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Abstract — Pore Network Model (PNM) is used to simulate mass transfer with mineral reaction in a
single phase flow through porous medium which is here a sandstone sample from the reservoir
formation of the Pakoslaw gas field. The void space of the porous medium is represented by an
idealized geometry of pore-bodies joined by pore-throats. Parameters defining the pore-bodies and
the pore-throats distribution are determined by an optimization process aiming to match the
experimental Mercury Intrusion Capillary Pressure (MICP) curve and petrophysical properties of the
rock such as intrinsic permeability and formation factor. The generated network is used first to
simulate the multiphase flow by solving Kirchhoff's laws. The capillary pressure and relative
permeability curves are derived. Then, reactive transport is addressed under asymptotic regime
where the solute concentration undergoes an exponential evolution with time. The porosity/
permeability relationship and the three phenomenological coefficients of transport, namely the solute
velocity, the dispersion and the mean reaction rate are determined as functions of Peclet and Peclet-
Damkéhler dimensionless numbers. Finally, the role of the dimensionless numbers on the reactive
flow properties is highlighted.

Résumé — Modélisation des phénomeénes de transferts de masse dans les milieux poreux soumis a
une réaction de surface : de I’échelle du pore a I’échelle de la carotte — Le PNM (Pore Network
Model) est utilisé afin de modéliser les transferts de masse induits par des réactions minérales au
cours d’'un écoulement monophasique dans milieu poreux, représentant ici un échantillon de gres
provenant du champ gazier de Pakoslaw (Pologne). L’espace poral est symbolisé au sein du PNM
par une géométrie idéalisée comprenant des corps de pores sphériques joints par des gorges de pores
cylindriques. Les paramétres définissant la distribution de ces éléments sont estimés par un processus
d’optimisation qui permet de reproduire les données expérimentales d’intrusion capillaire par
mercure (MICP, Mercury Intrusion Capillary Pressure) ainsi que les propriétés pétrophysiques de la
roche telles que la perméabilité et le facteur de formation. Le réseau poreux ainsi généré est utilisé
dans un premier temps pour simuler les écoulements multiphasiques par résolution des lois de
Kirchhoff. Les courbes de pression capillaire et de perméabilité relative sont alors déduites. Dans un
second temps, le transport réactif est intégré avec ’hypothése d’un régime asymptotique pour lequel
les concentrations de solutés présentent une évolution exponenticlle avec le temps. La relation
porosité/perméabilité et les trois coefficients phénoménologiques de transport (vitesse du soluté,
dispersion et vitesse moyenne de réaction) sont calculés en fonction des nombres adimensionnels
Peclet et Peclet Damkolher. Enfin, le role des nombres adimensionnels sur les propriétés de
I’écoulement réactif est souligné.

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
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INTRODUCTION

The geo-sequestration of carbon dioxide is an attractive
option to reduce the emission of greenhouse gases. However,
acidification of brine in place can occur during CO, injection
in underground reservoirs (Izgec et al., 2008a, b). This acid-
ification might lead to local mineral reaction which can
modify the petrophysical properties of the porous media,
particularly the porosity and the permeability. Additionally,
it can affect the solute displacement through the macroscopic
parameters, namely solute velocity v*, dispersion D* and
mean reaction rate y* (Algive et al., 2010; Li et al., 2006;
Shapiro and Brenner, 1988; Varloteaux et al., 2013a, b).

Reaction rates estimated from laboratory experiments
(batch reactor) cannot be directly applied on large scales
(Kim and Lindquist, 2011; Kim et al, 2011; Swoboda-
Colberg and Drever, 1993; Wood et al., 2007). Swoboda-
Colberg and Drever (1993) noticed a factor of roughly 200
between laboratory reaction rates and field observations on
2 m? plots of soil. They attribute partly this discrepancy to
the heterogeneity of the porous media and to its impact on
the reactive surface repartition. Shapiro and Brenner
(1986, 1988) quantified the influence of mineral reaction
on the effective reaction rate, but also on the advective and
dispersive reactive transport parameters.

As a consequence, modeling of CO, transport during a
reservoir storage project calls for an accurate determination
of these macroscopic parameters and the so-called constitu-
tive K—¢ laws. Varloteau et al. (2013a) give an overview of
the existing approaches to investigate reactive flow through
porous media. Generally, they take into account the real pore
structure. The pore geometry is discretized by cubic voxels
and the finite element or finite volume method is used to
integrate local equations over each pore voxel (Adler,
1992; Lemaitre and Adler, 1990). However, all these meth-
ods are time consuming so that only very limited pore vol-
umes can be addressed. In order to increase the
investigated pore volume with both affordable computa-
tional resources and reduced impact on the reliability of
the results, the pore network model PNM has been used to
determine the macroscopic quantities of the reactive trans-
port on core scale.

PNM uses a simplified micro-structure of the porous med-
tum, which is schematized by pore-bodies connected by pore
throats. The approach is versatile, and can account for vari-
ous phenomena occurring at the pore scale. It was originally
developed by Fatt (1956) to calculate multiphase flow prop-
erties of porous media. It is now used to account for various
phenomena occurring at the pore scale, including mineral
reaction and mass transfer. Over the last decades, it has been
extensively used to simulate basic phenomena such as
capillarity and multiphase flow in porous media (Blunt
et al., 1995; van Dijke and Sorbie, 2002; Laroche et al,

1999; @ren, 2003; Payatakes and Dias, 1984). This
approach was extended recently by Algive et al. (2007,
2010) and Varloteaux et al. (2013a, b) to infer pore evolu-
tions and changes of petrophysical properties resulting from
deposition and dissolution processes involved in CO,
storage.

In the present work, PNM is used to simulate mass trans-
fer with mineral reaction in a single phase flow through a
network representing a sandstone sample taken from reser-
voir formation of the Pakoslaw gas field (near Zalgcze-
Zuchléw field, Poland).

1 MODEL DESCRIPTIONS

1.1 Pore Network Construction and Parameters

PNM is based on a conceptual representation of a por-
ous medium in which flow and transport are determined
without describing the exact morphology of the medium
(Békri et al, 2002; Laroche and Vizika, 2005,
Varloteaux et al., 2013a, b). The void space of the por-
ous medium is simplified as a network of bonds (ie.,
pore throats) and nodes (i.e., pore bodies) with an ideal-
ized geometry (in practice, a cylindrical channel with a
circular, square or triangular cross section). This distinc-
tion between pore bodies and pore throats and their sim-
plified geometry make complex problems easier to solve
by using analytical solutions.

The network is a three-dimensional either regular or
irregular lattice structure (Fig. 1). Irregular lattice pore net-
work representation (Fig. 1b) has been recently developed
using the real structure of the porous medium so as to get
closer to the real medium geometry (@ren and Bakke,
2002; Press et al, 1992; Sok et al, 2002; Youssef
et al., 2007). This method has made tremendous progress
with synchrotron computed micro-tomography which gen-
erates 3D data sets on the micrometer scale. The principle
is to capture the resolved pore space of rocks in order to
perform partitioning steps that divide pore space into indi-
vidual pore volumes separated by throat surfaces. Further
details can be found in Youssef et al. (2007). The main
shortcoming of this representation is the constrain on the
sample size which has to be smaller than 1 cm across if
a 3 microns resolution is expected. The physical phenom-
ena that occur at pore space below such a resolution can-
not be taken into account. An alternative representation is
to define the pore space as a regular cubic lattice pore net-
work where the spatial distribution of pores and pore-
throats are based on available petrophysical laboratory data
(Fig. 1a). This representation is widely used to represent
natural porous media such as reservoir rocks (Mohanty
and Salter, 1982; Békri et al., 2002; Dias and Payatakes,
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Figure 1

Pore network models: a) model reconstructed with a regular lat-
tice in order to reproduce petrophysical properties of a real por-
ous media (Békri and Vizika, 2006); b) model extracted from
the micro tomography images in order to get the same structure
as the real rock sample (Youssef et al., 2007).

1986; Fenwick and Blunt, 1998; Heiba et al., 1992;
Hoefner and Fohler, 1988; Laroche ef al., 1999; McDougall
and Sorbie, 1997; Prat, 1995; Stewart and Kim, 2004).

This study is based on the latter representation which con-
sists of a simple lattice network, characterized by a constant
co-ordination number. The pore body is assumed to be
accessible by six pore throats of identical inscribed diameter
(Fig. 1a). The aspect ratio AR between pore-body diameter D
and pore-throat diameter d is assumed to be constant. This
definition implies that pore-throats, which relate two pore
bodies, do not have a constant section; they are defined by
two diameters that are randomly generated according to a
given probability density function.

The pore body volume is assumed to be proportional to
the pore inscribed diameter D to a given exponent, /,, fol-
lowing the relationship V,(D) ~ D’ This empirical
approach has been used by many authors to represent the
relationship between radius and volume for real pores (Békri
et al., 2002; Heiba et al., 1992; Fenwick and Blunt, 1998).
Here the relationship for the pore body volume is
Vi(d) ~ (AR.d )’1” , since D and d are correlated through the
aspect ratio AR. More precisely:

V,(d) = C,DC~) AR @’ (1)

where C,, is a coefficient that has to be tuned to fit the poros-
ity and D the average pore body diameter.

The hydraulic pore throat length /, is assumed to be cor-
related to the pore throat radius according to three different
scenarios. It can be considered as constant, proportional or
inversely proportional to the pore throat radius depending
on the value of A,

Iy, = Ci+(L—D)-(d/d)" for 7, =0, 1 o
Iy, =C,-(L—D) for 4, =—1
where C; is a coefficient that has to be tuned to fit the perme-
ability and L the lattice periodicity length (i.e., the node-to-
node distance). For a given 4, and a given pore throat distri-
bution, 4,, Cp, C; and L are adjustable parameters that allow
to reproduce the rock permeability, porosity and formation
resistivity factor obtained through experimental determina-
tion.

The determination of an adequate set of values for 4, 4,,
Cp, C; and L including the probability density function Fn(r)
of the pore throat diameter is a key step of the construction of
a representative pore network based on this cubic structure.
These parameters are determined by an optimization process
aiming to match the experimental MICP curve and petro-
physical properties of the rock (Békri et al., 2002; Békri
and Vizika, 2006; Laroche and Vizika, 2005).

1.2 Fluid Flow Modeling

1.2.1 Intrinsic Rock Properties

The intrinsic permeability K of the network is obtained from
the Darcy’s law at complete saturation. Flow is simulated by
applying a macroscopic pressure difference AP across the
network and assigning a periodic boundary conditions in
directions perpendicular to applied AP. The local flow rate
between pore i and neighbouring pore j is defined by the
Poiseuille’s law:

2
1 A;
4= gy P P) ®)

where subscripts i and j correspond to the i™ and /™ pore
bodies, /,, is the hydraulic length of the jj throat segment,
r, the throat radius, 4, the throat cross section and u the vis-
cosity of the fluid. In each pore i, mass conservation is
imposed. The problem is reduced to a system of linear alge-
braic equations, the solution of which gives the pressure in
the pores. Then the macroscopic flow rate Q is calculated
in order to determine the intrinsic permeability.

The analogy to the intrinsic permeability is the formation
factor, FF, which defines the conductivity of a porous med-
um. It is defined as the ratio of the electrical resistivity of the
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rock saturated with brine, Ry, to the resistivity of the
brine, R,,:

FF = Ry/R,, (4)

In order to determine the network resistivity, Ry, a macro-
scopic voltage difference AU is applied across the network.
The induced total current intensity / is then determined by
solving for the electrical potential U; in each node related
to the individual electrical current in throats /;:

A,
Iy—avV%(U, U)) (5)

where 4,,, represents the cross-sectional area occupied by the
water phase (bulk or film), /4 is the equivalent electrical
length of the throat and o,, the electrical conductivity of bulk
water. Once [ is calculated, Ry can be determined by the
Ohm’s law.

1.2.2 Two Phase Flow Properties

Using this conceptual schematization of the porous medium,
simulations of multiphase flow displacement have been
developed, yielding capillary pressure and relative perme-
ability curves. Assuming low capillary numbers, the two
phase flow in the network follows a quasi-static displace-
ment. Hence, the capillary pressure curve can be obtained
by simulating an invasion-percolation process based on the
Young-Laplace equation. An increasing pressure (i.e., Py
pressure of the non wetting phase) is applied on the injected
fluid while the pressure of the fluid in place (i.e., Py; pres-
sure of the wetting phase) is kept constant. Since the viscous
pressure gradients are negligible, the pressure of each phase
is assumed to be constant everywhere within the network.
All pores connected to an already invaded pore via a throat
greater than or equal to the equivalent pore entry radius are
invaded. The saturation at each capillary pressure (i.e.,
Pc = Py — Py) is evaluated from the invaded network ele-
ments (i.e., pores and throats). The drainage capillary pres-
sure curve Pc-S is then obtained by stepwisely increasing
the capillary pressure and invading the corresponding pores
until the entire volume is filled. A detailed description of the
calculation can be found in Laroche and Vizika (2005).

The two phase relative permeability curves Kr-S are cal-
culated at each saturation state of the two phase quasi-static
displacements once the capillary equilibrium is reached.
Similarly to the one phase flow, flow rate of the fluid o (bulk
or film) in each segment is given by:

45 = &P} = P}) (6)

where P* stands for the pressure of phase o and gy for its
conductance. For more information on gj ;; the reader can

refer to Laroche et al. (1999). Relative permeabilities can
be determined from the macroscopic flow rate O, of the
phase o by the generalized Darcy’s equation.

Similarly to relative permeabilities, determination of elec-
trical resistivity index, RI = R,/Ry, relies on the determina-
tion of the electrical resistivity R, of the partially saturated
porous media. In order to obtain R, the total current
intensity is calculated. Local currents are determined from
Equation (5) by correctly adapting the cross-sectional area
A,,; occupied by the water phase.

1.3 Reactive Mass Transport Modeling

An analogous approach to the fluid flow modeling is devel-
oped here to address the reactive transport in the case of sin-
gle phase flow in the limit of long times. Of course, the
reactive fluid could be a brine rich in CO,. The fluid proper-
ties such as pressure, temperature and pH, and mineralogy of
the porous media are introduced by the dimensionless num-
bers Peclet (Pe) and Peclet-Damkdhler (PeDa):

K

vd
Pe="% and PeDa = (7)
Dy,

|
N

where v is the mean fluid velocity in the network, d the main
pore throat diameter, k the intrinsic reaction rate constant and
D,, the molecular diffusion coefficient. Pe compares the diffu-
sion and convection characteristic times and PeDa compares
the diffusion and the intrinsic reaction characteristic times.

1.3.1 Concentration Field Computation

A parallel can be drawn between the resolution of the con-
centration and the pressure field. A comparable reasoning
is used to solve the concentration field in the asymptotic
regime where the concentration is assumed to decrease expo-
nentially with time (Shapiro and Brenner, 1986):

oc .
5: = Ao(¢ — ¢*) orequivalently ¢(z,¢) = ¢(z) exp (—Aot)

(8)

where /A is the equivalent kinetic reaction rate, ¢ the mean
concentration over the cross section z of the pore network
elements (i.e., pore throat or pore body) and c* the equilib-
rium concentration.

According to Algive et al. (2010) and Varloteaux et al.
(2013a, b), the concentration field along each pore network
element can be obtained from an average one dimension for-
mulation of the reactive transport problem:

*8E *825 * - *
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where v*, D* and y* are pore scale coefficients. Algive et al.
(2010) also provide analytical functions which describe the
dependencies between these coefficients and the local
dimensionless numbers Pe and PeDa defined with the diam-
eter of the considered pore network element.

In the ij pore throat segment modeled by an infinite cylin-
der of radius R, concentration C;; can be written as function
of Bessel functions .J, and J;:

A (&)
2PeDa J] ()0)

J1(4)

= PeDa
Jo(4o)

(10)

In the pore body, concentration C; is limited to only two
forms based either on dominant diffusion or perfect mixing.
Perfect mixing results in a uniform concentration C; = ¢;.
In case of dominant diffusion, C; is controlled by diffusion
and mineral reaction in a sphere of radius R:

ci(r,z) = ¢;j(z) with Ao

J2 Rsin(% )
Ci(l") = 0 ME, with 1 — 0
3PeDa rsin(l) tanig

= PeDa (11)

Then, the mass balance in each pore body i of the network
yields:

2 ni

0 -7) =Y by (12)

=1

where ¢;; are the solute fluxes at the interface between the
n; connected neighbour pore throats (»; is equal to the coor-
dination number) and the /™ pore body. The left side of mass
balance equation is the sink-source term of the reaction in the
pore body. ¢;; are derived from the analytical solution of the
averaged one dimension equation of the reactive transport.
Details of the calculations can be found in Varloteaux
et al. (2013b).

1.3.2 Determination of Macroscopic Parameters

The problem is reduced to a system of non linear algebraic
equations, the solution of which gives ¢ in the pores. Then
the macroscopic coefficients 7%, v* and D* can be calculated
thanks to the moment theory adapted to the PNM specifics
(Algive et al., 2010; Varloteaux et al., 2013a, b). They are
expressed as functions of the three first spatial moments
m; of the concentration:

_* ldmg _, dm\ — d[{m m,\*
T & e o
my dt dt \ my dt \ my mo

with
m; (1) = /c(r, £)ridr (14)

Finally, the mineral reaction at the solid liquid interface of
the pore network is described by a first order kinetic reaction
model. The pore growth/reduction can be expressed as:

OR Vi . S
IT_  Tms¥s [e(r) = ¢*] on the interface solid liquid
ot Vi

(15)

where V,,s is the molar volume of the mineral species; vg

and vg are the stoichiometric numbers of the mineral and

aqueous species related to the mineral reaction, respectively.
The evolution of the pore network geometry due to reac-

tion is computed through an iterative process based on

porosity modifications as detailed in Figure 2:

— step 1. For a given initial pore network, the flow field is
determined for an arbitrary pressure difference between
inlet and outlet. Then, the porosity and the permeability

Initial pore network Pe and PeDa
A
Calcglatlon of flow flefl_d step 1
(porosity and permeability)
A
| Flow field for Pe | step2
v
Pore scale transport top 3
coefficients in each element step
A4
Calculation of the mean concentration step 4
field on the network scale ¢
\4
Macroscopic transport step 5
coefficients on the network scale P
|  Geometry update | step 6
step 7

Final pore structure

Figure 2

General diagram of the reactive transport solved using PNM.
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of the network are calculated as well as the mean intersti-
tial velocity;

— step 2. The pressure difference, which is directly related to
the average velocity through Darcy equation, is adjusted
to match the imposed Pe;

— step 3. From the analytical formulation provided by
Algive et al. (2010), the pore scale transport coefficients
v, D* and y* are settled for each element of the
network;

— step 4. The concentration field is solved using the iterative
Newton-Raphson method (Press ef al., 1992);

— step 5. The macroscopic coefficients 7*, ¥* and D* are
determined in the direction of applied AP;

— step 6. The evolution of the geometry is taken into
account and a new pore network is obtained;

— step 7. Stepl to 6 are iterated to derive the so-called
constitutive K—¢ laws.

2 APPLICATION

2.1 Sample Characteristics

The methodology is applied on a sandstone sample taken
from reservoir formation of the Pakoslaw gas field (near
Zalecze-Zuchléw site, Poland). It is composed predomi-
nantly of quartz, and minor amounts of dolomite, kaolinite
and hematite. The petrophysical properties (permeability
K, porosity ¢ and formation factor FF') derived from exper-
iments are summarized in Table 1.

Different scenarios described in Table 2 have been tested
for various values of exponents 4, and 4, to construct a rep-
resentative pore network of the investigated rock. For each
value of exponents /, and 4, the Pore-Throat Size Distribu-
tion PSD has been optimized so as to match the experimental
MICP curves. The resulting PSD are displayed in terms of

TABLE 1
Petrophysical properties of the selected sample “PaK6-S12p”
Permeability Porosity (%) Formation factor
(mDarcy)
7.9 18.9 42

frequency F,(r) in Figure 3. The prefactors C, and C, are
tuned to fit the target porosity and permeability. The Forma-
tion factor is calculated directly without any matching of
experimental data. Figures 3a and 3b compare the PSD of
each scenario to the one obtained from the conventional
interpretation of the MICP curve. Differences can be
explained by the fact that the conventional interpretation
of the MICP curve is based on the hypothesis that the porous
medium is a bundle of parallel and non communicating cap-
illary tubes. Injecting this PSD in a network model that takes
into account features, such as interconnectivity, aspect ratio,
etc., that do not exist in the bundle of capillaries model leads
to misfit with the experimental results. This conventional
PSD can thus be used only as a first guess and has to be
adjusted until the experimental Pc-S curve is fitted, as shown
in Figure 3b.

Scenario Run #1 that considers constant pore volume and
constant hydraulic length (4, = 0 and /, = 0) leads to a very
good agreement between the experimental and simulated Pc
curves. It also gives the best prediction in terms of petro-
physical parameters such as porosity, permeability and for-
mation factor. The pore networks constructed with the
other scenarios do not match the experimental formation fac-
tor (Tab. 1).

The pore network which corresponds to scenario Run #1
will thus be used to calculate the two phase properties and
the macroscopic parameter of the reactive flow.

2.2 Two Phase Flow Calculations

The gas/water capillary pressure, relative permeability and
resistivity index curves are calculated for a network con-
structed using the pore-throat size distribution obtained with
Run #1 scenario described in Table 2. These data are
obtained by simulating a gas invasion in a network initially
fully saturated with water (primary drainage process).
The results are presented in Figure 4 both in logarithmic
and linear coordinates. The relative permeability curves
approximately follow the well-known Corey correlation
(Corey, 1954) with an exponent equal to 2 and 5.5 for
gas and water, respectively. The saturation exponents
obtained in the simulation of the resistivity index is equal
to 1.75. It is comparable to the commonly measured
exponent in sandstones, which are in the range of 1.7-2.2.

TABLE 2
Different scenarios tested to describe the considered reservoir sandstone rock
Run scenarios Run #1 Run #2 Run #3 Run #4
Ap="0;24,=0 p=05;2,=0 Ap=10;2,=1 Ap=0; 4, =—1
FF 43.2 112.6 443 7.4
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Pore-throat radius distributions, in term of density f{r) a) and cumulative frequency F,(r) b), obtained with different 4, and /, scenarios (Tab. 2);
¢) comparison of capillary pressure curves obtained experimentally and by simulations with different pore space geometry scenarios.

These multiphase flow properties calculated on the core
scale can be used as input data on the reservoir scale.

2.3 Reactive Flow Simulation

This study focuses on the pore structure of the reser-
voir sandstone sample. The mineralogy of the grains is

introduced as input data by fixing the intrinsic reaction rate
constant « (i.e., PeDa). For simplicity, the chemical interac-
tion at the fluid-rock interface is modeled by a constant x but
heterogeneous distribution of x could also be taken into
account provided data are available to infer the heterogene-
ity. The reactive transport properties are calculated at core
scale for single-phase flow in the limit of long times.
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The results are analysed in terms of the dimensionless
numbers and the three dissolution regimes highlighted in
the literature (Békri ef al., 1995).

2.3.1 Porosity and Permeability Evolution

The pore network built using Run #1 scenario is subjected to

dissolution under various conditions, reflected by Pe and

PeDa dimensionless numbers. Evolution of porosity and

permeability are shown in Figure 5. Three families of K-¢

laws can be found depending on the localization of the mass
transfer in the pore network:

— uniform dissolution which occurs when reaction is
slow compared to diffusion. This case is characterized
by a low value of PeDa, whatever the value of Pe,
Figures 5a and 5b. In such a reaction limiting regime,
the chemical disequilibrium (¢ — c¢*) is uniform over
the whole pore network;

— dissolution limited to the greatest pore-bodies (compact
dissolution) which occurs when diffusion is the limiting
factor. This regime is characterized by a slightly high to
high value of PeDa and a low value of Pe, Figures Sc-e.
This means that diffusion is slow compared to reaction,
but remains fast compared to flow. In such a case, disequi-
librium remains in the largest elements (i.e., pores bodies).
Compared to uniform dissolution, permeability variations
are very small: the contribution of pore-bodies to perme-
ability is negligible when compared to the pore-throats
contribution;

— reaction occurring along the main flow paths when the
flow rate of the fluid and the reaction kinetic are high
enough, i.e., for high Pe and high PeDa (Fig. 5d). In this
regime, the chemical disequilibrium is no longer
restricted to large elements. It is transported out of pore-
bodies through the flow paths. Thus, dissolution occurs
preferentially along flow paths and induces permeability
variations larger than those associated to compact dissolu-
tion (Fig. 5).

The K-¢ relationships which are derived from the PNM
simulation (Fig. 5) can be implemented in the reservoir sim-
ulator as power regression. The exponent coefficients of the
fitting function can be given as input tables depending on Pe
and PeDa (Tab. 3).

2.3.2 Macroscopic Reactive Transport Coefficients

The apparent reaction rate, the effective solute velocity and
the dispersion coefficient are computed as functions of Pe
and PeDa before any modification of the pore network.
These macroscopic coefficients are presented in Figure 6.
7'* is the apparent reaction rate normalized by the reaction
rate in perfect mixing conditions, v'* is the normalization
of the effective solute velocity by the mean interstitial

velocity of the fluid, whereas D " is the longitudinal disper-
sion normalized by the restricted diffusion coefficient of
passive tracers.

At low PeDa, the reaction is so slow that the solute has
time to spread by diffusion over the whole porous medium.
As a consequence, a uniform reaction is induced. Under this
condition, the structure of the rock does not play any role on
the transport of the solute. Hence, 7" is equal to the reaction
rate in perfect mixing, the effective solute velocity v* is
equal to the fluid velocity and the dispersion coefficient is
equivalent to the dispersion coefficient of the passive tracer.
This is in agreement with the results presented in Figure 6.
The dispersion coefficient, at low PeDa is also displayed
in Figure 7 as a function of Pe. This representation of the
longitudinal dispersion includes the mechanical dispersion,
the boundary layer diffusion and the hold-up dispersion
(Sahimi, 1995).

For high values of PeDa, the influence of the structure of
the rock on the macroscopic coefficients is an increasing func-
tion of PeDa. Figure 6 shows a decrease of the apparent reac-
tion rate, the velocity and the dispersion coefficients by
increasing PeDa. When mass transfer is the limiting phenom-
enon (high values of PeDa), the reactions are mainly confined
on the largest pore-bodies. Hence, only limited areas of the por-
ous media are affected by the reaction. Thus on core scale, the
apparent reaction is much slower than in case of perfect-
mixing, the mean solute velocity is close to zero and the mac-
roscopic dispersion coefficient depends only on the molecular
diffusion (Fig. 6). Solute appears thus to be immobile.

CONCLUSION

A multi-scale PNM tool that takes into account pore and
core scales is used to estimate the two phase flow properties
and the reactive transport properties for single-phase flow as
well as their dependency on dimensionless numbers.
The approach is based on a local description of the physical
phenomena that provides adequate macroscopic properties.
The pore scale heterogeneities are taken into account by a
conceptual representation of pore volume based on the rou-
tine petrophysical experimental data, namely the porosity,
the permeability, the formation factor and the MICP.

Taking into account the geometry changes induced by the
mineral reaction, the three phenomenological coefficients of
transport and the porosity/permeability relationship on core
scale are calculated as function of Pe and PeDa for a sand-
stone sample taken from reservoir formation of the Pakoslaw
gas field (near Zatecze-Zuchlow field, Poland).

It has been observed that the mean reactive solute velocity
and dispersion can vary up to several orders of magnitude
compared with the tracer values because of the variations
of the pore scale solute concentration profile resulting from
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TABLE 3
Exponent coefficients of the fitting power regression function of the K-¢ relationships depending on Pe and PeDa
o LeDa 0.00001 0.001 0.01 0.1 1 10
10 3.1 3.1 2 0.04-0.82 1.0-3.2 0.58
1 3.1 3.1 2.8 0.04-0.46 0.2 0.58
0.1 3.1 2.0-5.1 0.08 0.04 0.2 0.58
0.01 3.1 0.53 0.08 0.04 0.2 0.58
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Macroscopic reactive transport coefficients on core scale as function of Pe and PeDa before any geometry modification; a) dimensionless
reactive macroscopic coefficients ¥'*; b) dimensionless dispersion macroscopic coefficients D' ; c¢) and d) dimensionless velocity macroscopic
coefficients v'*.
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Dimensionless dispersion macroscopic coefficients (B/* -1)
as function of Pe for low PeDa (i.e., for uniform dissolution).

mineral reactions. Similarly, when kinetics is limited by
mass transfer, the reactive apparent coefficient can decrease
by several orders of magnitude compared to the case of
perfect-mixing.

The PNM results can be used as part of an integrated
approach that takes into account pore, core and reservoir
scales. These numerical results would have first to be vali-
dated by some dissolution and precipitation laboratory
experiments. The properties determined by PNM simulation
could then be used straightforwardly as input data for field
scale simulation. Indeed, the output of the PNM simulation
can be gathered in tables of dimensionless macroscopic coef-
ficients as functions of Pe and PeDa for a representative ele-
mentary volume of rock-type involved in the geological
model. The grid-block properties at reservoir scale can be
filled through the sub-grid properties determined by the
PNM simulations. Of course, a sub-grid with different petro-
physical properties and grid-block of different rock-types
can be handled.

The approach is also used to determine the two phase flow
properties of the considered rock, gas/water capillary pres-
sure, relative permeabilities and resistivity index.
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