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Abstract. Dissolution mechanisms in porous media may lead to unstable dissolution fronts
(“wormholing”). It has been shown in the literature that Darcy-scale models may reproduce all the
characteristics of such dissolution patterns. This paper considers the core-scale averaged behavior
of these Darcy-scale dissolution models. The form of core-scale equations is discussed based on
the volume averaging of the Darcy-scale equations. The uncertainty about the choice of the unit
cell (and boundary conditions) to solve the closure problems and the impact of the dissolution

history on the core-scale properties is emphasized.
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1 Introduction

Dissolution mechanisms in porous media are frequently encountered in stimu-
lation of petroleum wells [37], or more generally in hydrogeology [17]. Stimu-
lation methods consist in injecting an acid solution into the formation in order
to increase the rock permeability. The dissolution process develops preferen-
tially in the largest pores which leads to the formation of highly conductive flow
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174 CORE-SCALE DESCRIPTION OF POROUS MEDIA DISSOLUTION

channels called wormholes. As a consequence, prediction of wormhole propa-
gation and the understanding of dissolution regimes present a major interest to
optimize acidizing treatments. However, the description of dissolution macro-
scopic patterns is a very complex problem, especially at the large-scale, since it
is determined by the flow microscopic characteristics, and with many factors in
play such as the injection rate, the acid volume, and rock permeability.

At the pore-scale, the dissolution mechanism can be separated into three types:
the acid transport by diffusion and advection to the solid surface, the chemical
reaction at the surface and the product transport away from the surface. Two
limit cases can be considered. If the chemical reaction characteristic time is very
short compared to the mass-transfer kinetics, the reaction is called mass-transfer-
limited. This is generally the case for limestone dissolution with HCI as verified
by Lund et al. [25]. If mass-transfer kinetics is slow, then the reaction is reaction-
rate limited. It is the case for dolomite at the room temperature as recognized
by Lund et al. [24]. It must be emphasized here that these pore-scale disso-
Iution mechanisms must not be confused with the macroscopic or Darcy-scale
condition of local equilibrium or local non-equilibrium. Local-equilibrium dis-
solution corresponds to a macro-scale acid concentration equal to the micro-scale
equilibrium concentration over the solid interface. This results into immediate
consumption of the acid at the entrance of the porous medium, and this will
lead to a sharp interface between the fluid zone and the porous medium. On the
opposite, local non-equilibrium dissolution will lead to a dissolution zone within
the porous domain characterized by a variable porosity. This dissolution process
is coupled with the fluid momentum equation in an unstable way: flow velocity
is higher in the largest pores, which will generally produce faster dissolution
processes. These processes increase locally the pore diameter and this may in
turn facilitate the acid transport to these large pores. These physical mechanisms
lead to very complicated macro-scale dissolution patterns as described below.

Several experimental core tests [18, 7, 40, 2, 9, 11, 15] have been performed
to understand the physics of this dissolution phenomenon. Five dissolution
regimes, illustrated in Figure 1 for salt dissolution [15], have been observed
experimentally depending on the flow rate [18, 7, 11] as explained below:

* (a) Face or compact dissolution: At low injection rate, the acid is com-
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(©) (d)

Figure 1 — Example of experimental patterns for salt dissolution: (a) face dissolu-
tion, Q =5 cm3.h1, Cpyaci = 150 g.l’l; (b) conical wormhole, Q = 10 cm3.h L
Cnac1 = 230 g.l’]; (c) dominant wormhole, Q = 50 cm3.h™!, Cyucr = 150 g.l’l;
(d) ramified wormhole, Q = 250 cm>.h™!, Cnacr = 150 g1 ! (Golfier et al., J. Fluid
Mech., 2002).

pletely consumed at the inlet of the core. Diffusion mechanism predomi-
nates over transport by convection, instabilities cannot develop. This
regime corresponds to local equilibrium dissolution.

* (b) Conical wormholes: By increasing slightly the injection rate, insta-
bilities begin to develop although the regime is still strongly influenced
by diffusion. The reactant starts to penetrate in the medium and erodes
the walls of the flow channels, to form a conical-shaped wormhole. This
regime is also characterized by local equilibrium dissolution.

* (¢c) Dominant wormholes: At intermediate flow rates, acid penetrates
preferentially into the biggest pores to form flow channels. Eventually,
this leads to the formation of a dominant wormhole. The optimum flow
rate, defined as the flow rate that produces the longest wormhole for the
minimum acid consumption is found in this regime. This regime is also
characterized by local equilibrium dissolution.
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176 CORE-SCALE DESCRIPTION OF POROUS MEDIA DISSOLUTION

* (d) Ramified wormbholes: At high injection rate, local non-equilibrium
dissolution starts to occur. The wormholes become more highly branched
or ramified and the dissolution front is more spread within the porous
domain.

* (e) Uniform dissolution: At last, at very high injection rate, the reactant
is forced into all pores in the porous matrix. The dissolution front is
spread all over the core length, and this corresponds to a non-equilibrium
dissolution. This latter regime could not be reached for the salt dissolution
due to the use of an unconsolidated porous material.

Besides the dissolution patterns, another interesting feature has been demon-
strated experimentally. It is now fully evidenced that the pore acid volume
injected to breakthrough the core depends on the injection rate and goes through
a minimum at the optimum injection rate [18, 40, 2]. It is reported that the opti-
mum conditions are related to the formation of a dominant wormhole with little
branching through the core and depends on several parameters, including the
rock mineralogy (calcite or dolomite for carbonate formations), the temperature
and the acid concentration. They have been worked out in detail by Bazin and
Abdulahad [1].

In order to predict this optimum injection rate and the wormhole development
at the Darcy-scale, several numerical models have been developed. Among the
different approaches proposed in the literature, we can cite the works of Hoefner
and Fogler [18], Wang et al. [40], Daccord et al. [7], Liu et al. [23] or Fredd
and Fogler [10]. The reader can refer to the paper by Fredd and Miller [12] for
a detailed presentation of these different models. Since none of these models
could describe all the features of the dissolution physics, in particular they failed
to describe the coupled nature of flow and reaction without assuming a wormhole
geometry, a macroscopic acid-transport model has been implemented based on a
macro-scale description involving a non-equilibrium mass balance model [15].
Concerning the momentum equation, assuming that the velocity of the pore-scale
interfaces is small enough, a Darcy-Brinkman formulation has been adopted that
allows to simulate correctly the flow in the fluid or porous zones in a continuous
manner [39, 3, 38]. The effect of dissolution history on the effective properties,
such as the permeability, has been approximated by direct relationships between
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the macro-scale parameters. For instance, a direct relationship is adopted be-
tween the permeability and the porosity, which is a classical assumption made
in geochemistry.

A comparison of the numerical simulations obtained with this model with ex-
perimental results showed a good agreement in terms of dissolution regimes and
optimum flow rate. However, a direct application of laboratory results to the
field scale is not straightforward since a direct Darcy-scale description would
require a very fine grid. Therefore, a large-scale model is necessary. Two dif-
ferent approaches able to fit the wormhole propagation models at the core-scale
can be distinguished in the literature. The first one used by Daccord et al. [7] or
Huang et al. [19] consists to fit the injection flow rate with a surface area scaling
method in order to keep the same injection velocity into the porous matrix. Nev-
ertheless, this approach needs that the wormhole density is the same whatever
the observed scale. This assumption has some important consequences on the
modelling of wormhole competition at the field-scale and leads to overestimate
the number of wormholes created per surface unit. The calculation of fluid loss
at the walls may be modified if necessary to take into account the new geometry
of the problem (radial instead of linear). The second approach, developed by
Huang et al. [20] and Fredd [8] consists to fit the injection flow rate from the
number of wormholes by keeping the same reaction and transport rates for all
of them. The drawback of this method is that it requires a predictive model of
wormhole density. Several studies have tried to solve this problem. Huang et
al. [20] used a capillary tube model to determine the minimal value of pressure
perturbations necessary to make appear a new wormhole. Gdanski [14] based
his model on some assumptions of symmetry and geometry. Fredd [8] used the
results of Hoefner and Fogler [18] and Buijse [4] linking the number of created
wormbholes to the ratio of the inlet area on the given propagation length. It must
be emphasised that this last assumption is based only on some numerical simu-
lations (capillary tube or network model) and has been exploited by Fredd [8]
for all the dissolution regimes, even if it concerns only the wormholing regime.
These different models are generally used to estimate the skin effect factor [13],
which corresponds in a field model to a parameter modifying the transfer be-
tween the well and the field, in order to take into account the real conditions
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178 CORE-SCALE DESCRIPTION OF POROUS MEDIA DISSOLUTION

around the well. Nevertheless, these conditions are limited to some simplified
cases (homogeneous medium, vertical wells). The reader can refer to Fredd and
Miller [12] for a comparison of the models cited above. This discussion empha-
sizes the difficulties to adapt the existing dissolution models at the field-scale.
We expect from an upscaling technique such as the volume averaging method an
improvement in the modelling, by a better incorporation of large-scale physics.
Nevertheless, the upscaling to the field-scale is not straightforward. We believe
that it is necessary to study an intermediate upscaling corresponding to the core-
scale, represented Figure 2. Such an approach belongs to the class of averaged
models, which, to our knowledge, has not yet been applied to the wormholing
phenomenon. This model is however frequently used to model the viscous fin-
gering [21, 41], even if in our case, the problem is a little bit more complex since
the acid concentration is defined in both regions, wormhole and porous medium.

Pore-scale Darcy-scale Core-scale

Fluid (water + acid)
Porous medium

Field scale

Figure 2 — The different scales of the problem.

In this paper, we consider the core-scale, and look at the theoretical develop-
ment of macroscopic relations that could be used in well modeling. The idea
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is to start with a local-scale model able to reproduce the wormholing process.
Such a model has been described in Golfier et al. [15] and we briefly summarize
the introduction of this model since it has some analogy with the upper-scale
problem. The possible structure of a core-scale model is discussed, especially
in terms of the form of the equations.

2 Darcy-scale model

In Golfier et al. [15], we have obtained wormhole patterns by using a continuous
Darcy-scale description of the flow in the dissolved region or in the porous do-
main. The dissolution macroscopic equations were obtained from the coupled
equations of flow and species transport at the pore-scale, and this led to a local
non-equilibrium dissolution problem. Most of the theoretical questions associ-
ated with this development have been discussed in Quintard and Whitaker [36].
The solid phase and the fluid phase are identified as the o -phase and the S-phase
respectively. In order to be clear about the equations we have used, we will
follow the notations associated with the volume averaging theory presented in
Quintard and Whitaker [36]. For instance, the superficial velocity is given by

1
v, :(vﬁ)zva vp dV (M
B

where Vj represents the volume of the B-phase contained within the averaging
volume, V, as illustrated in figure 2. The intrinsic average pressure and mass
fraction are defined by

8 1
Po=lpal =5 |, podV &)
B JVg
1
CAB=<CAB>’3:V—5/; CAﬁ dV (3)
B

We just consider here that the reaction is mass-transfer limited, and the acid
is immediately consumed as soon as he reacts with the solid. In addition, the
additional convective terms which appear during the upscaling are neglected. By
this way, we obtain a complete system of equations which combines a Darcy-
Brinkman model for a rigorous description of the flow in both zones (fluid and
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porous region) with a local non-equilibrium dissolution model. It can be written
as follows:

Flow equations:
" _
aAVﬁ — (VPs— ppg) — K- Vg =0 4)
V-Vg=0 5)

Species transport equations:

aC
£p a?ﬂ + Vg VCap =V - (D}-VCap) — aCap (6)
885 ,3
L _ T aC 7
3t O al ap (7

where u represents the viscosity, 8 the stoichiometric coefficient of the reaction,
K the permeability tensor and &g the porosity. We denote also the fluid and rock
density as pg and p, respectively. The effective coefficients which appear in
the transport equations, the mass transfer coefficient « and the dispersive tensor
Dy, are calculated at each node for a given porosity and velocity field from some
numerical simulations at the pore-scale on a representative periodic unit cell (use
of the closure problems described in Golfier et al. [15]). The permeability field is
directly linked with the porosity, by the classical Kozeny-Carman relation K (¢).

A numerical model has been developed to solve these equations, all the details
can be found in Golfier et al. [15]. Various calculations have been performed
on two-dimensional domains. In particular, they allowed to capture all the dis-
solution regimes and confirmed the existence of an optimum injection rate. As
suggested by the different obtained results, the proposed Darcy-scale dissolution
model shows a good agreement with laboratory experimental results. However,
because of heavy computational requirements, similar numerical results cannot
be directly obtained for a larger geometry, such as the one necessary for well
models. Therefore, there is a need for a larger-scale model, and this is discussed
in the next section.
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3 Core-scale results and discussion

In this section, macroscopic equations which describe the problem at the core-
scale are first presented. Arguments are provided indicating that a classical Darcy
model may be used for the flow description at the upper scale, and that the form of
the mass transport macroscopic equation depends on the mass transfer coefficient
value. The uncertainty about the choice of the unit cell (and boundary conditions)
to solve the closure problems and the impact of the dissolution history on the
core-scale properties is emphasized.

3.1 Core-scale flow equation

The core-scale flow equation developed here is based on the works of Quin-
tard [27] and Lasseux et al. [22]. From notations presented in Quintard and
Whitaker [35], core-scale averaged quantities associated with the core-scale av-
eraging volume V; described in Figure 2 are defined as

1
Vi=— [ Vgav (8)
tJV,
.1
Pi=— [ Pgav )
t Jv,

With this definition, the average of Eq. (5) leads simply to
V-Vg=0 (10)

In order to apply the volume averaging technique to the Darcy-Brinkman equa-
tion, Eq. (4), we introduce the spatial deviation associated to the local parameter
Pg following Gray’s decomposition [16], we have

Py =Pl + By (1)

Introducing this decomposition into Eq. (4), we get

?Avﬂ — VB — (VP} — ppg) + K 'V =0 (12)
B

The underlying idea is that, the equations being linear, a direct relationship

between the velocity and the gradient of the averaged pressure over the represen-
tative unit cell can be obtained. As a consequence, it is necessary to express the
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macroscopic properties and the spatial deviations from the mapping variables B
and b under the form

Vi—— B (VP; — ppg) (13)
B = Py 8 — Pp8

Py =b- (VP; — ppg) (14)

Introducing these representations into Eq. (10) and (12), we obtain the fol-
lowing closure problem, which provides explicit relationships between the local
structure and the core-scale equations.

Problem I:
1
—AB—K!'-B=Vb+1I (15a)
&p
V-B=0 (15b)
1
— / bdV =0 (15¢)
Vi
Vi
+ B.C. (periodicity,.. ) (15d)

From the dissolution patterns presented in the previous paragraphs, itis obvious
that this is not a simple matter to define a unit cell representative of the medium
geometry at the local-scale as it is classically done for the closure problems at the
pore-scale. In particular, questions arise about the use of boundary conditions
for the mapping variables b and B. Periodicity may not be used in Eq. (15d), but
we leave open this problem at this time. It seems even more difficult to introduce
the time evolution of the unit cell geometry or the impact of the dissolution
history on the effective properties. We have solved this problem at the pore-
scale by assuming that the dissolution propagated in a uniform way. However,
this assumption is not consistent at the core-scale with the propagation mode of
the wormholes. These difficulties will appear for every closure problem in this
paper, and we will come back to this point in Part II.

Now, taking the average of Eq. (13) we obtain the following averaged equation

1 1
Vie — [ VydvV =——K*- (VP —p (16)
p Vl 4 g M’.B ( P ﬁg)
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where the effective core-scale permeability tensor is given by

1
K* = —/ BdV (17)
Vi

t

This development suggests that the core-scale equations have still the form of
a Darcy equation, the effective permeability being determined by Problem I.
It must be emphasized that the underlying assumption in this development is that
the time evolution of the dissolved region is slow enough so that the pressure
field relaxation occurs immediately. The wormhole interface is quasi-steady with
respect to the momentum equation. However, the core-scale permeability ten-
sor, K*, becomes time dependent. Like in the Darcy-scale model, the effective
parameters depend a priori upon the dissolution history. At this point, the ques-
tion is left open whether it is possible to replace this dissolution history effect
by a direct relationship with a core-scale parameter similar to the Darcy-scale
porosity or not.

However, even if the flow can be described by a one-equation model based
on the validity of core-scale mechanical equilibrium, it may be necessary under
some circumstances to determine the regional velocities [35]. This occurs when
core-scale mass equilibrium is not valid and a two-equation model is required
to describe the process of convection, dispersion and reaction. These regional
average velocities, V7 and V7, are linked to the average velocity Vi by the
following relationship

V=V, 4V (18)

and are solutions of the regional forms of Darcy’s law described in Quintard and
Whitaker [35]:

V-Vi=0 (19)
Vi = —&K; -(VPL — pgg) inthe & — phase (20)
and
V-Vy=0 2D
vV, = —%K:" . (VP,;k — p,gg) in the n — phase (22)
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where K7, K7, P7 and P, represent the regional permeability tensors and pres-

sures.

3.2 Core-scale transport and dissolution equation

With regard to the transport and dissolution part, it is not obvious to apply an
upscaling method which leads to core-scale equations valid in a general way. In
fact, the mass transfer coefficient value can strongly modify the acid transport
behaviour and the corresponding Darcy-scale dissolution pattern. This upscaling
problem embodies all the difficulties associated with upscaling: potential for
abnormal dispersion, non-local effects in space and time. Different perspectives
may be opened to deal with such problems. In this paper, we propose, as a
preliminary approach, two different models based on the consideration that this
is a special case of a two-medium problem.

3.2.1 Local mass equilibrium dissolution (Da large): two-medium or

two-equation model

Although the Darcy-scale equations have been written under an assumption of
local mass non-equilibrium, if the interfacial exchange flux is very important
versus the convective flux (dissolution regimes (a), (b) and (c) of Figure 1), the
problem leads to the limit case of local mass equilibrium dissolution. To be more
precise, if @ — 00, the Darcy-scale problem can be simplified as follows

aC .
8;‘*3 + V- (Vg Cag) = V.(DVCap) inV, (23)
dpp A
¥+v-(vﬂ pg) =0in V, (24)
CAﬁ =0in V,, (25)
apy )
0 —0in v, 26
ot o (26)
B.C.1:
CA/g =0at Awn 27)
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B.C.2:
—PyW Ny = Cop (Vop — W) * Dy at Ay (28)
= —,B*CAlg (VA/S — W) . Ilw,] (29)

where p, represents the porous medium density, i.e., &, o, , and B* the stoichio-
metric coefficient for the dissolution of the porous medium. This problem is
reminiscent of the pore-scale problem that led to Eq. (6) and to the local mass
non-equilibrium model [15]. In this particular case, if we follow the same ideas,
we would get a rwo-equation model taking into account the physical mecha-
nisms characteristics of each region. This can be viewed in the framework of
two-region, or two-porosity models. There has been an extensive literature on
the subject, and we comment below some major features. Considering disper-
sion mechanisms on a broader sense, two types of situations have been consid-
ered in the literature: mobile-immobile models (see Zhang and Smith [41] for
an illustration of this idea to the problem of viscous fingering for example) or
mobile-mobile models (see a review of this problem in Cherblanc et al. [6]).
The most permeable medium, where advection and dispersion mechanisms are
preponderant, is called mobile, whereas the less permeable medium, where the
diffusion prevails, is considered immobile. Thereafter, these models have been
generalised for mobile-mobile systems, i.e., systems for which the advection
occurs also in the least permeable region.

Referring to the averaging volume illustrated in Figure 2, we define, for a
function (W) associated with the @ -region, the regional average, Eq. (30), and
the intrinsic regional average, Eq. (31), according to

1

{(W)e = [ () aV (30)

Vi lv,

- 1

(W) = v (v) dv €1y

w J Vg

and both averages are linked by the following relation

(W)l = ¢u (W), (32)
where ¢, = V,/V, represents the volume fraction of the & —region. Similar

definitions hold for the n—region. Moreover, the averaging volume for the two-
equation model is always homogeneous (there is no variation of porosity or
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permeability in the porous medium since we are in local equilibrium). Following
the development used for the Darcy-scale advection-reaction equations [15] and
based on the same assumption of quasi-stationarity, a first approximation of the
problem leads to the following core-scale model

b — T+ V5 - VCip =V (DEVCh,) —a*Ch,, (33)
e *
0y _ B s
at Pn
= ﬁa*(]jw (34)
Po
Ci, =0 (35)

which is mathematically equivalent to the form of the equations previously ob-
tained at the Darcy-scale, but now for a core-scale porosity corresponding to the
dissolved region. The core-scale averaged quantities, core-scale intrinsic acid
concentration C7}_ and superficial velocity V7 , are defined as follows

o1
Cio = {Cap},, = V_/v CapdV (36)
1

Vi = {V;} Vs dV (37)

w’=_
Vi lv,

We have now to determine the local closure problems in order to couple both
scales and calculate the effective coefficients. The general idea, as for the lower-
scale, is based on Gray’s decomposition [16], which is used to express the local
properties as a function of averaged quantities and spatial deviations, i.e.,

Cap=C% +Cag (38)
Vi = (¢s) "' Vi, + V; (39)

Following the development in Quintard and Whitaker [36], it is possible to
approximate the spatial deviation concentration C 4z as follows

Cap =by -VCi, —s5,Ch (40)
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where the mapping variables, b, and s,,, are defined by two so-called closure

problems, as described below.

Problem II a:
Vs + Vg Vb, =V (DVby,) — () ' Uy (41a)
B.C.1 b, =0 at Ay, (41b)
+ B.C. (periodicity, ...) (41¢)
{b,}2 =0 (41d)

where ug in Eq. (41a) is given by:

1

Uy, = — n,, - (DVb,) dA 42)

Vi J au,

Problem II b:

Vg Vs, =V - (DVsy) — (¢0) ' a* (43a)
B.C.1 Sz =1 at A,y (43b)
+ B.C. (periodicity, ...) (43¢)
(5w)Z =0 (43d)

where the mass transfer coefficient a*, Eq. (43a), is defined by
L 1
of = — f n,, - (DVs,) dA (44)
Vi Jaw,

whereas the large-scale dispersion tensor D* is expressed as

D =D (¢wl+% /A n,,b. dA) — Vb, } (45)
wn

As explained in Quintard and Whitaker [32], this result requires that the ve-

locity of the interface between the fluid region and the porous region (the solid

region in the original pore-scale problem) is small enough so that the concen-

tration field relaxes more rapidly. We are confronted also to the problem of

the use of periodicity conditions or other boundary conditions in our closure
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problems (and to the choice of the cell geometry also). Furthermore, like for
the permeability, the effective parameters are dissolution history dependent. Is
it possible to replace this dependence by a simple unique relationship with the
other core-scale parameters? This very important question will be examined in
detail in Part II.

3.2.2  Local mass non-equilibrium dissolution (Da small): one-medium or

one-equation model

Under local non-equilibrium conditions at the Darcy-scale, the more complex
form of the local equations do not allow to directly infer the core-scale transport
equation form by keeping the coupling of the scales through the closure problems.
In fact, if we apply the volume averaging method to the generalised transport
equation, the non-linear term aC4g where the two coefficients depend on the
spatial coordinates and the time parameter, prevent us from obtaining an averaged
equation in a simple manner. Nevertheless, it is possible to define a general form
for the macroscopic transport-reaction equations within a one-equation model. A
few precise details must be given here about the choice of this model. Different
kinds of one-equation models are classically used in the literature. One can
distinguish the ones, based on the core-scale local mass equilibrium assumption
[31, 34], characterised by the following relation,

{Casl, = {Cup) = {Cas) (46)

It is then very simple, by adding the equations of each region of the two-
equation model, to obtain a local equilibrium one-equation model. Unfortu-
nately, local equilibrium conditions are difficult to be applied at the scale that
we study. In fact, what is the physical significance of a core-scale local mass
equilibrium? 1If local equilibrium conditions exist at the Darcy-scale, which
can be expressed by the relation C4g = 0 in the n—phase, this means that
{CA/S}Z = {CA/g}Z = 0, i.e., that the acid concentration is also equal to zero
in the wormholes. If this assumption was acceptable at the lower scale because
of the small pore size, it seems more difficult to be verified here because of the
wormbhole size, and, as a consequence, the minor importance of diffusive effects.
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From this discussion, we have chosen a model which does not need such an
assumption, a one-medium or local non-equilibrium one-equation model, based
on the works of Moyne et al. [26], Cherblanc [5] and Quintard et al. [28].

Macroscopic averages are defined in the V; volume. The core-scale porosity
is given by

€p = l epdV 47)
t Jv,

Here some comments must be introduced about the two parameters ¢ and
¢ . This latter parameter plays the role of g at the Darcy-scale. If dissolution
occurs as a local equilibrium phenomenon, there is a direct relationship between
&5 and ¢, we have

&g = ¢ + (1 — P)ep (48)

and any of these two parameters can be used to describe the system. Such a
relationship does not hold in the case of local non-equilibrium dissolution, and,
as a consequence, the two parameters are somehow independent while linked by
the dissolution history.

The macroscopic concentration Cj, is obtained from an average weighted
by the porosity. As in the case of two-phase flow in porous media [29, 30] or
transport of a tracer in heterogeneous media [5, 28], the definition introduced
here allows to take into account the porosity variations into the R.E.V.

1
{EﬁCAﬁ} = 7‘/‘/ 8/3CA/3 dv = 8; Czﬁ (49)

t

In the same way, the core-scale intrinsic velocity Uy is defined as follows

(Vo) ={estvs)'} =505 = 3 (50)

whereas the spatial deviations associated to the macroscopic variables presented
above are introduced by

Cap = Chy+ Cap (51)
e5' Vg =Uj + Uy (52)
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If one consider that the reference volume is very small compared to the charac-
teristic length of the averaged property [33], it is possible to remove the macro-
scopic variable from the volume integral which leads to

{sﬂéA,g} —0 (53)
{es s} =0 (54)
At this point, the averaging method applied to the local transport equations
leads to
bl <£*C x )
B~ AB * * % ~
— 4V (Vicis) =v- | o5} veis+  [ppvéas)
N ———
heterogeneous dispersion ( 55)

V- (epUpCas) — {aCap)
— ——
core-scale dispersion

kY B

aﬁ ——{OZCAﬂ} (56)
t o

We can see here that the difficulty comes from the term { aCyug } If itis always

possible to define a core-scale mass transfer coefficient under the form,
{aCap} = a"Cly (57)

the non-linearity does not allow to introduce simply a spatial deviation associated
to the mass transfer coefficient in order to develop the closure problem.
Although it is not possible to link explicitly both scales, this study suggests,
however, a plausible form of the core-scale transport-reaction equations. The
terms containing the spatial deviations in Eq. (55) can be seen as some dispersion
terms and a core-scale dispersive tensor Dg* can be defined involving these
properties. From these assumptions, the following macroscopic equations are

obtained
Y, Vi.VCE, = V. (D¥.VCE oy 58
&5, T Vi VCis =V (DFVCip) —a"Cly (58)
e B
B _ * v
W = '0—606 CAﬂ (59)
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As previously for the two-equation model or the macroscopic flow equation,
even if the reasons are slightly different, the direct calculation of the effective
coefficients is impossible at this point without further developments which will
be presented in Part II.

4 Conclusion

A core-scale transport-reaction model has been presented in this paper. Several
approaches have been explored, based on some analogy with the macroscopic
model developed at the lower scale. Two different sets of model have been
investigated: a one-medium model which includes in a single “effective” medium
the wormhole and the porous matrix physics, and a two-medium model, for which
the wormholes are modelled separately from the porous matrix. At this point,
different problems have been emphasized which can be summarized below:

* The appropriate form of the core-scale equation is still a matter of discus-
sion, especially in the case of local non-equilibrium dissolution. However,
some arguments suggest that the Darcy-scale form is a good candidate to
approximate the core-scale behavior in the case of local equilibrium dis-

solution.

* Core-scale effective parameters are difficult to be obtained directly from
solving closure problems. Their values are strongly influenced by the
unit cell form, representative of the domain geometry, which is a priori

unknown.

» Core-scale effective properties, if relevant, may be affected by dissolution
history effects. The possibility of approximating these effects by a direct
relationship with the core-scale wormhole volume fraction, ¢, has to be

investigated.

We will address these questions in Part II. Since our purpose is to investigate
the different possibilities for the core-scale models, we will use the Darcy-scale
simulations to obtain by spatial integration some valuable informations about
their expressions and their estimations rather than to solve the closure problems

with some non-representative boundary conditions.
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