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Summary

This study demonstrates the application of an alternative numerical-simulation approach to effectively describe the flow field in a two-
scale carbonate-matrix-acidizing model. The modified model accurately captures the dissolution regimes that occur during carbonate-
matrix acidizing. Sensitivity tests were performed on the model to compare the output with experimental observations and previous
two-scale models in the literature. A nonlinear reaction-kinetics model for alternative acidizing fluids is also introduced.

In this work, the fluid-field flow is described by the Navier-Stokes momentum approach instead of Darcy’s law or the Darcy-
Brinkman approach used in previous two-scale models. The present model is implemented by means of a commercial computational-
fluid-dynamics (CFD) package to solve the momentum, mass-conservation, and species-transport equations in Darcy scale. The soft-
ware is combined with functions and routines written in the C programming language to solve the porosity-evolution equation, update
the pore-scale parameters at every timestep in the simulation, and couple the Darcy and pore scales.

The output from the model simulations is consistent with experimental observations, and the results from the sensitivity tests per-
formed are in agreement with previously developed two-scale models with the Darcy approach. The simulations at very-high injection
rates with this model require less computational time than models developed with the Darcy approach. The results from this model
show that the optimal injection rate obtained in laboratory coreflood experiments cannot be directly translated for field applications
because of the effect of flow geometry and medium dimensions on the wormholing process. The influence of the reaction order on the
optimal injection rate and pore volumes (PVs) of acid required to reach breakthrough is also demonstrated by simulations run to test the
applicability of the model for acids with nonlinear kinetics in reaction with calcite.

The new model is computationally less expensive than previous models with the Darcy-Brinkman approach, and simulations at
very-high injection rates with this model require less computational time than Darcy-based models. Furthermore, the possibility of
extending the two-scale model for acid/calcite reactions with more-complex chemistry is shown by means of the introduction of non-
linear kinetics in the reaction equation.

Introduction

Matrix stimulation of wells with acid is a widely used practice to enhance the inflow of hydrocarbon to the wellbore. This process
involves injecting an acidizing fluid into the formation, below the formation-fracture pressure, to recover or improve the permeability
of the rock matrix near the wellbore. In carbonate reservoirs, the acidizing fluid is injected to create conductive-flow channels that
bypass any formation damage or region of low permeability near the wellbore, thereby increasing the inflow performance of the well.
The post-treatment skin factor of carbonate reservoirs could be negative (if the flow channels penetrate past the damage zone in the for-
mation), signifying an improvement over the original skin factor. These conductive-flow channels created by the acid in carbonate for-
mations are known as wormholes.

Dominant wormholes are formed in an acid-dissolution process during a carbonate-matrix-acidizing treatment if the acidizing fluid
is injected at an optimal rate. The acid flows preferentially to the regions of least resistance, such as the larger interconnected pores
(high permeability), rapidly dissolving the matrix material in its path. As the flow paths receive an increasing portion of the acidizing
fluid during the process, the length and volume of the pores increase, eventually becoming wormholes (Fredd and Fogler 1998). Worm-
hole patterns do not necessarily form in the dissolution of carbonate rock with an acid; the dissolution structure is mainly dependent
upon the injection rate and fluid-mineral properties, which include the reaction kinetics, mass-transfer rates, flow geometry, formation
heterogeneity, and fluid-loss rate (Hung et al. 1989; Buijse 2000; Fredd and Miller 2000). The dissolution patterns that can be
formed during carbonate-matrix acidizing are face dissolution, conical wormholes, dominant wormholes, ramified wormholes, and uni-
form dissolution.

At very-low injection rates in laboratory coreflood tests, the acidizing fluid is consumed at the inlet-flow face of the core before it
can penetrate the rock, resulting in face dissolution. A high volume of the fluid is then required to reach breakthrough at the outlet. At
slightly higher injection rates, a conical-shaped dissolution channel is formed as greater amounts of the acidizing fluid are consumed on
the walls of the flow channels, and the fluid penetrates into the rock and enlarges flow channels. At an optimal injection rate, the fluid is
transported to the tip of the evolving flow channel and propagates the channel, which then leads to the formation of a dominant worm-
hole. At injection rates higher than the optimal rate, the fluid is forced into smaller pores and the dissolution channels become more
branched, resulting in ramified wormholes (Fredd and Miller 2000). At very-high rates, the fluid penetrates into the matrix but is not
completely spent because of insufficient residence time, which leads to uniform dissolution patterns and unsuccessful treatment in
field conditions.
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The dissolution pattern affects the skin evolution because it determines the depth of penetration of the acid into the rock. When dom-
inant wormhole patterns are formed, the acid penetrates deepest into the formation, which leads to the highest reduction in skin after
treatment. Therefore, to obtain the best results from an acid-stimulation treatment, it is important to inject the acid at the optimal injec-
tion rate for the particular fluid/mineral system.

Numerous studies have been conducted to understand the propagation of wormholes during carbonate-matrix acidizing. From these
studies, mathematical models were developed to predict the dissolution structure of the acid/rock reaction, the optimal injection rate for
the most efficient treatment, and/or the propagation rate of the wormhole in the rock with volume injected to monitor the skin evolution
during treatment.

The accuracy of existing carbonate-matrix-acidizing models in estimating the optimal injection rate, wormhole-propagation rate,
and type of dissolution structure formed has been examined in Akanni and Nasr-El-Din (2015). The main limitation of those models is
in the translation of the results from the core scale to field scale, which includes correlation of flow geometry, inclusion of formation
heterogeneities, and wormhole competition in field conditions. Other shortcomings are the constraint of dissolution patterns to the
wormholing regimes in most of the existing carbonate-matrix-acidizing models and the nonfactoring of the effect of additives on the
acidizing-fluid-dissolution rate.

In this work, a two-scale model—with fluid flow described by the Navier-Stokes momentum approach—is used to study the propa-
gation of wormholes during carbonate acidizing. This model is demonstrated to effectively capture all dissolution regimes. Sensitivity
tests were performed on the model to investigate and quantify how various factors, such as flow geometry, initial average porosity, me-
dium heterogeneity, core dimensions, and reaction kinetics, affect the wormholing process at the optimal injection rate, and the amount
of acid injected to reach breakthrough. Results from a nonlinear kinetics model are examined for the extension of the two-scale model
for acidizing fluids with complex chemistry in their reaction with calcite.

Literature Review

Brief reviews of some carbonate-acidizing models in literature can be found in Schechter (1992), Golfier et al. (2002), Panga et al.
(2005), and Glasbergen et al. (2009). A more extensive review and validation of carbonate-acidizing models was made by Fredd and
Miller (2000), in which the authors classified the mathematical models into five categories depending on the approach to solution, and
this was later extended to seven categories by Akanni and Nasr-El-Din (2015). These categories are the capillary-tube approach,
Damköhler-number approach, transition-pore theory, network models, Péclet-number approach, semiempirical approach, and two-scale
(averaged continuum) models. Some models are derived from more than one of the approaches listed, with the Damköhler-number
theory being the most often combined.

In the capillary-tube approach, the wormhole is modeled as a cylindrical tube. The early models derived from this approach simu-
lated mass-transfer-limited dissolution by use of bundles of capillary tubes (Rowan 1959) with a focus on the effect of fluid leakage and
the mechanism of transport and reaction in the wormhole. Schechter and Gidley (1969) extended this theory to include the effects of
pore-merging surface-reaction-limited dissolution. Hung et al. (1989, 1997), Wang et al. (1993), and Buijse (2000) have also developed
models derived from this approach. A fundamental limitation of these models is that the assumption of the initial formation of dominant
wormholes and, thus, microscopic-pore distribution (number of pores and radii on rock surface where acid is injected) is required to set
up the model.

Studies by Hoefner and Fogler (1988) show that the Damköhler number controls the wormhole-formation process. The effect of the
Damköhler number on the wormhole structure was investigated and confirmed by their experimental work. The Damköhler number is
defined as the ratio of the net rate of acid dissolution to the rate of transport of acid by convection. Fredd and Fogler (1998, 1999) con-
ducted further studies on the effects of transport and reaction on the formation of wormholes for a wide range of fluid systems, includ-
ing strong acids, weak acids, and chelating agents. They showed that these fluid systems are influenced by a variety of transport and
reaction processes, and when both processes are taken into account, a common dependence on the Damköhler number is observed. An
optimal Damköhler number of approximately 0.29 was found for all the fluid/mineral systems they investigated. The models derived
from the Damköhler-number theory need to be combined with other models to predict skin evolution because they do not independently
predict wormhole growth. Wormhole density and dimensions are required because the Damköhler number only applies to a single
wormhole for a linear coreflood test, and the results do not translate directly to field scale.

The transition-pore theory was originally developed by Wang et al. (1993) to calculate the optimal flux to generate dominant worm-
holes during a matrix-acid treatment. They postulated that a critical pore cross-sectional area exists on the face of the rock for the for-
mation of wormholes. An expression was obtained from the growth-rate functions, by use of previous work by Schechter and Gidley
(1969), which relates the optimal acid flux with the Damköhler number and emphasizes the effects of rock mineralogy, reaction temper-
ature, and acid concentration. This method requires microscopic-pore description for implementation. It cannot be applied for monitor-
ing skin evolution during treatment, and it incorrectly predicts that an increase in acid concentration will decrease the optimal acid flux.
Huang et al. (1997) included a fluid-loss model with the transition-pore theory to translate the results from laboratory-core scale to field
scale, but the model exhibits the same basic limitations also observed in the Wang et al. (1993) model.

Other researchers have used the network approach to describe processes in porous media where the important structural property of
pore interconnectedness must be included. It was first introduced by Fatt (1956) and, according to Hoefner and Fogler (1988), has been
used successfully to include fluid displacement (Simon and Kelsey 1972), relative permeability (Rose 1957), and dispersion in porous
media (Sahimi et al. 1990). Hoefner and Fogler (1988) performed a theoretical study on the dissolution of porous media by flowing
acid with this approach, and also combined their work with experimental observations. Fredd and Fogler (1998) extended the works of
Bryant et al. (1993) and Thompson and Fogler (1997) on a 3D physically representative network model to simulate the effects of trans-
port and reaction on the formation of wormholes. The network models require enormous computational power to translate to field or
laboratory scale, making them unavailable for practical application.

Daccord et al. (1989) first presented the Péclet-number-theory model as one that quantifies wormholes by their equivalent
hydraulic length. This method is dependent on correlations at the scale of the core sample itself. The physical parameters involved
in the problem are introduced as dimensionless numbers. The model postulates that the propagation of wormholes is a function of the
Péclet number, injection volume, and a fractal dimension. In developing the growth-rate equation for the radial case, it is assumed that
the effect of a finite wellbore radius is equivalent to pumping an extra volume of fluid equal to that necessary to obtain a penetration
equal to the wellbore radius. Frick et al. (1994) extended the work of Daccord et al. (1989) by also considering wormholes as fractals.
The influences of acid volume, injection rate, fractal dimension, porosity, and the ratio of undamaged to damaged permeability on
well performance are factored in. The results of their study incorrectly suggest that the injection rate has no major effect on the dissolu-
tion patterns.
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Buijse and Glasbergen (2005) developed a semiempirical approach to capture the essential physics and chemistry of wormhole prop-
agation in carbonates, in which the growth rate of the wormhole front was modeled as a function of the interstitial velocity of the acid.
Parameters such as permeability, mineralogy, temperature, and acid concentration are not modeled explicitly, but are incorporated into
the model in the form of two constants calculated from the optimal acid velocity and PV to breakthrough at this velocity. These con-
stants are obtained from coreflood tests for the fluid/mineral system being investigated. In developing a radial analog of the linear
wormhole model, it is assumed that the functional relationship between the interstitial velocity and the velocity of the wormhole front
as observed in coreflood tests holds for radial geometry. Furui et al. (2012) extended this approach and combined it with the previously
described capillary-tube model (Hung et al. 1989), which is dependent on acid transport and fluid loss from a single wormhole. This
model improves on the original by accounting for the effect of core dimensions used in the coreflood test, from which the parameters
used in the model are obtained. Wormhole growth is related to the in-situ injection velocity at the tip of the dominant wormhole, and at
sufficiently high injection velocity, the acid concentration at the wormhole tip is assumed to be equal to the acid concentration (at injec-
tion point). The effective surface area available for the acid reaction is assumed to be proportional to the wormhole-penetration length.
The results of this model depend on the efficiency of the coreflood experiments, from which the main parameters used in the equations
are obtained.

In the two-scale (averaged-continuum) approach, the transport and reaction of the acidizing fluid is modeled as an interaction
between the Darcy scale and the pore scale. Liu et al. (1997) developed a Darcy-scale coupled fluid-flow simulator for sandstones,
which was extended for the dissolution of carbonates by Golfier et al. (2002). The modified model uses a mass-transfer coefficient that
is calculated from a pore-scale simulation at each stage in the simulation of the model, thereby coupling the pore-scale phenomena to
the Darcy scale. The model assumes a complete mass-transfer-controlled reaction and is shown to capture qualitative and quantitative
features of dissolution in the mass-transfer-controlled regime. Panga et al. (2002, 2005) and Ghommem et al. (2015) later developed a
two-scale continuum model, which captures the reaction and transport mechanisms for describing wormhole formation in carbonates.
Kalia and Balakotaiah (2007) built on the work by Panga et al. (2005) and Ghommem and Brady (2015) to simulate radial flow in the
model. Kalia and Balakotaiah (2009) studied the effect of heterogeneities of the porous medium on the dissolution patterns formed dur-
ing a carbonate-acidizing process by use of the two-scale model.

Further work by Maheshwari et al. (2012) was performed to extend the two-scale model for 3D simulation. This model was extended
to be made applicable for gelled acids by Ratnakar et al. (2012), in which the two-scale model is combined with a semiempirical rheo-
logical model that accounts for viscosity as a function of pH value, shear rate, and temperature. Maheshwari et al. (2014) also applied
this approach to emulsified acids. Various investigators have used other applications of the two-scale approach. De Oliveira et al.
(2012) used the model to investigate the effect of mineralogical heterogeneity on the amount of acid injected as a function of injection
rates. Liu et al. (2012) examined the effect of normally distributed porosities on wormholing patterns, and Zhang et al. (2014) studied
wormhole-propagation behavior and its effect of acid leakoff in acid fracturing with the two-scale model.

The two-scale models give a good prediction of the dissolution pattern for the fluid/mineral systems mentioned. They can also pro-
vide an estimation of the optimal injection rate for laboratory-scale experiments but will require enormous computational power to be
applicable for field-scale simulation. For emulsified acid, the model does not account for emulsion-droplet-size distribution, and it is
assumed that the droplets are very fine and will be unchanged as the acid propagates through the rock. For gelled acid, the model does
not account for polymer adsorption at the pore walls. First-order irreversible reactions are assumed for the kinetics in these models,
which makes them inapplicable for acidizing fluids with more-complex reaction kinetics with carbonates.

Model Description

A detailed description of the development of the two-scale model is presented in Panga et al. (2002, 2005). The flow field is given by
Darcy’s law in their model, but in the present study, the flow field is described by the Navier-Stokes momentum approach. The equa-
tions for the Darcy- and pore-scale models are presented here.

Darcy-Scale Equations. The fluid-flow field is given by the Navier-Stokes equation:

@ðquÞ
@t
þr � ðquuÞ ¼ �rp� l

K
u; ð1Þ

where u is the superficial-velocity vector, q is the fluid density, K is the permeability tensor, and p is pressure. The continuity equation,
Eq. 2, derived from the mass balance of fluids, accounts for the effect of local volume change during dissolution on the flow field:

@e
@t
þr � u ¼ 0: ð2Þ

The Darcy-scale description of the transport of acid species, from fluid-phase balance of reacting species, is given by

@ðeCf Þ
@t

þ u � rCf ¼ r � ðeDe � rCf Þ � kcavðCf � CsÞ; ð3Þ

where e is the porosity of the medium, Cf is the original concentration of the acid in the fluid phase, Cs is the concentration of the acid
at the fluid/solid interface, De is the effective dispersion tensor, kc is the local mass-transfer coefficient, and av is the interfacial area
available for reaction per unit volume of the medium. The reaction kinetics in Eq. 4 balance the amount of acid transferred from the
fluid phase to the surface to the amount reacted at the surface:

kcðCf � CsÞ ¼ RðCsÞ: ð4Þ

The porosity-evolution equation, derived from the balance between the solid dissolved and fluid consumed, is given by

@e
@t
¼ RðCsÞava

qs

; ð5Þ
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where R(Cs) represents the reaction kinetics, qs is the density of the rock, and a is the dissolving power of the acid. Eqs. 1 through 5 are
the Darcy-scale-model equations, as described by Panga et al. (2005). For a first-order reaction, the kinetics equation can be written as
RðCÞ ¼ ksCs (where ks is the dissolution-rate constant), and then Eq. 4 is modified to

Cs ¼
Cf

1þ ks

kc

� � : ð6Þ

Pore-Scale Equations. The porosity of the rock increases as the acid propagates and dissolves part of the solid phase. This transforma-
tion results in changes of pore-scale properties such as permeability, pore radius (rp), and interfacial surface area per unit volume. The
relationships between these rock properties and porosity are adapted from the Carman-Kozeny correlation and are given by the follow-
ing pore-scale equations (Panga et al. 2005; Carman 1937):

K

Ko

¼ e
eo

eð1� eoÞ
eoð1� eÞ

� �2b

; ð7Þ

rp

ro
¼ eð1� eoÞ

eoð1� eÞ

� �b

; ð8Þ

and

av

ao
¼ e

eo

� �
eð1� eoÞ
eoð1� eÞ

� ��b

; ð9Þ

where b is the pore-structure-relation constant. The local mass-transfer and effective-dispersion coefficients are obtained by use of the
following correlations (Gupta and Balakotaiah 2001; Balakotaiah and West 2002):

Sh ¼ 2kcr

Dm
¼ Sh1 þ 0:7Re1=2

p Sc1=3; ð10Þ

DeX ¼ aosDm þ
2kXkukr

e
; ð11Þ

DeT ¼ aosDm þ
2kTkukr

e
; ð12Þ

where Sh is the Sherwood number or dimensionless mass-transfer coefficient; Sh1 is the asymptotic Sherwood number; Rep is the

Reynolds number defined by Rep ¼ t
2kukr

v
; Sc is the Schmidt number given by Sc ¼ v

Dm
; v is the kinematic viscosity; aos is a constant

that depends on the structure of the porous medium (pore connectivity); DeX is the longitudinal-dispersion coefficient; DeT is the trans-
verse-dispersion coefficient in the y- and z-direction; and kX and kT are constants that depend on the structure of the medium (kX is
approximately 0.5 and kT is approximately 0.1 for a packed bed of spheres). These correlations account for both diffusive and convec-
tive contributions (Maheshwari and Balakotaiah 2013).

The correlation equations are valid for both developing and fully developed laminar and turbulent flow in porous media, as presented
in Panga et al. (2002). The first term in the dispersion-correlation equations (Eqs. 11 and 12) represents the molecular-diffusion contri-
bution and the second term represents the convection contribution to dispersion (Ratnakar et al. 2012). The diffusion contribution is
dominant for small pores and very-low Reynolds numbers, whereas the convective contribution is dominant for larger pores at higher
Reynolds numbers.

Flow-Field Description. In the Liu et al. (1997) and Golfier et al. (2002) averaged-continuum models, the fluid-flow field was
described by the Darcy-Brinkman approach to accurately predict the flow field when the Reynolds number is greater than unity and the
viscous contribution to the flow is significant (Panga et al. 2002). The flow in both the porous media (wormholes and vugs) and the fluid
itself are represented in this approach. However, various investigators have shown that Darcy’s law can be used to effectively approxi-
mate fluid flow in the two-scale model and is computationally less expensive than the Darcy-Brinkman approach.

In the two-scale model used in this study, the fluid flow is described by the Navier-Stokes approach. De Oliveira et al. (2012) used
this approach in their two-scale model to study the effect of mineralogical heterogeneity on wormhole patterns, but the dissolution
regimes at very-low injection rates were not presented in their work. Like the Darcy-Brinkman approach, the Navier-Stokes approach
allows a natural transition between flow in porous media and in wormholes and vugs and is also computationally less expensive than
the Darcy-Brinkman approach.

The Navier-Stokes momentum approach effectively models free flow in vugs and wormholes, and especially flow at very-high injec-
tion rates where the effect of viscous contribution to flow is accentuated. This novel approach, as shown in the next section, reduces to
Darcy’s law at low flow rates to model flow in porous medium. The results from this study, compared with previous reports, show that
the computational time required to complete simulation in the ramified- and uniform-dissolution regimes (high injection rates) is con-
siderably reduced with fluid flow described by the Navier-Stokes approach instead of Darcy’s law.

Model Implementation

To run the simulations of the described two-scale model with the Navier-Stokes approach, Fluent (ANSYS 2015), a commercial CFD
software package, is used to solve the momentum, mass-continuity, and transport equations in the Darcy scale.

In the software, the equation for conservation of mass, or the continuity equation, is written as

@q
@t
þr � ðquÞ ¼ Sm; ð13Þ
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where source Sm is the mass added to the continuous phase from the dispersed second phase and any user-defined source in the software.
Eq. 13 is the general form of the mass-conservation equation for incompressible and compressible flows, from which Eq. 2 for the
incompressible flow in this model is derived.

The conservation-of-momentum equation is written in Fluent in the general form:

@

@t
ðquÞ þ r � ðquuÞ ¼ �rpþr � ðsÞ þ qgþ F; ð14Þ

where s is the stress tensor, qg is the gravitational body force, and F is the sum of external body forces, which also contains other
model-dependent source terms such as porous-media and user-defined sources. For the momentum approach, the equation used in this
model to describe fluid flow (Eq. 1), the gravitational force is ignored and the stress tensor is not included because the momentum
source (the last term in Eq. 1) accounts for viscous effects.

The momentum-source term added to Eq. 14 is used to model porous media. The general source term in Fluent is composed of two
parts as given in Eq. 15: the viscous-loss term (Darcy, the first term on the right-hand side of the equation), and an inertial-loss term
(the second term on the right-hand side of the equation).

S ¼ � l
K

uþ C2

1

2
qjuju

� �
; ð15Þ

where S is the momentum-source term and C2 is the inertial-resistance factor. In laminar flow through porous media, the pressure drop
is typically proportional to velocity and the inertial part of the source term is negligible. Ignoring convective acceleration and diffusion,
the Navier-Stokes approach for the porous media model (Eq. 1) then reduces to Darcy’s law:

rp ¼ l
K

u: ð16Þ

The transport equation is written by user-defined codes in the CFD software adapted for this model. This is combined with functions
and routines written in the C programming language to solve the porosity-evolution equation, update the pore-scale parameters at every
timestep, and to couple the pore scale with the Darcy scale. Fig. 1 gives the work flow of the simulation showing the sequence of equa-
tions solved in the model.

The model is started by assigning the porosity values to individual cells in the numerical domain. The simulation starts by updating
the porosity distribution in the cells and corresponding permeability values from the adapted Carman-Kozeny correlation in Eq. 7.
Next, momentum equations for u, v, and w velocities are solved sequentially, followed by mass continuity and velocity updates (Eqs. 1
and 2). Subsequently, the transport equation (Eq. 3) is solved, followed by the porosity-evolution equation (Eq. 5) to calculate the
change in porosity as the acid species are transported across the cells. The fluid properties in the cells are then updated with the new
species distribution. Fluent then checks for convergence or additional iterations before moving on to the next timestep. This continues
until fluid breakthrough is estimated to occur at the outlet of the core.

The simulations are run at the Texas A&M University High Performance Research Computing facility to take advantage of parallel-
processing capabilities. In the dominant wormholing regime, the computational time is nearly 3 to 4 hours, but the time taken to reach
breakthrough in the ramified- and uniform-dissolution regimes (high injection rates) is lower than that. At very-low injection rates
(face-dissolution regime), the computational time is in days.

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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porosity-evolution equation

Check fluid
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Fig. 1—The simulation work flow showing the sequence of solutions and properties updates.
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Base Case. The base case is modeled to simulate the acidizing-coreflood tests of 0.5 M hydrogen chloride (HCl) on calcite-core sam-
ples using the experimental work of Fredd and Fogler (1998). In the simulation study for the 3D model, the numerical-mesh domain is
a 4-in.-long cylindrical shape with a 1.5-in. diameter. The grid cells are made of 400,000 hexahedral and quadrilateral cells. For the 2D
case, the numerical-mesh domain is rectangular with a dimension of 1.5� 4 in. and made up of 110,000 quadrilateral grid cells.

Table 1 gives the values of the parameters used in the base case of this simulation study. Most of these parameters are obtained
from the experimental work of Fredd and Fogler (1998) and the simulation study by Maheshwari and Balakotaiah (2013). The experi-
ments were conducted at 23�C.

At very-low rates (face-dissolution regime), the number of grid cells must be increased to effectively capture the dissolution at these
regimes. According to Maheshwari and Balakotaiah (2013), approximately 160 million grid cells will be required to effectively capture
face dissolution for the mesh-domain size of 1.5� 1.5� 4-in. rectangular parallelepiped domain, which is similar to the cylindrical do-
main of 1.5-in. diameter by 4-in. length used in this study.

As expected, more computational run time for the program will be required to complete the simulation at very-low injection rates
because the dissolution takes place at a slower rate and more of the rock will be dissolved in the face-dissolution regime. In addition,
because a high number of grid cells is required to accurately capture the dissolution pattern at these regimes, the simulation runs at a
much-slower rate in real time, which means more computational time will be needed. Unfortunately, there are limited high-perform-
ance-computing licenses available for parallel computing with the CFD software at the Texas A&M University High Performance
Research Computing facility to practically run simulations at face-dissolution regimes for this large computational-mesh domain and
high number of grid cells.

The current solution to this limitation is to use a smaller mesh domain to capture and demonstrate the dissolution patterns at the con-
ical- and face-dissolution regimes. The domain is reduced by a factor of five for the 3D and 2D linear cases with the number of grid
cells kept the same. The PVs-to-breakthrough (PVBT) results for the larger domain are compared qualitatively with those of the smaller
domain at and above the optimal injected rates, and this is extended for rates less than the optimal injection rate. Information on other
domain sizes used in this work to study the radial flow and the effect of medium dimensions on the acid-efficiency curve will be pro-
vided in the discussion of results.

Numerical-Solution Scheme. A control-volume-based technique is used to solve the momentum-conservation and transport equations
in the Darcy scale of the two-scale model. The equations are converted to algebraic equations that are then solved numerically with the
finite-volume method.

On the basis of recommendations from the Fluent users guide (ANSYS 2015), a pressure-implicit-with-splitting-of-operators pres-
sure-velocity coupling scheme is used, with neighbor and skewness correction to improve efficiency. A least-squares cell-based spatial-
discretization method is used for constructing the fluid-concentration values at the cell faces with a second-order upwind scheme, and a
quadratic upstream interpolation for convective kinematics scheme is used for the momentum term.

The timestep size for the numerical simulation is varied between 0.1 and 0.01 seconds, depending on the dissolution regime. The
lower timestep size is used at the conical- and face-dissolution regimes. The maximum number of iterations per timestep is set at 20.
The number of iterations was fewer than 20, with the average number of iterations ranging from 10 to 15; tolerance was 0.001. Lower
flow rates required more iterations.

Initial and Boundary Conditions. For wormholes to be started in the carbonate rock, there must be some heterogeneity in the porous
medium. This condition is introduced in this model in the form of porosity heterogeneity. The average porosity of the base case is 0.2
with a heterogeneity of 50%, which means the values in the porosity-distribution profile range from 0.1 to 0.3. A least-squares interpo-
lation method is then used to assign the porosity values from the generated profile to individual grid cells in the numerical domain.
Fig. 2 shows the initial porosity distribution for the different domain cases used in this study. Other initial conditions are zero velocity
field in the medium and zero acid concentration.

Parameter Value 

Acid diffusivity (Dm) 3.6×10–9 m2/s 
Acid-dissolving power (α) 50 kg/kmol 
Acid viscosity (μ) 0.001 kg/m⋅s 
Asymptotic Sherwood number (Sh∞) 3.66 
Average porosity (εo) 0.2 
Constant in dispersion correlations (αos) 0.5 
Constant in axial-dispersion correlation (λX) 0.5 
Constant in transverse-dispersion  
   correlation (λT) 

0.1 

Initial average permeability (Ko) 1×10–15 m2

Initial interfacial area per unit volume (ao) 5000 m–1

Initial mean pore size (ro) 1 μm 
Pore-structure-relation constant (β) 1 
Porosity-heterogeneity magnitude (Δεo) ±0.1 
Rock density (ρs) 2710 kg/m3

Surface-dissolution reaction-rate constant (ks) 0.002 m/s 

Table 1—Values of parameters used in numerical simulations of the

base model (Fredd and Fogler 1998; Maheshwari and Balakotaiah

2013).

J187962 DOI: 10.2118/187962-PA Date: 28-November-17 Stage: Page: 2054 Total Pages: 18

ID: jaganm Time: 19:33 I Path: //chenas03/cenpro/ApplicationFiles/Journals/SA/SPE/J###/Vol00000/170082/Comp/APPFile/SA-J###170082

2054 December 2017 SPE Journal

D
ow

nloaded from
 http://onepetro.org/SJ/article-pdf/22/06/2049/2115235/spe-187962-pa.pdf/1 by Leopoldo Sierra on 23 M

arch 2023



The boundary condition at the core inlet is a constant injection velocity, depending on the input for the particular simulation run,
and a concentration of 0.5 M HCl. At the core outlet, the acid flux and the pressure are set to zero. Neither the flow nor acid flux occurs
across the boundary at the perimeter of the domain.

Results and Discussion

The results of sensitivity-test simulations performed in this study are presented mainly in the form of acid-efficiency curves. This output
plots the PVBT vs. the injection rate or velocity. From these curves, the optimal injection rate and the minimum PVBT values for the con-
ditions being investigated can be observed. The breakthrough time of acid at the outlet of the core in the numerical simulation occurs
when the pressure drop across the porous medium drops to 1/100 of its initial value (Kalia and Balakotaiah 2009).

Wall-Clock Run Time for Program at High Injection Rates. The computational run time at high injection rate in this model is lower
than the reported time from previous two-scale models. The Darcy’s-law-based model by Maheshwari et al. (2012) and Maheshwari
and Balakotaiah (2013) were run on personal-computer clusters, and their reported computational time at very-high injection rate using
Darcy’s-law-based models is in days. This is significantly higher than the simulation time of less than 3 hours required for similar cases
at very-high injection rate by the Navier-Stokes-based model used in this study. Furthermore, high-injection-rate simulations with this
model were run on standalone computers, and the computational time was fewer than 24 hours.

2D and 3D Linear-Flow Model. The results from the 2D and 3D flow models are presented here. The dissolution patterns from a 2D
simulation model with linear flow are displayed in Fig. 3 using the porosity contour of the numerical simulation of the coreflood-acidiz-
ing process. The output shows that the model effectively captures the dissolution patterns in carbonate acidizing and also shows the
effect of injection rate on the type of dissolution pattern formed.
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Fig. 2—The initial porosity profile of domain cases used in this study.
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Fig. 3—Porosity contour showing the dissolution patterns obtained from injection rates ranging from a minimum of 3.23 3 1026 m/s
to a maximum of 0.323 m/s (to capture all possible dissolution patterns) from the 2D linear-flow model.
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Fig. 4 presents the acid-efficiency curve from the 2D linear-flow model. The semilog plot of the acid-efficiency curve shows that, at
low injection rates, a large amount of acid is required to reach breakthrough at the outlet of the porous medium. Face dissolution occurs
at these rates, and the acid will have to completely dissolve the solid phase before fluid breakthrough is observed at the exit of the core.
The amount of acid to breakthrough decreases as the injection rate increases until it reaches an optimal injection rate, at which mini-
mum PVBT occurs. The amount of acid required to reach breakthrough gradually increases at rates greater than the optimal injection
rate. The PVBT is observed to increase with the acid-injection rate (Q) as Q1/3, which is similar to the experimental results reported by
Frick et al. (1994) and Bazin (2001). At very-high injection rates (in the uniform-dissolution regime), the slope of the plot is observed
to change from one-third to unity. This correlation of the acid-injection rate and PVBT values greater than the optimal injection rate was
also reported by simulation studies conducted by Maheshwari and Balakotaiah (2013).

The output from the numerical simulation of the 3D linear-flow model, showing the various dissolution regimes, is presented in
Fig. 5, and the patterns are similar to experimentally observed dissolution images reported in previous studies (Hoefner and Fogler
1988; Fredd and Fogler 1998; Fredd and Miller 2000). The dissolution process and the effect of injection rate on wormhole formation
in the 3D model are similar to those in the 2D model. The optimal injection rate obtained from the simulation of the base case in this
3D model is 1.1 cm3/min, which is in the optimal rate range of 1 to 2 cm3/min of the same fluid/mineral system obtained from coreflood
experiments by Fredd and Fogler (1998). The PVBT at the optimal rate from this numerical simulation is 1.2, which is close to the unity
PVBT value observed in the Fredd and Fogler (1998) experiments. Maheshwari and Balakotaiah (2013) also reported an optimal injec-
tion rate of 1.92 cm3/min from their simulation studies and a corresponding PVBT value close to unity.

Fig. 6 shows the comparison of the acid-efficiency curves from the 2D and 3D models. The compared output from this study follows
the expected qualitative trend in a previous study (Panga et al. 2005). The plot shows that the amount of acid required to reach break-
through in the wormhole regimes and the optimal injection rate are higher in the 2D model than in the 3D model. The difference in
PVBT values is because in the 2D model, the wormhole volume is the wormhole surface in two discretized directions multiplied by the
depth of the domain in the third undiscretized direction, and this volume is greater than the wormhole volume in the 3D model (Cohen
et al. 2008). In intermediate wormhole regimes, acid channeling rapidly bypasses a significant portion of the pore space and acid veloc-
ity goes to essentially zero away from the dominant wormhole channels. For a similar wormhole structure, the PV not contacted by acid
is higher in the 3D model, resulting in a lower PVBT in the 3D model than in the 2D model. This effect is similar to that observed in
cases with higher cross-sectional flow area, as shown in a later subsection examining the effect of aspect ratio on PVBT values. The
PVBT values at the face- and uniform-dissolution regimes are independent on the dimension of the model because spatial gradients do
not appear in the asymptotic limits (Panga et al. 2005).

Effect of Flow Geometry. To investigate the effect of flow geometry on the acid-efficiency curve, a 2D radial-flow model was devel-
oped for comparison with the 2D linear-flow model with the same aspect ratio. The 2D domain is a circular mesh with an external ra-
dius of 0.79 in. and an internal radius of 0.079 in. The mesh is made up of 110,000 quadrilateral grid cells. The acid-injection inlet is at
the internal radius, and the fluid propagates radially toward the external radius until breakthrough is observed at the boundary. The dis-
solution patterns from radial flow appear similar to the patterns from the linear-flow model (Fig. 7).

Fig. 8 shows the comparison of the acid-efficiency curves from the radial- and linear-flow models. Fig. 8 shows that the optimal
injection rate in the radial-flow model is higher than that of linear flow. The optimal injection rate in the radial-flow model is higher
because the injection velocity decreases with the increasing domain radius as the wormholes propagate in the medium (Kalia and
Glasbergen 2009). The radial-flow model yields wormholes that are thinner and feature more enhanced branching than those in the
linear-flow model. Thus, the PVBT at the optimal injection rate in the radial-flow model is lower than that of the linear model. These
results are consistent with observations from previous studies (Frick et al. 1994; Cohen et al. 2008).

Effect of Initial Average Porosity. To study the effect of initial average porosity on wormhole propagation, three 2D linear-flow cases
of initial average porosity values of 0.1, 0.2, and 0.3, all with the same porosity heterogeneity range of 50%, were simulated. Fig. 9
shows the dissolution patterns at the optimal injection rate. The plot shows that the higher the initial average porosity of the medium,
the larger the wormhole diameter because of more fluid loss along the walls of the wormhole. Fig. 10 gives the acid-efficiency curves,
highlighting the amount of acid injected to reach breakthrough for the three cases.
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Fig. 4—The acid-efficiency curve of the 2D numerical simulation with linear flow showing the effect of the injection rate on the vol-
ume of acid required to reach breakthrough.
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In the face-dissolution regime, a higher amount of acid is required to reach breakthrough for cases with lower initial average poros-
ity values. Complete dissolution of the rock occurs in this regime, and the lowest-porosity case will require the most amount of acid to
reach breakthrough because of the highest percentage of solid phase in the medium. In the intermediate regime, the acid injected to
breakthrough is higher for cases with higher initial average porosity because of the formation of wider wormholes, as previously
explained. At high injection rates, increased fluid loss in the medium occurs for cases with high initial porosity, requiring more acid to
reach a certain factor of increase in permeability than for low-initial-porosity cases.

Effect of Porosity Distribution. The path of wormhole propagation is determined by the porosity distribution and heterogeneity mag-
nitude in the carbonate rock. The porosity distribution in this model is randomly generated and the effect of this distribution on
wormholing and the amount of acid injected to breakthrough is examined by creating four cases with the same average porosity of 0.2
and heterogeneity of 50%, but different porosity-distribution profiles. Fig. 11 shows the wormhole-propagation patterns from the four
cases with different porosity distribution, and Fig. 12 presents the acid-efficiency curves of the simulation results of these cases. The
plot in Fig. 12 shows that the porosity distribution has some effect on the PVBT values at and greater than the optimal injection rate
(approximately 0.8 cm3/min), but no effect at rates lower than the optimal injection rate.

1

10

100

0.000 0.001 0.010 0.100 1.000 10.000 100.000

P
V

s 
to

 B
re

ak
th

ro
ug

h

Injection Rate (cm3/min)

3D

2D

Fig. 6—Comparison of the acid-efficiency curves from the numerical simulation of 2D and 3D models.
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Fig. 5—Dissolution patterns from the numerical simulation of the 3D linear-flow-model contour from injection rates ranging from a
minimum of 0.01 cm3/s to a maximum of 98 cm3/s.
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The largest difference in PVBT is observed at the injection rate of approximately 3.0 cm3/min, which is the ramified (highly
branched) wormhole regime in which the effect of the porosity distribution is most magnified. The highest PVBT value at this exact
injection rate is 5.68 and the lowest is 5.16, which gives a percentage difference of 9%. At very-low injection rates, conical wormholes
are formed in which the acid dissolves a large part of the rock matrix before propagating, thus considerably reducing the effect of poros-
ity distribution on amount of acid injected to breakthrough.

Effect of Porosity Heterogeneity. The influence of medium heterogeneity on wormholing and PVBT is examined here. Cases with po-
rosity heterogeneity ranging from 0.5 to 0.95% of average porosity were simulated. The wormholes become thinner and more branched
as the heterogeneity of the medium increases (Fig. 13). Fig. 14 presents the acid-efficiency curves of the various cases simulated
with different heterogeneity-magnitude values, and Fig. 15 shows the effect of heterogeneity magnitude on PVBT at the optimal injec-
tion rate.

The difference in the PVBT values for the various heterogeneity cases is pronounced in the wormholing regime, but not as much as
in the face- and uniform-dissolution regime (Fig. 14). In the uniform-dissolution regime, the PVBT slowly decreases as the porosity-
heterogeneity magnitude increases. At high heterogeneity magnitude, ramified wormholes tend to form (instead of uniform dissolution)
more than they would at a lower heterogeneity magnitude with the same injection rate, resulting in a reduced amount of acid required
for breakthrough.
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Fig. 7—Porosity contour showing the dissolution patterns obtained from injection rates ranging from a minimum of 3.23 3 1026 m/s
to a maximum of 0.323 m/s (to capture all possible dissolution patterns) from the 2D radial-flow model.
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Fig. 8—Comparison of the acid-efficiency curve of the linear- and radial-flow 2D cases shows that the optimal injection rate is
higher for the radial case, with a lower volume of acid required to reach breakthrough.
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At the optimal injection rate, Fig. 15 shows that the PVBT will be high for cases with very-low heterogeneity magnitude. For a rock
with very-low heterogeneity, the dissolution process resembles that of face dissolution at the initial stage before branching occurs, and
an additional amount of acid will be consumed in the dissolution of the face of the rock (Fig. 13a). Another reason for high PVBT values
for cases with low heterogeneity magnitude is that the diameter of the wormholes is thicker and less branched, also requiring more acid
for propagation.

The simulation results show that PVBT decreases with an increase in porosity-heterogeneity magnitude (Fig. 15) until a critical value
(Dec¼60.05) is reached, after which higher heterogeneity values have no effect on the PVBT at this optimal injection rate.

Effect of Vugs (Large-Scale Heterogeneities). To study the effect of vugs on wormholing in carbonates, the initial porosity profile
was modified according to vuggy-carbonate-characterization results from the nuclear-magnetic-resonance study conducted by Vik et al.
(2007). A case with total initial average porosity of 0.3 is designed with random vugs in the medium that account for 65% of the total
porosity. The vugs are assigned porosity values of 0.9, and the matrix-porosity values vary between 0.15 and 0.45. Fig. 16a shows the
initial porosity profile with random distribution of vugs in the 2D domain, and Fig. 16b presents the wormhole patterns in the form of
the porosity-contour profile after simulation of coreflood injection at an optimal rate.

(a) εo = 0.1

(b) εo = 0.2

(c) εo = 0.3

Fig. 9—Effect of initial average porosity on wormhole patterns (formed at an injection rate of 1.5 cm3/min).
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Fig. 10—Acid-efficiency curves showing the effect of initial average porosity on the amount of acid injected to reach breakthrough.
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Results show that acid propagates faster in the vuggy medium than in the uniform heterogeneous-porosity medium. This flow trend
is evident in the plot given in Fig. 17 comparing the acid-efficiency curves of both carbonate mediums with different heterogeneity
scales. The wormhole diameter is determined by the diameter of the vug in its path. The amount of acid required to reach breakthrough
in the vuggy-carbonate core is lower than that of a nonvuggy carbonate, which is in agreement with experimental results reported by
Izgec et al. (2010). Their experimental and numerical work also showed that the local pressure drops created by vugs determined the
wormhole-flow path. The PVBT value in the vuggy medium is dependent on the positions, amount, and connectivity of vugs.

Fig. 11—Different wormhole patterns formed at an injection rate of 1.5 cm3/min in simulated carbonate sample with same porosity
(0.2) and heterogeneity magnitude (50%), but different porosity distribution.
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Fig. 12—Acid-efficiency curves showing the effect of porosity distribution on the PVs of acid required to reach breakthrough.

(a) Δεo = ±0.001

(b) Δεo = ±0.05

(c) Δεo = ±0.10

(d) Δεo = ±0.15

Fig. 13—Dissolution structures showing the effect of porosity-heterogeneity magnitude on the wormhole patterns at the same
optimal injection rate.
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breakthrough.
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Fig. 15—Effect of porosity heterogeneity on PVs to breakthrough at the optimal injection rate.
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Fig. 16—Porosity-contour profile showing (a) initial porosity profile of vuggy-carbonate core and (b) wormhole patterns formed
with acid injected at an optimal rate in the vuggy-carbonate core.
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Effect of Medium Dimension. Various mesh domains for the 2D model have been developed to study the effect of the aspect ratio
(core dimensions) on the acid-efficiency curve. The aspect ratio is defined as the ratio of the height of the domain to its length. The
dimensions of the domains and corresponding aspect-ratio values used in this study are shown in Fig. 18. The maximum core length
investigated is 1.574 in. because of computational limitations. An extremely high number of grid cells will be required to simulate coni-
cal and face dissolution in core lengths of 6 and 20 in., used in experimental work by Furui et al. (2012) to study the effect of core
dimensions on wormhole propagation.

The first set of results presented in Fig. 19a show that the value of the optimal injection rate is higher for the long core. The longer
the acid propagates in the domain before reaching breakthrough at the outlet, the more the acid is consumed at the walls of the worm-
hole; therefore, a higher optimal injection rate will be required to transport the acid to the tips of dominant wormholes for longer
domains. This trend is in agreement with the conclusion of experimental studies on the effect of core length on the acid-efficiency curve
by Bazin (2001).

Fig. 19b shows the results of the effect of the domain height (core diameter) on the acid-efficiency curve. The plot shows that PVBT

in the wormhole regimes is inversely proportional to the height of the domain. It can be seen from Fig. 18 that the number of wormholes
started at the injection inlet increases with the height of the domain, but only one dominant wormhole reaches the outlet. This means
that the fractional amount of the solid phase to be dissolved for the acid to reach breakthrough is reduced with an increase in the domain
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Fig. 17—Acid-efficiency curves showing the effect of large-scale heterogeneities (vugs) on the PVs of acid required to
breakthrough.
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Fig. 18—Wormhole patterns for cores with various dimensions with the following aspect ratios (ARs): (a) AR 5 0.4, (b) AR 5 2, (c)
AR 5 4, (d) AR 5 0.2.

J187962 DOI: 10.2118/187962-PA Date: 28-November-17 Stage: Page: 2062 Total Pages: 18

ID: jaganm Time: 19:34 I Path: //chenas03/cenpro/ApplicationFiles/Journals/SA/SPE/J###/Vol00000/170082/Comp/APPFile/SA-J###170082

2062 December 2017 SPE Journal

D
ow

nloaded from
 http://onepetro.org/SJ/article-pdf/22/06/2049/2115235/spe-187962-pa.pdf/1 by Leopoldo Sierra on 23 M

arch 2023



height. At very-high injection rates, the PVBT does not depend on the height of the domain because the amount of acid required to reach
breakthrough increases proportionally with domain height because of the uniform dissolution of the solid phase. These results are con-
sistent with experimental studies by Furui et al. (2012) on the effect of core diameter on amount of acid injected to breakthrough.

Effect of Reaction Kinetics. The sensitivity of the model to reaction-rate constant and order of reaction, with resulting effect on opti-
mal injection rate and PVBT values, is demonstrated and discussed in this subsection.

Reaction-Rate Constant. Three cases with different reaction-rate constants were simulated, and Fig. 20 presents the resulting acid-
efficiency curves. To reach the dominant wormhole regime, the faster-reacting acid will have to be injected at a higher rate than a
slower-reacting acid for most of the acid to be transported to the tips of the wormholes and not be totally consumed along the walls of
the wormholes. Previous experimental studies have shown that wormholes created by fast-reacting acids are thinner and more branched
than those created by slow-reacting acids. This leads to lower PVBT values and higher optimal injection rates at the wormhole regimes
for acid/mineral systems with higher rates of reaction. This trend in Fig. 20 is similar to that observed in the experimental study by
Furui et al. (2012) on how the overall rate of reaction affects the acid-efficiency curve.

Order of Reaction. In the cases presented so far for this simulation study, linear first-order kinetics are assumed, and the output has
been shown in the previous subsection to agree qualitatively with experimental results of previous investigations. Here, a nonlinear
reaction-kinetics model is used in which RðCÞ ¼ ksC

n
s ; where n is the order of reaction. The simulation results showing the effect of

the order of reaction are presented in Fig. 21. The higher the order of reaction, the lower the optimal injection rate and amount of acid
required to reach breakthrough. As noted by Maheshwari et al. (2012), there is no agreement in the literature regarding the magnitude
of reaction-rate constant and order of reaction, but the present simulation results show that the order of reaction significantly influences
PVBT values.

Conclusions

In this study, a new modified two-scale model has been used to investigate and quantify wormhole propagation during carbonate acidiz-
ing by use of the Navier-Stokes approach. The outputs from this model were compared with experimental results and previous models
in the literature, and the following conclusions stem from the numerical simulations:
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Fig. 19—(a) Numerical-model results showing the effect of core length on the acid-efficiency curve (short core length 5 0.787 in.
and long core length 5 1.574 in.). (b) Simulation results showing the effect of the core AR on the acid-efficiency curve [length of
core is fixed at 0.787 in.; diameters of the three cases are 0.314 in. (AR 5 0.4), 1.574 in. (AR 5 2), and 3.149 in. (AR 5 4)].
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Fig. 20—Numerical-model results showing the effect of reaction-rate constant on the acid-efficiency curve.

J187962 DOI: 10.2118/187962-PA Date: 28-November-17 Stage: Page: 2063 Total Pages: 18

ID: jaganm Time: 19:34 I Path: //chenas03/cenpro/ApplicationFiles/Journals/SA/SPE/J###/Vol00000/170082/Comp/APPFile/SA-J###170082

December 2017 SPE Journal 2063

D
ow

nloaded from
 http://onepetro.org/SJ/article-pdf/22/06/2049/2115235/spe-187962-pa.pdf/1 by Leopoldo Sierra on 23 M

arch 2023



1. The Navier-Stokes momentum approach can be used to effectively describe fluid flow in a two-scale model, and the modified model
in this work captures all the dissolution patterns that occur during carbonate-matrix acidizing.

2. Sensitivity tests conducted on the model for various factors that affect wormhole propagation during carbonate acidizing provided
results consistent with experimental observations and previous two-scale models with flow field given by Darcy’s law.

3. At dissolution regimes above the optimal injection rate, the computational time by use of the Navier-Stokes approach is significantly
lower than the reported computational time for models derived from Darcy’s law.

4. The simulation results from this study show that the geometry of flow affects the dissolution process and determines the optimal
injection rate with the amount of acid required to reach breakthrough. Thus, the linear flow modeled in laboratory experiments is not
representative of radial flow that occurs in field conditions.

5. The effects of initial average porosity and formation heterogeneity on the PVs of acid injected to breakthrough in a coreflood experi-
ment were presented from the simulation output. The model also showed how the core dimensions influence the optimal injection
rate and PVs of acid injected to reach breakthrough in coreflood experiments. This dimension should be accounted for in the transla-
tion of optimal injection rates obtained from coreflood experiments to field applications.

6. Reaction-rate kinetics influence the wormholing process, as the model demonstrates. The optimal injection rate increases as the reac-
tivity of the acid, in the form of the reaction-rate constant, increases, and the amount of acid required to reach breakthrough is reduced.

7. The introduction of nonlinear kinetics illustrates the significant influence of fractional orders of reaction on the optimal injection rate
and the amount of acid required to reach breakthrough. It also shows the possibility of extending the two-scale model to alternative
acidizing fluids such as chelants and organic acids, which will require further modification to handle reversible surface reactions.
This work has shown that fluid flow in a two-scale model can be effectively described by the Navier-Stokes momentum approach.

The order of reaction is demonstrated to significantly influence the PVs of acid injected to breakthrough in the model, which is relevant
in the extension of the two-scale model for alternative acidizing fluids.

Nomenclature

ao ¼ initial interfacial area per unit volume of the medium, 1/L, m�1

av ¼ interfacial area per unit volume of the medium, 1/L, m�1

Cf ¼ original concentration of acid in the fluid phase, n/L3, mol/L
Cs ¼ concentration of acid at the solid/fluid interface, n/L3, mol/L
C2 ¼ inertial-resistance factor
De ¼ effective dispersion tensor, L2/t, m2/s

DeT ¼ effective transverse-dispersion coefficient, L2/t, m2/s
DeX ¼ effective longitudinal-dispersion coefficient, L2/t, m2/s
Dm ¼ acid diffusivity, L2/t, m2/s

F ¼ sum of external body forces and source terms in momentum equation, m/L2t2, kg/m2�s2

g ¼ acceleration caused by gravity, L/t2, m/s2

kc ¼ local mass-transfer coefficient, L/t, m/s
K ¼ permeability tensor, L2, m2

Ko ¼ initial permeability tensor, L2, m2

ks ¼ surface-dissolution reaction-rate constant, L/t, m/s
n ¼ order of reaction

PVBT ¼ PVs of acid injection to breakthrough
Q ¼ acid-injection rate, L3/t, m3/s
ro ¼ initial pore radius, L, m
rp ¼ pore radius, L, m

R(C) ¼ reaction kinetics, n/t/L2, mol/s/m2

Rep ¼ Reynolds number
S ¼ momentum source term, m/L2t2, kg/m2s2

Sc ¼ Schmidt number
Sh ¼ Sherwood number

Sh1 ¼ asymptotic Sherwood number
Sm ¼ source mass added to continuity equation, m, kg
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Fig. 21—Numerical-model results showing the effect of order of reaction on the acid-efficiency curve.
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u ¼ superficial velocity vector, L/t, m/s
a ¼ dissolving power of acid, m/n, g/mol

aos ¼ constant in dispersion correlations
b ¼ pore-structure-relation constant

De ¼ porosity-heterogeneity magnitude
Dec ¼ critical porosity-heterogeneity magnitude

e ¼ porosity of the porous medium
eo ¼ initial porosity
kT ¼ constant in transverse-dispersion correlation
kX ¼ constant in axial-dispersion correlation
l ¼ fluid viscosity, m/Lt, mPa�s
� ¼ kinematic viscosity, L2/t, m2/s
q ¼ fluid density, m/L3, kg/m3

qs ¼ rock density, m/L3, kg/m3

s ¼ stress tensor, m/L2t2, psi [MPa]
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