : 

 = 

𝜋𝑟 4 

8 𝜇𝑙 
(5)

here, 𝜇 is the viscosity of water, 0.001 Pa s at about 25 °C. 

Section 4.2 provides the modified relations for the calculation of the

ore throat conductance for a range of flow and reaction regimes. 

.2. Pore network generation 

.2.1. Pore networks extracted from the digital rock volumes 

A total of five pore network structures were generated from

he micro-CT images of Ketton using the maximal ball algorithm

 Raeini et al., 2017 ). Two subsets of size 700 × 700 × 700 voxels, K1S1

nd K1S2, were obtained from the digital volumes of the sample K1 at

wo different times i.e., t = 0 and t = 102 min. Similar sized subsets,

2S1 and K2S2, were extracted from the digital volumes of the sample

2 at the two experiment times i.e., t = 0 and t = 330 min, respectively.

hese subsets were utilized for the purpose of validation of the pore

etwork model such that networks K1S1 and K2S1 were the starting

ore networks to perform reactive transport simulation. Note that the

elected time duration for both experiments leads to injection of com-

arable pore volumes i.e., 2442 in experiment E1-HQ and 1996 in the

xperiment E2-LQ ( Table 1 ). 

Another subset of size 300 × 300 × 300 voxel, namely, K1S3, was

xtracted from the digital volume of the sample K1 at an experiment

ime step t = 0 min. This subset was utilized for the sensitivity study of

he modified conductance model presented in Section 4.3 . 

The position of these subsets with reference to the full volumes of the

etton sample is shown in Figs. 1 and S1. Fig. 2 shows the frequency

istribution of properties of the extracted pore networks such as pore
3 
ody radius, pore throat radius, pore throat length and coordination

umber. Table 3 provides the statistics of each extracted pore network.

.3. Pore network model 

The pore network model utilized in this study is an adaptation of the

reviously developed pore-scale model by Raoof et al. (2012) . In the

ollowing, this model is discussed briefly. 

.3.1. Flow and solute transport 

For this study, single phase flow was established across the pore

etwork. This was achieved by assuming laminar flow along each pore

hroat of the network (i.e., Reynolds number is less than 1). Flux through

 pore throat was described by the Hagen-Poiseuille equation as: 

 𝑖𝑗 = 𝑔 𝑖𝑗 
(
𝑝 𝑗 − 𝑝 𝑖 

)
(6) 

here q ij is total volumetric flux through the pore throat ij, g ij is the

onductance of the pore throat ij , and p i and p j are the pressures in pore

odies i and j, respectively. The simulated pore network models in this

tudy utilized the Hagen-Poiseuille relation (i.e., Eq. (5) ) and modified

onductance relations (i.e., Eqs. (18) ) for calculation of the pore throat

onductance. 

For incompressible, saturated flow conditions, the sum of fluxes of

ll pore throats connected to a pore body was equated to zero. This

mplies that the amount of flux going to a pore body should be equal to

he amount of flux coming out of that pore body: 

𝑁 𝑘 

𝑗=1 
𝑞 𝑖𝑗 = 0; 𝑗 = 1 , 2 , …𝑁 𝑘 (7)

here N k is the coordination number of pore body k . 

Eq. (7) is valid for all pore bodies of the network except those present

t the inlet and outlet face of the network. Combination of Eqs. (6) and

 resulted in a linear system of equations to be solved for the pressure

f the pore bodies and the volumetric flux through the pore throats.

e have used a constant Darcy velocity boundary condition at the inlet

ace, a constant pressure (i.e., atmospheric pressure) boundary condition

t the outlet face, and no-slip boundary conditions was applied at the

ateral faces of the network. 

From the imposed Darcy velocity ( u D ) and pressure difference be-

ween the inlet and outlet faces ( ΔP PNM 

), the absolute permeability of

he pore network is calculated from: 

 𝑃𝑁𝑀 

= 

𝜇 𝑢 𝐷 𝐿 

Δ𝑃 𝑃𝑁𝑀 

(8) 

here, L is the length of the pore network along the flow direction. 

All the chemical components are transported through the pore net-

ork by advection and diffusion processes. For a given pore body i and
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Fig. 1. pore structures and sample sub- 

volumes. (a) a vertical slice obtained using the 

micro-CT volume of the sample K1 showing the 

position and sizes of the extracted sub-volumes 

K1S1 ( t = 0), K1S2 ( t = 102 min) (magenta 

color lines) and K1S3 ( t = 0) (green color line). 

The white arrow shows the flow direction (im- 

age is rotated 180° compared to experimental 

position, where flow was upward). Panels (b) , 

(d) and (f) indicate the digital subsets, K1S1, 

K1S2 and K1S3, respectively. Panels (c) , (e) 

and (g) are the extracted pore networks from 

the corresponding sub-volumes. 

Fig. 2. sample pore sizes. Pore size distribu- 

tion for (a) pore body radius (b) pore throat 

radius, and (c) pore throat length. (d) the dis- 

tribution of pore coordination numbers. 

Table 3 

Statistics of all five pore networks extracted from the imaged rock samples. 1 Porosity of the extracted pore network; 2 Permeability from single phase flow simulation 

on the extracted pore networks. 

Number of pore bodies K1S1 K1S2 K2S1 K2S2 K1S3 

2088 1787 2015 1960 184 

Number of pore throats 3794 3108 3324 3293 316 

Mean coordination number 3.63 3.48 3.30 3.36 3.43 

Mean pore body radius(m) 48.38 × 10 − 6 53.55 × 10 − 6 46.51 × 10 − 6 48.67 × 10 − 6 48.22 × 10 − 6 

Mean pore throat radius(m) 26.23 × 10 − 6 31.22 × 10 − 6 24.80 × 10 − 6 26.52 × 10 − 6 25.94 × 10 − 6 

Mean pore throat length(m) 112.41 × 10 − 6 118.40 × 10 − 6 107.29 × 10 − 6 110.14 × 10 − 6 117.78 × 10 − 6 

1 Porosity 0.15 0.16 0.12 0.13 0.19 
2 Permeability ( k foPNM ) (mD) 2809.6 6511.6 1226.1 2865.5 5515.6 

4 
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Table 4 

Equilibrium rate laws of CO 2 –H 2 O system and respective equilibrium constants. 

Reactions 

Equilibrium rate constant from 

Plummer and Busenberg, 1982 

CO 2 (aq) = H + + HCO 3 
− a 4.5 × 10 − 7 

HCO 3 
− = H + + CO 3 

2 − a 4.78 × 10 − 11 

H 2 O = H + + OH 

− 1 × 10 − 14 
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or the flow conditions under which fluid flowing from pore body j to-

ards pore body i , through pore throat ij , we can define the transport

f the k th chemical component as: 

 𝑖 
𝑑 

𝑑𝑡 

(
𝑐 𝑘,𝑖 

)
= 

𝑁 𝑡ℎ𝑟𝑜𝑎𝑡 
𝑖𝑛 ∑
𝑗=1 

𝑞 𝑖𝑗 𝑐 𝑘,𝑖𝑗 − 𝑄 𝑖 𝑐 𝑘,𝑖 + 

𝑧 𝑖 ∑
𝑗=1 
𝐷 𝐴 𝑖𝑗 

(
𝑐 𝑘,𝑖𝑗 − 𝑐 𝑘,𝑖 

)
𝑙 𝑖𝑗 

− 𝑅 𝑘,𝑖 (9)

here, V i , Q i and c k,i are the volume, volumetric flow rate and concen-

ration of k th component in pore body i , respectively. The left-hand side

L.H.S) of the Eq. (9) provides the rate of change of concentration for

he k th component in the pore body i over time. This rate is a combined

utput of the advective, diffusive and reactive rates. The first term on

he right-hand side (R.H.S) of the Eq. (9) calculates the total amount

f the incoming flux of each component through 𝑁 

𝑡ℎ𝑟𝑜𝑎𝑡 
𝑖𝑛 

upstream pore

hroats (i.e., pore throats flowing into pore body i ). This calculation uti-

izes the volumetric flow rate ( q ij ) and concentration ( c k,ij ) in pore throat

j . The second term on the R.H.S calculates the total outflux of the k th 

omponent. The third term on the R.H.S calculates the diffusion rate of

he k th component through z i connected pore throats. This calculation

tilizes the molecular diffusion coefficient ( D ) and the cross-sectional

rea of the throat ( A ij ). The last R.H.S term, R k,i , defines changes due

o chemical reactions of the k th component taking place inside the pore

ody. 

Similarly, the mass balance equation for pore throat ij and for the

ase when the fluid is flowing from pore body j to pore throat ij , can be

ritten as: 

 𝑖𝑗 
𝑑 

𝑑𝑡 

(
𝑐 𝑘,𝑖𝑗 

)
= 𝑞 𝑖𝑗 𝑐 𝑘,𝑗 − 𝑞 𝑖𝑗 𝑐 𝑖𝑗 + 𝐷 𝐴 𝑖𝑗 

(
𝑐 𝑘,𝑗 − 𝑐 𝑘,𝑖𝑗 

)
𝑙 𝑖𝑗 

+ 𝐷 𝐴 𝑖𝑗 

(
𝑐 𝑘,𝑖 − 𝑐 𝑘,𝑖𝑗 

)
𝑙 𝑖𝑗 

− 𝑅 𝑘,𝑖𝑗 (10) 

here V ij , q ij and c k,ij are the volume, volumetric flow rate and con-

entration of k th component in pore throat ij , respectively. R k,ij provides

eedback from reactions of the k th component taking place inside the

ore throat. 

.3.2. Reactions and rate laws 

To describe the calcite dissolution system, we have incorporated a

otal of four reactions. Out of those four reactions, three reactions in-

olving only aqueous species are described using equilibrium relation-

hips, whereas the dissolution of calcite is described by a kinetic rate

aw. Details of equilibrium reactions are provided in Table 4 . 

( Plummer et al., 1978 ) has identified three main mechanisms

hrough which calcite dissolution takes place. Accordingly, we have de-

ned the calcite dissolution rate as: 

𝑎𝑡𝑒 = 𝐴 
(
𝑘 1 𝑎 𝐻 + + 𝑘 2 𝑎 𝐻 2 𝐶𝑂 ∗ 3 

+ 𝑘 3 

)( 

1 − 

𝑎 𝐶 𝑎 2+ 𝑎 𝐶 𝑂 3 2− 

𝐾 𝑒𝑞 

) 

(11)

here, A is the reactive surface area of calcite and a i is the activity

f species i. k 1 = 8.64 × 10 − 5 (m. s − 1 ), k 2 = 4.78 × 10 − 7 (m. s − 1 )

nd k 3 = 2.34 × 10 − 9 (m. s − 1 ) are reaction rate constants at 25 °C

 Plummer and Busenberg, 1982 ). K eq = 10 − 8.48 is the equilibrium con-

tant for calcite dissolution ( Plummer and Busenberg, 1982 ). 

.3.3. Modeling parameters 

We have utilized two sets of flow and chemical conditions for pore

etwork modeling. The first set is derived from the experimental param-

ters ( Table 1 ) and the second set covers the range of reaction and flow
5 
egimes which are relevant to acid stimulation experiments in carbonate

eservoirs. 

In the experiments, we injected the solutions at a fixed flow rate.

able 5 provides the magnitude of the calculated Darcy velocity for the

xperiments E1-HQ and E2-LQ. Models corresponding to these experi-

ents utilized the respective value of the Darcy velocity for injecting a

olution with the pH value of 3.0. Additional sets of utilized Darcy veloc-

ties and pH of the injected solutions are provided in Table 5 . Lower pH

alues of the injected acid are relevant to acid stimulation applications

n carbonate reservoirs ( Al-Ameri and Gamadi, 2020 ; Janbumrung and

risarn, 2017 ; Leong and Ben Mahmud, 2019 ). The composition of these

olutions was calculated using PhreeqC ( Parkhurst and Appelo, 2013 )

nd phreeqc.dat database (Table S2). 

In order to categorize the simulated flow and reaction regimes, we

ave defined the macroscopic Peclet number ( ̃𝑃 𝑒 ) and Damköhler num-

ers ( ̃𝐷 𝑎 𝐼 and 𝐷 𝑎 𝐼𝐼 ) as: 

 ̃𝑒 = 

𝑢 𝐷 𝐿 

𝐷 

(12) 

 ̃𝑎 𝐼 = 

𝐿 2 𝑘 1 𝑎 𝐻 + 

𝐷 𝐶 𝐶𝑎𝑙𝑐𝑖𝑡𝑒 
(13) 

 ̃𝑎 𝐼𝐼 = 

𝐿 𝑘 1 𝑎 𝐻 + 

𝑈 𝐷 𝐶 𝐶𝑎𝑙𝑐𝑖𝑡𝑒 
(14) 

here, u D is the Darcy velocity (m. s − 1 ) and L is the length of the pore

etwork along the flow direction. Table 5 provides 𝑃 𝑒 , 𝐷 𝑎 𝐼 and 𝐷 𝑎 𝐼𝐼 
umbers for all the simulated models. 

Note that the Pe and Da numbers without ~sign were defined at the

cale of an individual throat while Pe and Da numbers with ~sign were

efined at the scale of pore network. 

.4. Direct flow simulation of pore-scale images 

In order to compare the permeability values obtained from PNM

esults, we have performed pore-scale flow DNS. We have used the

olume of Fluid (VOF) method implemented in OpenFOAM Computa-

ional Fluid Dynamic (CFD) package to solve incompressible flow using a

emi-implicit method for pressure ( Aslannejad et al., 2018 ; Bedram and

oosavi, 2011 ). 

Numerical three-dimensional simulation of incompressible linear-

iscous flow was done by solving the Navier-Stokes equations: 

(
𝜕𝑢 

𝜕𝑡 
+ 𝑢. ∇ 𝑢 

)
= −∇ 𝑝 + 𝜇∇ 

2 𝑢 (15)

 .𝑢 = 0 (16)

here, p is pressure, u is velocity, 𝜇 is the viscosity of water ( 𝜇 = 0.001 Pa

) and 𝜌 is the density of water ( 𝜌 = 1000 kg m 

− 3 ). 

The flow equations are solved by applying a constant pressure differ-

nce between the inlet and the outlet faces ( ΔP I ) and a no-slip boundary

ondition at the remaining faces. This yielded the velocity and pressure

or each voxel in the domain. The flow rate, Q (m 

3 s − 1 ) was calculated

s 𝑄 = ∫ 𝑢 𝑥 𝐴 𝑥 , where A x (m 

2 ) is the cross-sectional area of the inlet

ace perpendicular to the direction of flow x and u x is the inlet face ve-

ocity component in the direction of flow. From the flow rate ( Q ) and

he imposed pressure difference ( ΔP DNS ), absolute permeability of the

D XMT image, k DNS (m 

2 ) is calculated using Darcy equation: 

 𝐷𝑁𝑆 = 

𝜇 𝑄 𝐿 𝑥 
Δ𝑃 𝐷𝑁𝑆 𝐿 𝑦 𝐿 𝑧 

(17) 

here, L x , L y and L z are the domain lengths in each direction. 
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Table 5 

Statistics related to the simulated pore networks. 

Sample Experiment Darcy Velocity (m. s − 1 ) pH of injecting solution Simulation Duration (min) Injected Pore Volumes 𝑷 𝒆 𝑫 𝒂 
𝑰 

𝑫 𝒂 
𝑰 𝑰 

K1S1 E1-HQ 7.3 × 10 − 4 3.0 35.5 2442 974 5.82 × 10 4 5.98 × 10 1 

K2S1 E2-LQ 1.5 × 10 − 4 3.0 115 1996 192 5.82 × 10 4 3.03 × 10 2 

K1S3 1.5 × 10 − 4 1.0 100 56 1.70 1.04 × 10 6 6.13 × 10 5 

K1S3 8.3 × 10 − 5 1.0 20 56 8.50 1.04 × 10 6 1.23 × 10 5 

K1S3 15 × 10 − 4 1.0 10 56 17.00 1.04 × 10 6 6.13 × 10 4 

K1S3 30 × 10 − 4 1.0 5 56 34.00 1.04 × 10 6 3.07 × 10 4 

K1S3 75 × 10 − 4 1.0 2 56 85.00 1.04 × 10 6 1.23 × 10 4 

K1S3 1.5 × 10 − 4 3.0 3000 1670 1.70 1.07 × 10 4 6.30 × 10 3 

K1S3 8.3 × 10 − 5 3.0 600 1670 8.50 1.07 × 10 4 1.26 × 10 3 

K1S3 15 × 10 − 4 3.0 300 1670 17.00 1.07 × 10 4 6.30 × 10 2 

K1S3 30 × 10 − 4 3.0 150 1670 34.00 1.07 × 10 4 3.15 × 10 2 

K1S3 75 × 10 − 4 3.0 60 1670 85.00 1.07 × 10 4 1.26 × 10 2 

K1S3 1.5 × 10 − 4 5.0 3000 1670 1.70 3.87 × 10 2 2.28 × 10 2 

K1S3 8.3 × 10 − 5 5.0 600 1670 8.50 3.87 g × 10 2 4.56 × 10 1 

K1S3 15 × 10 − 4 5.0 300 1670 17.00 3.87 × 10 2 2.28 × 10 1 

K1S3 30 × 10 − 4 5.0 150 1670 34.00 3.87 × 10 2 1.14 × 10 1 

K1S3 75 × 10 − 4 5.0 60 1670 85.00 3.87 × 10 2 4.56 
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P  
. Results and discussions 

Section 4.1 presents a comparison of the pore network models

gainst the observations from micro-CT experiments. Next, using single-

ore simulations, we derived correlation relations for the conductance

f pore throats in Section 4.2 . These relations were implemented in the

ew PNM (nrtPNM). Section 4.3 provides comparison of permeability

volution from nrtPNM versus rtPNM for the experimental conditions.

ection 4.4 extends this comparison for a range of transport and reaction

egimes. In Section 4.5 we present the impact of flow and reaction con-

itions over the porosity-permeability relations obtained from nrtPNM

ersus rtPNM. 

.1. Validation of the reactive transport pore network model (rtPNM) with 

he micro-CT experiments 

Two rock pore networks i.e., K1S1 and K2S1 were simulated with

imilar initial and boundary conditions to the experiments E1-HQ and

2-LQ, respectively. At time t = 0, samples were filled with a fluid so-

ution equilibrated with calcite. In the experiment E1-HQ, injection of

 solution with a pH value of 3.0 initiated calcite dissolution which

hows itself as a decreasing amount of calcite in Fig. 3 e. Fig. 3 a-d shows

he corresponding time-based evolution of the average chemical species

oncentrations. The pH of the solution inside the sample decreased con-

inuously as a larger number of pores were penetrated by the acidic

olution ( Fig. 3 a-d). The acid arrival time for each pore throat depends

n its distance from the inlet boundary and its connectivity with the

ominant flow channels. The inlet area of the sample reaches a steady

tate in shorter time compared to the outlet area (Figure S2). Moreover,

he steady state pH of the inlet area is lower than that of the outlet area

Figure S2). This indicates that within the simulation time, a significant

umber of pore throats located in the outlet area were not yet filled

ith the inflow solution chemistry. From the distribution of pH of the

olution inside the sample, after injection of around 2442 pore volumes,

e observed that more than 40% of pore throats were filled with the in-

ow solution pH value of 3.0, while ~ 1% pore throats retained their

alcite equilibrated solution (Figure S3a). Compared to experiment E1-

Q, the lower injection rate in experiment E2-LQ further delayed the

ttainment of steady state for different part of the sample (Figure S4).

onsequently, after around 1996 pore volumes of acid injection in the

xperiment E2-LQ, a significant fraction of pore throats were filled with

olutions having pH values larger than 7 (Figure S3b). 

Fig. 4 compares the evolution of porosity and permeability in the re-

ctive transport model (rtPNM) against the experimental porosity and

ermeability data, obtained from the time-lapse micro-CT images. Ex-

erimental data of changes in porosity were calculated from the porosi-
6 
ies of the extracted pore networks that were derived from the digital

mages of the sample belonging to the start and end of the experiment

 Table 3 ). The model showed a smaller amount of dissolved calcite com-

ared to the measured experimental values ( Fig. 4 a). A possible cause

ould be the deviation of the implemented rates in models from those

perating in the experiments. Such deviation can cause, for example,

lower penetration rate of the acid in the simulations compared to the

xperiment. For the model related to the experiment E1-HQ, 2442 pore

olumes of acid injection were not sufficient to attain a complete steady

tate pH in the system ( Fig. 3 e). 

For both experiments, we observed a fairly good agreement between

he permeability evolution in the reactive transport model ( k rtPNM 

)

nd in the dissolution experiments ( k foPNM 

and k DNS ) ( Fig. 4 b). Ad-

itionally, we observed that for the experiment E2-LQ, k foPNM 

agreed

ell with k DNS , while for the experiment E1-HQ, the two values dif-

erred significantly ( Fig. 4 b). The difference between permeabilities ob-

ained through foPNM and DNS is likely due to the simplification of

he pore-scale geometrical features during extraction of pore network

 Boever et al., 2016 ). 

.2. Derivation of the constitutive relations for calculation of pore throat 

onductance 

Agrawal et.al. (2020) have shown that the imposed flow and reac-

ion regimes determine the evolution of the pore throat shape and sub-

equent evolution of conductance during calcite dissolution. Figs. 5 and

5 present the dependency of the conductance of a pore throat on the

olume of that pore throat for the simulated flow and reaction regimes

hile the length and initial radius of the pore throat are fixed at a value

f 500 × 10 − 6 and 40 × 10 − 6 m, respectively. 

We observe that, at any time during calcite dissolution, the updated

ore conductance can be related to the modified volume of the pore

hroat using an exponent, b : 

𝑔 𝑡 
𝑔 𝑜 

= 

( 

𝑉 𝑡 
𝑉 𝑜 

) 𝑏 

(18) 

here g t and g o are the conductance of the pore throat, calculated from

q. (4) , g o at time t = 0 s and g t at time t during the course of the disso-

ution; similarly, V t and V o are the volume of pore throat at time t = 0 s

nd at time t. Exponent b represents the distinctiveness and topology

f the evolved pore shape. Since the evolution of the pore throat shape

as guided by a number of parameters such as initial geometry of the

ore throat and imposed flow and reaction regimes, b is a function of

hese parameters ( Fig. 6 a). 

Fig. 6 a shows that under advection dominated regimes, indicated by

e > 1, and reaction-controlled regimes, indicated by Da < 1, the b coef-
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Fig. 3. concentration fields. (a-d) show 3D distribution of pH within the reactive transport pore network model (rtPNM) corresponding to the experiment E1-HQ 

at times corresponding to pore volumes of (a) 0, (b) 35, (c) 1032, and (d) 2442. (e) evolution of the concentration of aqueous species with the injected number of 

pore volumes. Note: to obtain the 1D time plot, the 3D concentration fields are averaged within the entire sample at different times. 

Fig. 4. (a). Porosity evolution and (b) perme- 

ability evolution against the injected pore vol- 

umes for experiments E1-HQ (high flow rate) 

and E2-LQ (low flow rate). Diamond markers 

correspond to rtPNM which use the initial sam- 

ple pore structure as their initial condition and 

perform reactive transport to calculate and pre- 

dict evolution of samples over time. Asterisks 

and squares show results of flow only simula- 

tions performed on the 3D image of the sample 

from the beginning and end of the experiments: 

asterisks show results from DNS and squares 

show results from foPNM simulations. 

7 
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Fig. 5. pore conductance relations. Normalized values of pore throat conduc- 

tance as a function of normalized volume of pore throat for some of the simu- 

lated flow and reaction regimes (pore throat length and initial radius are fixed 

at 500.0 × 10 − 6 m and 40.0 × 10 − 6 m, respectively). For each dataset, markers 

represent the data points and the solid lines represent the fitted curves ( Eq. (18) ). 

fi  

t  

(  

o  

(  

d  

h  

v  

c  

l  

f  

p

𝑏  

𝐴  

 

n  

o  

s  

F  

d  

D  

b  

d  

t  

t  

T

 

v  

t  

(  

t  

f  

t  

l  

n  

t

4

 

h  

v  

t  

a  

d  

h  

S  

a  

d  

t  

r  

E

 

p  

l  

m  

t  

v  

T  

c  

r  

t

4

 

v  

s  

c  

r  

c  

f  
cient approached a value of 2.0. Under these regimes, the shape of

he pore throat remained cylindrical throughout the dissolution period

 Agrawal et al., 2020 : Fig. 7 b). Under this condition (i.e., b = 2.0),

ur relation ( Eq. (19) ) became equal to the Hagen Poiseuille relation

 Eq. (5) ). For diffusion dominated regimes, when Pe < 1, and reaction

ominated regimes, when Da > 1, the cylindrical shape evolved into half-

yperboloid shapes ( Agrawal et al., 2020 : Fig. 7 a). For these cases, the

alue of b became smaller than 2.0 and the accurate pore conductance

an be calculated from Eq. (19) . It should be noted that here, shape evo-

ution implied that the profile of the shape along the flow path changed

rom cylinder to half-hyperboloid longitudinal while cross-section of the

ore throat, i.e., perpendicular to the flow path, remained circular. 

The relation for coefficient b can be expressed as: 

 = 𝐴 1 + 

2 − 𝐴 1 

1 + 

𝐷 𝑎 𝑝 3 
𝑃 𝑒 𝑝 4 

(19)

 1 = 𝑝 1 𝐺 𝐹 − 𝑝 2 (20)

Values of fitting parameters ( p 1 , p 2 , p 3 and p 4 ) were obtained using

onlinear least squares method (SI Section S1, Figure S6a). We have

btained a R-square value of 0.94 indicating that the fitted relation-

hip and its parameters were able to describe data points (Figure S6b).

ig. 6 b shows the 3D plot of the fitted relation and the corresponding

ata points. In general, for reaction regimes corresponding to Da > 1 and

a < 1, the fitted relationship captured the dependency of b over Pe num-

er, Da number and GF ( Fig. 6 b). Figure S7 shows the sensitivity of the

erived model over the testing data set. For most of the test data points,
8 
he% difference in the value of b calculated from the fitted model vs

hat obtained from numerical simulation was within 10% (Figure S7b).

his assures the predictive capacity of the proposed model. 

Next, along with Hagen Poiseuille’s relation, we have used our de-

eloped relation to perform pore network model simulations. Hereafter,

hese two pore network models will be referred as rtPNM and nrtPNM

i.e., new model). In nrtPNM, at each time step of the simulation, using

he updated Pe number, Da number, and GF , the b value was calculated

or each pore throat of the pore network. Subsequently, for each pore

hroat of the pore network, the modification in conductance was calcu-

ated. In Sections 4.3 and 4.4 , we compare the impact of these two pore

etwork modeling approaches on the evolution of the permeability of

he sample. 

.3. nrtPNM under flow and reaction regimes of micro-CT experiments 

For the experiment E1-HQ, diffusion dominated pore throats are

ighlighted in red in Figure S8a after injection of around 2442 pore

olumes. These pore throats either had Pe < 0.0001 (i.e., diffusion was

he major transport mechanism) or 0.0001 < Pe < 1 (i.e., both diffusion

nd low velocity convection were controlling the transport). Part of the

iffusion dominated pore throats, mostly pore throats with Pe < 0.0001,

ad a Da number greater than 1 (highlighted in green color in Figure

8b). These pore throats will transform into non-uniform pore shapes,

nd a value of b smaller than 2.0 is obtained for the calculation of con-

uctance using Eq. (19) (highlighted in yellow color in Figure S8c). In

he experiment E1-HQ, the fraction of such diffusion dominated, and

eaction dominated pore throats wass ~8%, whereas in the experiment

2-LQ, this fraction was ~11% (Figure S8d-S8f). 

We observed that both rtPNM and nrtPNM provided porosity and

ermeability evolutions that are so similar that the results would over-

ap in Figure S9. This is because the flow conditions for both experi-

ents, which were selected to trigger visible porosity changes within

he time frame of the micro-CT experiments, lead predominantly to ad-

ection dominated regimes as indicated by large 𝑃 𝑒 numbers ( Table 5 ).

herefore, under these flow conditions, 89–92% pore throats kept their

ylindrical shape during dissolution and nrtPNM agreed equally well as

tPNM with the experimentally determined porosities and permeabili-

ies. 

.4. nrtPNM under different flow and reaction regimes 

This section explores the influence of the injection velocity and pH

alue of the injected solution over the calcite dissolution processes and

ubsequent evolution of the petrophysical properties of the sample. Cal-

ite dissolution is a combination of three processes: i) transport of the

eactants towards the calcite surface, ii) interaction of reactants with the

alcite surface and iii) removal of the products away from the calcite sur-

ace. The fluid velocity inside the pore throat determines the transport
Fig. 6. pore conductance parameters. (a) De- 

pendency of the b coefficient (shown using the 

color legend) on the strength of reaction and 

flow regime (the horizontal axes) and pore 

throat lengths (shown as segregated colors. 

i.e., each surface corresponds to a certain pore 

throat length). Higher values of b coefficient 

correspond to higher Pe numbers and lower 

Da numbers. Pore throat length of value of 

500.0 × 10 − 6 m shows a higher range for the 

b coefficient compared to a smaller pore throat 

length with a value of 250.0 × 10 − 6 m. (b) 

the fitted curved surface together with the data 

points used to obtain the best fit (SI Section S1; 

Table S1). 
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Fig. 7. Evolution of porosity and permeability. (a) Porosity vs injected pore volumes (b) Permeability vs injected pore volumes and (c) Permeability vs Porosity, 

from rtPNM (solid lines) and nrtPNM (dotted lines). The inflow solution had a pH value of 1.0 and was injected using five different Darcy velocities. Note that the 

legend provided in panel (a) , is color coordinated with the plotted line colors and applicable for panels (b) and (c) , as well. 

Fig. 8. the obtained simulation accuracy. Relative percentage difference in the 

final permeability value of the sample simulated using the new conductance re- 

lation, nrtPNM, and the Hagen Poiseuille relation, rtPNM, under different 𝐷 𝑎 𝐼𝐼 
numbers. 
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ate for the first and the last steps. The pH of the solution controls the

ate of the second step. Calcite dissolution increases when a solution

ith a lower pH value is injected or the injection rates are increased.

ig. 7 shows the impact of changing the injection rate, resulting in a

ifferent 𝑃 𝑒 number, on the evolution of porosity while the pH of the

njected solution was fixed at a value of 1.0. For the injection of the same

umber of pore volumes, lowering of the acid injection rates led to disso-

ution of a higher amount of calcite ( Fig. 7 ) as it increased the residence

ime of acid within the sample. We observed that the reactive transport

onditions inside the pore network evolved constantly during dissolu-

ion (Figure S10). These updated reactive transport conditions of the

ore throat were utilized in the calculation of new conductance value

sing Eq. (19) and 20 . Comparing results from nrtPNM and rtPNM, we

bserved similarity in the porosity evolution but difference in the per-

eability evolution ( Fig. 7 ). Figures S11 and S12 provide the evolution

f porosity and permeability for remaining simulated cases. 
9 
Differences in the evolution of permeability in these models are pro-

ortional to the number of pore throats transforming into non-uniform

hapes during dissolution. As mentioned earlier, these sets of pore

hroats belong to a diffusion dominated transport regime and a reac-

ion dominated dissolution regime. For each of the simulated boundary

onditions, we have identified the fraction of pore throats which ful-

lled this criteria (Table S3, Figure S13). For example, for a simulated

etwork S5, injection of a solution with pH of 1.0 and a Darcy velocity

f 3.17 × 10 − 6 m. s − 1 resulted into development of a non-uniform shape

or around 60% of pore throats ( Fig. 7: ̃𝑃 𝑒 = 1.70 and 𝐷 𝑎 𝐼𝐼 = 6.13 × 10 5 ).

onsequently, for this case, we observed that rtPNM overestimated the

ermeability by around 27% as compared to nrtPNM. For all simulated

oundary conditions, Fig. 8 summarizes the percentage difference in the

redicted value of permeability from these two models. This shows that

or flow and reaction regimes corresponding to 𝐷 𝑎 𝐼𝐼 greater than 100

he two pore network models started to deviate and for 𝐷 𝑎 𝐼𝐼 greater

han 10 3 significant differences incurred in the permeability prediction

f the sample. 

.5. Implications for porosity-permeability relationship used at the field 

cale 

Many continuum-scale models use a power law relation to deter-

ine the evolution of permeability from the changes in porosity (e.g.,

ommel et al., 2018 ): 

 𝑡 = 𝑘 𝑜 

( 

∅𝑡 
∅𝑜 

) 𝛼

(21) 

here k o and ∅o are the initial permeability and porosity of a sample.

he fitting parameter, 𝛼, depends on the initial properties of the rock

nd on the processes controlling the changes in the pore geometry (e.g.,

arvan et al., 2020 ). The 𝛼 value can either be obtained through theo-

etical derivation or through fitting of experiments and models. In this
Fig. 9. the 𝛼 coefficient in the permeability 

relation. Power law exponent coefficient 𝛼 as 

a function of porosity change for simulations 

with (a) constant injection velocity (i.e., con- 

stant 𝑃 𝑒 number = 1.70) using different solu- 

tion pH values, and (b) injection of a solution 

with a constant pH value of 1.0 using three dif- 

ferent velocities. Note that the solid lines corre- 

spond to rtPNM and the dotted lines correspond 

to nrtPNM. 
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H  
tudy, we observed that for a very similar rock sample, 𝛼 is a function

f the injection parameters such as Darcy velocity and acidity of the

njected solution ( Fig. 9 ) (see also Nogues et al., 2013 ). Moreover, we

bserved a temporal variation in 𝛼 which indicates different phases of

issolution ( Fig. 9 ). 

Fig. 9 shows 𝛼 as a function of the porosity of our samples for a set of

imulations. First, for some of the injection conditions, rtPNM provided

arger 𝛼 values, by a factor of over 50%, as compared to the nrtPNM

 Fig. 9: ̃𝑃 𝑒 = 1.70 and 𝐷 𝑎 𝐼𝐼 = 6.13 × 10 5 ). 

The initially large 𝛼 value suggests that the first target of the acid

eactions were the highly conductive paths where a small increment in

he porosity resulted in large increment in permeability ( Bernabé et al.,

003 ; Nogues et al., 2013 ). We observed that the increment in the in-

ection velocity or in the pH of the injected solution led to a consistent

ncrease of 𝛼 ( Fig. 9 ), irrespective of which model was used (rtPNM or

rtPNM). This can be explained by the fact that, in advection domi-

ated regimes or in reaction-controlled regimes, the dissolution takes

lace more uniformly in the sample. Fig. 9 again shows that at certain

onditions, rtPNM was fine to be used, but at other conditions it will

ive an overestimation. 

. Conclusions 

In the context of reactive pore network models for calcite dissolution,

e have presented new constitutive relations to update pore throat con-

uctance, which takes care of the evolving pore throat shape as per the

mposed flow and reaction regimes. This was achieved through numer-

cal simulation of reactive transport processes on a scale of single cap-

llary/pore throat and later extraction of the evolution of conductance

f the capillary. We observed that, for the advection dominated and

eaction-controlled dissolution regimes, the conductance can be updated

sing the Hagen-Poiseuille relation, since the initial cylindrical pore

hroat shape is maintained during dissolution. On the contrary, for the

iffusion dominated and reaction-dominated dissolution regimes, the

ore throat shape changes to the half-hyperboloid (i.e., conical) shape

nd the proposed new conductance relations provides an improved de-

cription of the impact on conductance evolution of the pore throat. 

Next, the derived conductance relations were implemented in pore

etwork simulations and the prediction of permeability was compared

ith the existing pore network models. We observed that corresponding

o the micro-CT experimental conditions i.e., 𝑃 𝑒 = 974, Pe = 974, Da =
9.8 and Pe = 192, Da = 303, only. 

𝐷 𝑎 𝐼𝐼 = 59.8 and 𝑃 𝑒 = 192, 𝐷 𝑎 𝐼𝐼 = 303, only around 11% of total pore

hroats were subjected to the conditions which are responsible for the

evelopment of the non-uniform pore throat shapes. Consequently, es-

imated permeability from the pore network model remained indiffer-

nt to the relations used for updating of conductance of individual pore

hroats. As a result, new and existing PNM provided equally good agree-

ent with the permeability of the reacted sample image obtained after

he experiment. 

Finally, we performed a sensitivity study of the new conductance re-

ations across a range of flow and reaction regimes. This revealed that

he injection of highly acidic solutions with a pH value of 1.0 and at an

njection velocity of 3.17 × 10 − 6 m. s − 1 caused 60% of total pore throats

o modify their initially cylindrical shapes into non-uniform shapes due

o dissolution. We observed that, compared to the newly modified PNM,

tilization of existing PNM can lead to an overestimation of 27% in

he predicted permeability value and an overestimation of over 50% in

he fitted exponent 𝛼 used in the porosity-permeability relationship. In

he context of applications such as the injection of CO 2 or acidic solu-

ion into carbonate rocks, pore network models are the most promis-

ng tool for the prediction of porosity-permeability relations at the rep-

esentative elementary volume level. Depending on the reactive-flow

egime, incorporation of the dissolution induced changes of the pore

hroat shape may be required in order to enhance the prediction ca-

acity of existing pore network models and possibly bring the modeled
10 
utcomes closer to field observations, for example, realistic prediction

f porosity permeability changes in the case of development of different

issolution patterns when varied range of injection velocity or solution

hemistry are utilized. In summary, PNM provide constitutive relations

or REV’s in continuum models that can be used to simulate field sites

nd we proposed improved constitutive relationships. 

upporting information available 

Additional details on the presented results, Tables 1-3 and Figs. 1-13.

eclaration of Competing Interest 

The authors declare that they have no known competing financial

nterests or personal relationships that could have appeared to influence

he work reported in this paper. 

cknowledgements 

The research work of P.A., M.W. and A.R is part of the Industrial Part-

ership Programme i32 Computational Sciences for Energy Research

hat is carried out under an agreement between Shell and the Nether-

ands Organization for Scientific Research (NWO). M.W. has received

unding from the European Research Council (ERC) under the Euro-

ean Union’s Horizon 2020 research and innovation program (grant

greement No. [819588]). The XMT experiments in this work were per-

ormed at Ghent University’s center for X-ray Tomography (UGCT), a

enter of Expertise funded by the Ghent University Special Research

und (BOF-UGent) under grant BOF.EXP.2017.007. TB, AM and VC re-

eived funding from the Research Foundation–Flanders (FWO) under

roject grant G051418N. TB is a postdoctoral fellow of the Research

oundation ‐Flanders (FWO) and acknowledges its support under Grant

2 × 0919 N. 

upplementary materials 

Supplementary material associated with this article can be found, in

he online version, at doi: 10.1016/j.advwatres.2021.103991 . 

eferences 

charya, R.C. , Van Der Zee, S.E.A.T.M. , Leijnse, A. , 2005. Transport modeling of non-

linearly adsorbing solutes in physically heterogeneous pore networks. Water Resour.

Res. 41, 1–11 . 

grawal, P. , Raoof, A. , Iliev, O. , Wolthers, M. , 2020. Evolution of pore-shape and its im-

pact on pore conductivity during CO2 injection in calcite: single pore simulations and

microfluidic experiments. Adv. Water Resour. 136 . 

l-Ameri, A. , Gamadi, T. , 2020. Optimization of acid fracturing for a tight carbonate reser-

voir. Petroleum 6, 70–79 . 

l-Gharbi, M.S. , Blunt, M.J. , 2005. Dynamic network modeling of two-phase drainage in

porous media. Phys. Rev. E - Stat. Nonlinear, Soft Matter Phys. 71, 1–16 . 

slannejad, H. , Fathi, H. , Hassanizadeh, S.M. , Raoof, A. , Tomozeiu, N. , 2018. Movement

of a liquid droplet within a fibrous layer: direct pore-scale modeling and experimental

observations. Chem. Eng. Sci. 191, 78–86 . 

edram, A. , Moosavi, A. , 2011. Droplet breakup in an asymmetric microfluidic T junction.

Eur. Phys. J. E 34 . 

ernabé, Y. , Mok, U. , Evans, B. , 2003. Permeability-porosity Relationships in Rocks Sub-

jected to Various Evolution Processes. Pure Appl. Geophys. 160, 937–960 . 

oever, W.De , Bultreys, T. , Derluyn, H. , Hoorebeke, L.Van , Cnudde, V. , 2016. Compar-

ison between traditional laboratory tests, permeability measurements and CT-based

fluid flow modelling for cultural heritage applications. Sci. Total Environ. 554–555,

102–112 . 

ultreys, T. , Boone, M.A. , Boone, M.N. , De Schryver, T. , Masschaele, B. , Van Hoorebeke, L. ,

Cnudde, V. , 2016. Fast laboratory-based micro-computed tomography for pore-scale

research: illustrative experiments and perspectives on the future. Adv. Water Resour.

95, 341–351 . 

hanbarian, B. , Hunt, A.G. , 2016. Fluid flow in porous media with rough pore-solid in-

terface. Water Resour. Res. 5 2–2 . 

olfier, F. , Zarcone, C. , Bazin, B. , Lenormand, R. , Lasseux, D. , Quintard, M. , 2002. On the

ability of a Darcy-scale model to capture wormhole formation during the dissolution

of a porous medium. J. Fluid Mech. 457, 213–254 . 

oefner, M.L. , Fogler, H.S. , 1988. Pore evolution and channel formation during flow and

reaction in porous media. AIChE J 34, 45–54 . 

https://doi.org/10.1016/j.advwatres.2021.103991
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0001
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0001
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0001
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0001
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0002
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0002
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0002
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0002
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0002
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0003
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0003
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0003
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0004
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0004
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0004
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0005
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0005
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0005
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0005
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0005
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0005
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0006
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0006
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0006
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0007
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0007
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0007
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0007
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0008
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0008
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0008
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0008
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0008
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0008
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0009
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0009
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0009
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0009
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0009
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0009
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0009
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0009
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0010
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0010
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0010
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0011
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0011
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0011
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0011
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0011
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0011
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0011
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0012
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0012
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0012


P. Agrawal, A. Mascini, T. Bultreys et al. Advances in Water Resources 155 (2021) 103991 

H  

 

J  

L  

 

L  

L  

 

L  

 

M  

 

M  

M  

 

M  

 

N  

 

P  

 

P  

 

P  

 

P  

 

 

R  

 

R  

R  

R  

 

R  

 

V  

 

 

ommel, J. , Coltman, E. , Class, H. , 2018. Porosity–Permeability Relations for Evolving

Pore Space: A Review With a Focus on (Bio-)geochemically Altered Porous Media.

Transp. Porous . 

anbumrung, V. , Trisarn, K. , 2017. Acid Stimulation of Carbonate Reservoir in Northeast-

ern Thailand Using Developed Computer Program. Int. J. Comput. 25, 40–51 . 

eong, V.H. , Ben Mahmud, H. , 2019. A preliminary screening and characterization of

suitable acids for sandstone matrix acidizing technique: a comprehensive review. J.

Pet. Explor. Prod. Technol. 9, 753–778 . 

i, L. , Steefel, C.I. , Yang, L. , 2008. Scale dependence of mineral dissolution rates within

single pores and fractures. Geochim. Cosmochim. Acta 72, 360–377 . 

uquot, L. , Gouze, P. , 2009. Experimental determination of porosity and permeability

changes induced by injection of CO2 into carbonate rocks. Chem. Geol. 265, 148–159 .

uquot, L. , Rodriguez, O. , Gouze, P. , 2014. Experimental Characterization of Porosity

Structure and Transport Property Changes in Limestone Undergoing Different Dis-

solution Regimes. Transp Porous Med 101, 507–532 . 

ehmani, Y. , Sun, T. , Balhoff, M.T. , Eichhubl, P. , Bryant, •.S. , Bryant, S. , 2012. Multiblock

Pore-Scale Modeling and Upscaling of Reactive Transport: application to Carbon Se-

questration. Transp Porous Med 95, 305–326 . 

eile, C. , Tuncay, K. , 2006. Scale dependence of reaction rates in porous media. Adv.

Water Resour. 29, 62–71 . 

enke, H.P. , Bijeljic, B. , Blunt, M.J. , 2017. Dynamic reservoir-condition microtomography

of reactive transport in complex carbonates: effect of initial pore structure and initial

brine pH. Geochim. Cosmochim. Acta 204, 267–285 . 

olins, S. , Trebotich, D. , Yang, L. , Ajo-Franklin, J.B. , Ligocki, T.J. , Shen, C. , Steefel, C.I. ,

2014. Pore-scale controls on calcite dissolution rates from flow-through laboratory

and numerical experiments. Environ. Sci. Technol. 48, 7453–7460 . 

ogues, J.P. , Fitts, J.P. , Celia, M.A. , Peters, C.A. , 2013. Permeability evolution due to

dissolution and precipitation of carbonates using reactive transport modeling in pore

networks. Water Resour. Res. 49, 6006–6021 . 
11 
arkhurst, D. , Appelo, C. , 2013. Description of Input and Examples for PHREEQC Version

3 —A Computer Program For Speciation, Batch-Reaction. One-Dimensional Transport,

and Inverse Geochemical Calculations . 

arvan, A. , Jafari, S. , Rahnama, M. , Norouzi apourvari, S. , Raoof, A. , 2020. Insight into

particle retention and clogging in porous media; a pore scale study using lattice Boltz-

mann method. Adv. Water Resour. 138, 103530 . 

lummer, L.N. , Wigley, T.M.L. , Parkhurst, D.L. , 1978. The kinetics of calcite dissolution in

CO2-water systems at 5°C to 60°C and 0.0 to 1.0 atm CO 2 . Am. J. Sci. 278, 179–216 .

lummer, L.N. , Busenberg, E. , 1982. The solubilities of calcite, aragonite, and vaterite in

carbon dioxide-water solutions between 0 and 90 °C, and an evaluation of the aqueous

model for the system calcium carbonate-carbon dioxide-water. Geochim. Cosmochim.

Acta 46, 1011–1040 . 

aeini, A.Q. , Bijeljic, B. , Blunt, M.J. , 2017. Generalized network modeling: network ex-

traction as a coarse-scale discretization of the void space of porous media. Phys. Rev.

E 96, 1–17 . 

aoof, A. , Hassanizadeh, S.M. , 2012. A new formulation for pore-network modeling of

two-phase flow. Water Resour. Res. 48, 1–13 . 

aoof, A. , Hassanizadeh, S.M. , 2009. A new method for generating pore-network models

of porous media. Transp. Porous Media 81, 391–407 . 

aoof, A. , Nick, H.M. , Hassanizadeh, S.M. , Spiers, C.J. , 2013. PoreFlow: a complex

pore-network model for simulation of reactive transport in variably saturated porous

media. Comput. Geosci. 61, 160–174 . 

aoof, A. , Nick, H.M. , Wolterbeek, T.K.T. , Spiers, C.J. , 2012. Pore-scale modeling of reac-

tive transport in wellbore cement under CO2 storage conditions. Int. J. Greenh. Gas

Control 11, 67–77 . 

lassenbroeck, J. , Dierick, M. , Masschaele, B. , Cnudde, V. , Van Hoorebeke, L. , Jacobs, P. ,

2007. Software tools for quantification of X-ray microtomography at the UGCT. Nucl.

Instruments Methods Phys. Res. Sect. A Accel. Spectrometers, Detect. Assoc. Equip.

580, 442–445 . 

http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0013
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0013
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0013
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0013
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0014
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0014
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0014
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0015
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0015
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0015
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0016
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0016
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0016
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0016
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0017
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0017
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0017
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0018
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0018
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0018
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0018
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0019
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0019
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0019
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0019
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0019
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0019
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0019
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0020
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0020
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0020
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0021
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0021
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0021
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0021
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0022
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0022
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0022
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0022
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0022
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0022
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0022
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0022
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0023
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0023
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0023
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0023
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0023
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0024
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0024
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0024
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0025
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0025
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0025
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0025
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0025
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0025
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0026
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0026
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0026
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0026
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0027
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0027
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0027
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0028
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0028
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0028
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0028
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0029
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0029
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0029
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0030
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0030
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0030
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0031
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0031
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0031
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0031
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0031
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0032
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0032
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0032
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0032
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0032
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0033
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0033
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0033
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0033
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0033
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0033
http://refhub.elsevier.com/S0309-1708(21)00146-9/sbref0033

	The impact of pore-throat shape evolution during dissolution on carbonate rock permeability: Pore network modeling and experiments
	1 Introduction
	2 Experimental method
	3 Numerical methods
	3.1 Single pore-scale model
	3.2 Pore network generation
	3.2.1 Pore networks extracted from the digital rock volumes

	3.3 Pore network model
	3.3.1 Flow and solute transport
	3.3.2 Reactions and rate laws
	3.3.3 Modeling parameters

	3.4 Direct flow simulation of pore-scale images

	4 Results and discussions
	4.1 Validation of the reactive transport pore network model (rtPNM) with the micro-CT experiments
	4.2 Derivation of the constitutive relations for calculation of pore throat conductance
	4.3 nrtPNM under flow and reaction regimes of micro-CT experiments
	4.4 nrtPNM under different flow and reaction regimes
	4.5 Implications for porosity-permeability relationship used at the field scale

	5 Conclusions
	Supporting information available
	Declaration of Competing Interest
	Acknowledgements
	Supplementary materials
	References


