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I N
Abstract

Numerous carbonate matrix acidizing models have been developed to study the flow and reaction of
Hydrochloric acid (HCI) in calcite, but there is a significant gap in the literature for models built to
investigate wormhole propagation by alternative acidizing fluids such as organic acids and chelants. In this
work, a model is developed to study wormhole propagation by these alternative fluids, using the two-scale
carbonate acidizing model approach with Navier-Stokes formulation for fluid-flow description.

The reaction kinetics used for acetic acid (HAc) in the model is modified to account for the slight
dissociation of the weak acid in aqueous solution and a fractional order of reaction. The output from
the model is compared with available experimental data in the literature for qualitative and quantitative
validation. This study extends the linear first-order reaction kinetics used for HCI in previous two-scale
models for the chelating agents ethylenediaminetetraacetic acid (EDTA) and diethylenetriaminepentaacetic
acid (DTPA), with updated dissolution rate constants and dispersion coefficients, and the output compared
with experimental data for qualitative validation.

The acid efficiency curves generated from the model for acetic acid compares qualitatively and
quantitatively with reported experimental data, and the numerical simulations show that a higher amount of
acid will be required to reach breakthrough for acetic acid than for HCI, as expected. The model output for
the chelating agents does not match quantitatively with experimental data, but the qualitative trend can be
observed from the numerical simulation results. The updated reaction kinetics for acetic acid is extendable
to formic acid, which is the other commonly used organic acid in carbonate matrix acidizing, to obtain an
equally dependable model output. However, a more complex reaction kinetics will be required to model the
multi-step chemistry that occurs in the dissolution of carbonate by chelating agents.

The model developed in this study accurately captures the wormholing phenomena by acetic acid, and
it can also be used to predict optimum injection rates for organic acids. The simulation results also show
that the model, based on Navier-Stokes momemtum formulation, is computationally less expensive than
previous models with the Darcy-Brinkman formulation, and simulations at very high injection rates with
this model require less computational time than models developed with the Darcy formulation.
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Introduction

The success of a carbonate matrix stimulation treatment depends on the acidizing fluid's ability to create
dominant wormholes that propagate beyond the damaged or low-permeability region near the wellbore.
Dominant wormholes are formed in an acid dissolution process during a carbonate matrix acidizing
treatment if the acid is injected at an optimum rate. As the acid is thus injected, the large pores on the
surface of the rock grow at a higher rate than the smaller pores. As the larger pores receive an increasing
portion of the acidizing fluid during the process, their length and volume increase, eventually becoming
wormholes. Wormhole 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. The dissolution patterns that can be formed during carbonate matrix acidizing are face dissolution,
conical wormholes, dominant wormholes, ramified wormholes, and uniform 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 more acidizing fluid is consumed on the walls of the flow channels, and
the fluid penetrates into the rock and enlarges flow channels. At an optimum 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 wormhole. At injection rates higher than the optimum rate, the fluid is forced into
smaller pores and the dissolution channels become more branched, resulting in ramified wormholes. At
very high rates, the fluid penetrates into the medium but is not completely spent due to insufficient resident
time, which leads to uniform dissolution patterns and unsuccessful treatment in field conditions.

The dissolution pattern during matrix stimulation affects the skin evolution because this pattern
determines the depth of penetration of the acid into the rock. When dominant 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 optimum injection rate for the particular fluid-mineral system.

HCl is often used in carbonate matrix acidizing because it is relatively cheap, readily available, has a high
dissolving power and the reaction products formed from the dissolution of carbonates is soluble. However,
the use of HCl is impeded at elevated reservoir temperature conditions because the optimum injection rate
for HCI to form dominant wormholes becomes higher than the maximum allowable injection rate to avoid
formation fracture due to the increase in the surface dissolution rate with temperature, higher corrosivity
of the acid on the well completion materials, and precipitation of acid-induced sludge or formation of rigid
film emulsions from asphaltene present in the crude.

Alternative acidizing fluid systems such as organic acids, chelating agents, mixed acids, and retarded
acids (foamed, emulsified, and gelled acids) have been successfully employed to stimulate carbonate
reservoirs in high temperature conditions. The common factor with these fluids is a lower surface reaction
rate, which means a lower injection rate will be needed to obtain the dominant wormhole patterns for
an optimum treatment. Furthermore, there is easier corrosion inhibition control of the acids on the well
completion materials.

To design optimal treatments, numerous theoretical and experimental studies have been conducted in the
past 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
optimum injection rate for the most efficient treatment, and/or the propagation rate of the wormholes in the
rock with volume injected to monitor the skin evolution during treatment. Even though the transport and
reaction of HCI in carbonate rock has been extensively studied in these models in the literature, little work
has done on modeling wormhole propagation by the alternative acidizing fluid systems.
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In this study, the propagation of wormholes in calcite by HCI, HAc, EDTA, and DTPA is modeled
using a two-scale approach, modified with the Navier-Stokes momentum formulation to describe the fluid
flow in porous media. The simple linear first-order reaction kinetics model used in the previous two-scale
models for HCI cannot be applied for organic acids, because these weak acids do not dissociate completely
in aqueous solution; therefore, the dissociation equilibrium has to be considered in their reaction kinetics
with carbonates. A different reaction kinetics for acetic acid is used in this study, which accounts for the
dissociation of weak acid and the linear first-order kinetics is used for chelating agents.

Literature Review

Brief reviews of some carbonate acidizing models in literature can be found in Schechter (1992), Golfier
(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 in five categories based 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,
Damkdhler number approach, transition pore theory, network models, Péclet number approach, semi-
empirical approach, and two-scale (averaged continuum) models. Some models are based on more than one
of the approaches listed with the Damkdhler number theory being the most often combined one.

In the capillary tube approach, the wormhole is modeled as a cylindrical tube. The early models based on
this approach simulated mass-transfer-limited dissolution based on 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), Wang et al. (1993), Huang et al. (1997), and Buijse (2000) have also
developed models based on this approach. A fundamental limitation of these models is 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 wormhole formation process is controlled by the
Damkohler number. The effect of the Damkohler number on the wormhole structure was investigated and
confirmed by their experimental work. The Damkohler 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) conducted further
studies on the effects of transport and reaction on the formation of wormholes for a wide range of fluid
systems, including strong acids, weak acids, and chelating agents. They showed that these fluid systems are
influenced by transport and reaction processes, and when both processes are taken into account, a common
dependence on the Damkdohler number is observed. A Damkdhler number of approximately 0.29 is reported
as optimal for all the fluid/mineral systems they investigated. The models based on the Damkdohler 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 Damkdhler 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 optimum flux
to generate dominant wormholes during a matrix acid treatment. They postulated that there exists a critical
pore cross-sectional area on the face of the rock for the formation of wormholes. An expression was obtained
from the growth rate functions, based on previous work by Schechter and Gidley (1969), which relates the
optimum acid flux with the Damkéhler number and emphasizes the effects of rock mineralogy, reaction
temperature, and acid concentration. This method requires microscopic pore description for implementation.
It cannot be applied for monitoring 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
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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.

The network approach has been used by various investigators 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 employed successfully to include fluid
displacement (Simon and Kesley 1972), relative permeability (Rose 1957), and dispersion in porous media
(Sahimi et al. 1990). Hoefner and Fogler (1988) carried out a theoretical study on the dissolution of porous
media by flowing acid using this approach, and also combined their work with experimental observations.
They extended the works of Bryant et al. (1993) and Thompson and Fogler (1997) of a 3D physically
representative network (PRN) model to simulate the effects of transport and reaction on the formation of
wormbholes. The network models require enormous computational power to translate to field or laboratory
scale, making them unavailable for practical application.

The Péclet number theory model was first presented by Daccord et al. (1989) as a model which quantifies
wormbholes by their equivalent hydraulic length. This method is based on correlations at the scale of the core
sample itself. The physical parameters involved in the problem are introduced in the form of 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 get 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 dissolution patterns.

Buijse and Glasbergen (2005) developed a semi-empirical approach to capture the essential physics and
chemistry of wormhole propagation 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 they are incorporated in the model in the
form of two constants calculated from the optimum acid velocity and pore volume to breakthrough at this
velocity. These constants are obtained from coreflood tests for the fluid/mineral system being investigated.
In developing a radial analogue of the linear wormhole model, it is assumed that the functional relationship
between the interstitial velocity and the growth rate increase of the wormhole front as observed in coreflood
tests holds for radial geometry.

Furui etal. (2012) extended this semi-empirical model and combined it with the earlier described capillary
tube model (Hung et al. 1989), which is based on acid transport and fluid loss from a single wormhole. This
model improves on the original one 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 the injection 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 model simulation, 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
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al. (2004, 2005) 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) 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 during a carbonate
acidizing process using the two-scale model.

For quantitative comparison with experimental data, Maheshwari et al. (2012) extended the two-scale
model for 3D simulation. This model was further extended to be made applicable for gelled acids by
Ratnakar et al. (2012), in which the two-scale model is combined with a semi-empirical rheological model
that accounts for viscosity as a function of pH, shear rate, and temperature. This was also employed for
emulsified acids by Maheshwari et al. (2014). These authors were able to match the numerical simulation
output with quantitative trends from previous experimental results. Other applications of the two-scale
approach have been made by various investigators. 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 HCl-based systems
as mentioned. They can also provide an estimation of the optimum injection rate for laboratory scale
experiments but will require enormous computational power to be directly applicable for field scale
simulation. For emulsified acid, the Maheshwari et al. (2014) 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 Ratnakar et al. (2012) and Maheshwari et al. (2014) models do 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. There is no carbonate acidizing model for wormhole propagation by chelants and
organic acids in the literature at the time of writing.

Model Description

Reaction and transport of the acidizing fluid in calcite is modeled with the two-scale approach. The model
is briefly presented here; a detailed explanation of the development of the approach is given in Panga et
al. (2002, 2005). The flow field is given by Darcy's law in their model, but in this study the flow field is
described by the Navier-Stokes momentum formulation. The equations for the Darcy and pore scale models
are presented below.

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

d(pu)
ot

where u is the superficial velocity vector, p is the fluid density, K is the permeability tensor, p is pressure,
and 7 is the stress tensor. 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:

+\7-(puu)=—\7p+|7-r—%u , (1)

de
—+V-u=0 . (2)
ot

The Darcy-scale description of the transport of acid species, from fluid phase balance of reacting species,
is given by:
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d(eCp)
ot

where ¢ is the porosity of the medium, C; is the concentration of the acid in the fluid phase, C; is the
concentration of the acid at the fluid-solid interface, D, is the effective dispersion tensor, k. is the local mass-
transfer coefficient, and a, is the interfacial area available for reaction per unit volume of the medium. The
reaction kinetics in Eq. 4 balances the amount of acid transferred from the fluid phase to the surface to the
amount reacted at the surface:

+w.VC =V-(eD,-VC) — kea,(Cr — C5) s 3)

ke(Cr — Cs) =R(Cs) . (4)

The porosity evolution equation, derived from the balance between the solid dissolved and fluid
consumed, is given by:
d R(C
a_g — ( s)ava , (5)
t Ps

where R (C;) represents the reaction kinetics, p, is the density of the rock, and a is the dissolving power of
the acid. Equations 1 through 5 are the Darcy scale model equations, as described by Panga et al. (2005).

Reaction kinetics for HCI. The kinetics equation for HCI can be written as:
R(Cy) = ksCs (6)

where £; 1s the surface dissolution rate constant. Substituting this kinetics equation into Eq. 4 gives a direct
relation between the acid concentration in the fluid phase and at the fluid-solid interface (as a function of
the local mass transfer coeftficient and surface dissolution rate) as given below:

Cr
(1+I]§_i) . (7)

Reaction kinetics for Acetic acid. The linear first-order reaction kinetics used for HCI cannot be applied
for organic acids because weak acids such as organic acids do not dissociate completely in aqueous solution.
Therefore, the dissociation equilibrium has to be considered in their reaction kinetics with carbonates. The
dissociation of an acid in aqueous solution can be represented by the reaction in Eq. (8) below:

HA= H"+A" . (8)

The dissociation (equilibrium) constant, Ky, is expressed by:

Cs =

aH+ aA—

Kq = , )]

aga

where a;" and a, denote the activities of the H and A™ ions, respectively.
The kinetics equation for organic acid-carbonate reaction in Eq. 10 is given by Schechter (1992), and
this is used for acetic acid-limestone in the model in this study:

R(Cyac) = ksKJPCH2 (10)

where Cyy. 1s the concentration of acetic acid at the solid-fluid interface, equivalent to C; in Eq. 6. The
dissociation constant, a function of temperature (T in °K), is obtained from Eq. (11):

A
—logloKd 271—142 +A3T . (11)
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The values of the constants A;, A,, and A; are given as 1170.48, 3.1649, and 0.013399, respectively
(Schechter 1992). In addition to replacing Eq. 6 in the two-scale model for HCl-limestone with Eq. 10
for acetic acid-limestone reaction, the model is updated with the values of dissolution rate constant, acid
diffusivity, density, and viscosity for acetic acid at pH values of 2.5 and 4.6.

Pore-Scale Equations

The porosity of the rock increases as the acid propagates and dissolves part of the solid phase. This results in
changes of pore-scale properties such as permeability, pore-radius (r,), and interfacial surface area per unit
volume. The relationship between these rock properties and porosity are adapted from the Carman-Kozeny
correlation and are given by the following pore scale equations (Panga et al. 2005):

2B

and
2O

where /£ is the pore structure relation constant. The local mass transfer and effective dispersion coefficients
are obtained using correlations (Gupta and Balakotaiah 2001; Balakotaiah and West 2002):

_ 2k.r

Sh = = She, + 0.7Re;/?Sc'/3 (15)
m
25 ||ul|r
Dy = a, Dy, 2y llullr : (16)
and
2A+||ul|lr
D.r = a,:Dy + TL! ” . (17)

Sh is the Sherwood number or dimensionless mass-transfer coefficient; Sk, is the asymptotic Sherwood

number; Re, is the Reynolds number defined by Re, = ZIIEIIr’, and Sc is the Schmidt number given by

Sc= DL ; vis the kinematic viscosity; a,, is a constant that depends on the structure of the porous medium
m

(pore connectivity); D,y is the longitudinal dispersion coefficient; D,ris the transverse dispersion coefficient
in the y- and z- directions; Ay and Ar are constants that depend on the structure of the medium (4y = 0.5
and A7 = 0.1 for a packed bed of spheres). These correlations account for both diffusive and convective
contributions in fluid transport (Maheshwari and Balakotaiah 2013).

Model Implementation

To run the simulations of the described two-scale model with Navier-Stokes formulation, a commercial
Computational Fluid Dynamics (CFD) software is employed to solve the momentum, mass continuity,
and transport equations in the Darcy scale. 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
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time step, and couple the pore scale with the Darcy scale. Fig. 1 gives the workflow of the simulation
showing the sequence of equations solved in the model.

C Stflrt )

Initialize model " Update porosity,
permeability profile
v
Solve momentum (x,y,z
C End ) (X,y,2)

)

Solve mass continuity;

Breakthrough Update velocity
at outlet? 7
(P < P/100)

Solve transport equation

v
Update diffusivity, Solve porosity evolution
viscosity, density equation

Figure 1—The simulation workflow showing the sequence of solutions and properties updates.

The simulations are run on Texas A&M University (TAMU) High Performance Research Computing
(HPRC) systems to facilitate parallel processing. The computational time to reach breakthrough in the
dominant wormholing regime is nearly three to four 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.

Base Case

The base case is modeled to simulate the acidizing coreflood tests of 0.5 M HCIl on calcite core samples,
based on the experimental work by 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. These values
are obtained from the aforementioned experimental work of Fredd and Fogler (1998) and simulation study
by Maheshwari and Balakotaiah (2013). The experiments were conducted at temperature of 23°C. Table 2
lists the fluid properties of the chelates used in this model (from the same experimental studies).
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Table 1—Parameters used in numerical simulations (from Fredd and Fogler 1998; Maheshwari and Balakotaiah 2013).

Parameter Value

Acid diffusivity (D,,) 3.6e-09 m¥/s
Acid dissolving power (&) 50 kg/kmol
Acid viscosity (1) 0.001 kg/m-s
Asymptotic Sherwood number (s/..) 3.66
Average porosity (&) 0.2
Constant in dispersion correlations (o) 0.5
Constant in axial dispersion correlation (4y) 0.5
Constant in transverse dispersion correlation (47) 0.1

Initial average permeability (K,) le-15m’
Initial interfacial area per unit volume (a,) 5000 m™
Initial mean pore size (r,) 1 um

Pore structure relation constant () 1

Porosity heterogeneity magnitude (de) +0.1

Rock density (p;) 2710 kg/m’
Surface dissolution reaction-rate constant (k) 0.002 m/s

Table 2—Fluid properties of chelants updated in the model (from Fredd and Fogler 1999).

Reaction rate Inlet acid
Acidizing fluid Acid diffusivity (m?/s) concentration

constant (m/s) (mass fraction)

0.25 M EDTA (pH 4) 6e-10 1.4e-06 0.0848
0.25 M DTPA (pH 4.3) 4e-10 4.8¢-07 0.0655

For simulation of very low injection rates (which leads to face dissolution regime), the number of grid
cells has to be increased to effectively capture the dissolution at these regimes. According to simulation
studies by Maheshwari and Balakotaiah (2013), approximately 160 million grid cells will be required to
effectively capture face dissolution for the mesh domain size of a 1.5%1.5%4 in. rectangular parallelepiped
domain, which is similar to the cylindrical domain of 1.5 in. diameter by 4 in. length used in this work.

As expected, more computational time 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, since a high number of grid cells are 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 performance computing
licenses available for parallel computing with the CFD software at the TAMU HPRC 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 conical 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 pore volumes to breakthrough
(PV3pr) results for the larger domain compare qualitatively with that of the smaller domain at and above
the optimum injected rates, and this is extended for rates below the optimum 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 provided in the discussion of results.
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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 which are then
solved numerically with the finite volume method.

A Pressure-Implicit with Splitting of Operators (PISO) pressure-velocity coupling scheme is employed,
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 (QUICK) scheme
is used for the momentum term.

The time-step size for the numerical simulation is varied between 0.1s and 0.01s, depending on the
dissolution regime. The lower time-step size is used at the conical and face dissolution regimes. The
maximum number of iterations per time step is set at 20.

Initial and Boundary Conditions

For wormbholes to be initiated in the carbonate rock, there must be some heterogeneity in the porous medium.
This 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 to0 0.3. A least squares interpolation 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.

Porosity

3D model

Figure 2—The initial porosity profiles of domain cases used in this study.

The boundary condition at the core inlet is a constant injection velocity, based on the input for the
particular simulation run, and a concentration of 0.5 M HCI. The acid flux and average pressure at the outlet
of the core is kept at zero. There is no flow and zero acid flux across the boundary at the walls of the domain.

Results and Discussion

The results of sensitivity test simulations carried out in this study are presented mainly in the form of acid
efficiency curves. This is a plot (log or semilog) of the PV versus the injection rate or velocity. From
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these curves, the optimum injection rate and the minimum PV3; values for the conditions being investigated
can be observed. The breakthrough time of acid at the outlet of the core in the numerical simulation is
determined to occur when the pressure drop across the porous medium drops to 1/100th of its initial value
(Kalia and Balakotaiah 2009).

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 by the porosity contour of the numerical simulation
of the coreflood acidizing process. The output shows that the model effectively captures the dissolution
patterns in carbonate acidizing and also shows the effect of injection rate (and Damkohler number) on the
type of dissolution pattern formed.

(a) Face dissolution (b) Conical wormholes

Increasing injection rate/decreasing Damkoéhler number

e ——

(e) Uniform dissolution (d) Ramified wormholes (c) Dominant wormhole

Porosity

Figure 3—Porosity contour showing the dissolution patterns obtained from injection rates ranging from a minimum of
3.23e-06 m/s to a maximum of 0.323 m/s (to capture all possible dissolution patterns) from the 2D linear flow model.

Fig. 4 presentes the acid efficiency curve from the 2D linear flow model. The semilog plot shows
that at low injection rates, a large amount of acid is required to reach breakthrough at the outlet of the
porous medium. This is because 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 optimum injection rate at which

minimum PVpr occurs. The amount of acid required to breakthrough gradually increases at rates above the

optimum injection rate. The PVj; is observed to increase with the acid injection rate (Q) as Q"°, 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.
Maheshwari and Balakotaiah (2013) also reported this trend of the proportionality of the acid injection rate
and PV values above optimum injection rate from simulation studies.
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Figure 4—The acid efficiency curve of the 2D numerical simulation with linear flow showing
the effect of the injection rate on the volume of acid required to reach breakthrough.

The output from the numerical simulation of the 3D linear flow model showing the various dissolution
regimes are 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, as explained in the previous section.

(a) Face dissolution (b) Conical wormholes (c) Dominant wormhole

Figure 5—Dissolution patterns from the numerical simulation of the 3D linear flow model.
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Fig. 6 shows the comparison of the acid efficiency curves from the 2D and 3D models. This compared
output follows the expected theoretical trend presented in a previous study (Panga et al. 2005). The plot
shows that the amount of acid required to breakthrough in the wormhole regimes and the optimum injection
rate are higher in the 2D than in the 3D model. The difference in PVpr values occurs because in 2D, 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). The PV3r values at the face and uniform dissolution regimes are independent
of the dimension of the model because spatial gradients do not appear in the asymptotic limits (Panga et
al. 2005).

10

Pore Volumes to Breakthrough

L ~
& )
TAL & —e—2D
LI --a- 3D
1
1E-06 1E-05 1E-04 1E-03 1E-02

Injection Velocity, m/s

Figure 6—Comparison of the acid efficiency curves from the numerical simulation of 2D and 3D models.

Effect of Flow Geometry

To investigate the effect of flow geometry on the acid efficiency curve, a 2D radial flow model is developed
for comparison with the 2D linear flow model with the same aspect ratio. The 2D domain is a circular
mesh with an external radius of 0.79 inches and an internal radius of 0.079 inches. The mesh is made up of
110,000 quadrilateral grid cells. The injection inlet is at the internal radius, and the fluid propagates radially
towards the external radius until breakthrough at the boundary. The dissolution patterns from radial flow
are similar to the patterns from the linear flow model (Fig. 7).
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(a) Face dissolution (b) Conical wormholes (c) Dominant wormhole

Porosity

Increasing injection rate/decreasing Damkohler number

(e) Uniformdissolution (d) Ramified wormholes

TR

Figure 7—Porosity contour showing the dissolution patterns obtained from injection rates ranging from a minimum of
3.23e-06 m/s to a maximum of 0.323 m/s (to capture all possible dissolution patterns) from the 2D radial flow model.

Fig. 8 shows the comparison of the acid efficiency curves from the radial and linear flow models. It can be
seen that the optimum injection rate in the radial flow model is higher than that of linear flow. The optimum
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 exhibits enhanced branching of wormholes that are thinner than those in the linear flow model. Thus,
the PVpr at the optimum 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).

20

18 | A --4---Linear flow

16 | \ —e— Radial flow ;

14
12

10

Pore Volumes to Breakthrough

1E-06 1E-05 1E-04 1E-03 1E-02 1E-01
Injection Velocity (m/s)

Figure 8—The comparison of the acid efficiency curve of the linear and radial flow 2D cases show that the
optimum injection rate is higher for the radial case with a lower volume of acid required to reach breakthrough.
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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 with the same porosity heterogeneity range of 50%, are
simulated. Fig. 9 shows the dissolution patterns at the optimum injection rate. It can be seen that the higher
the initial average porosity of the medium, the larger the wormhole diameter due to more fluid loss along
the walls of the wormhole. Fig. 10 gives the acid efficiency curves highlighting the amount of acid injected
to breakthrough for the three cases.

(c) =03

Figure 9—Effect of initial average porosity on wormhole patterns (formed at an injection rate of 1.5 cm*/min).
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0.1 1.0 10.0 100.0
Injection Rate, cm3/min

Figure 10—Acid efficiency curves showing the effect of initial average
porosity on the amount of acid injected 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 porosity values. This is because complete dissolution of the rock occurs in this regime,
and the lowest porosity case will require the most amount of acid to reach breakthrough due to 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, the medium exhibits increased fluid loss for cases with high
initial porosity, requiring more acid to achieve a certain factor of increase in permeability than for low initial
porosity cases.

Effect of Porosity Heterogeneity

The influence of medium heterogeneity on wormholing and PV3; is examined here. Cases with porosity
heterogeneity ranging from 0.5 to 0.95% of average porosity are simulated. The wormholes become thinner
and more branched as the heterogeneity of the medium increases (Fig. 11). Fig. 12 presents the acid
efficiency curves of the various cases simulated with different heterogeneity magnitude values and Fig. 13
shows the effect of heterogeneity magnitude on PV3r at the optimum injection rate.

(b) Ao =+ 0.05 ‘ (d) Ago=+0.15

Figure 11—Dissolution structures showing the effect of porosity heterogeneity magnitude on the wormhole patterns.
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Figure 12—Acid efficiency curves showing the effect of porosity heterogeneity
magnitude on the pore volumes of acid required to reach breakthrough.
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Figure 13—Effect of porosity heterogeneity on pore volumes to breakthrough at the optimum injection rate.

The difference in the PVj; 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. 12). In the uniform dissolution
regime, the PVyr slowly decreases as the porosity heterogeneity magnitude increases. This is because at
a 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, which leads to a reduced
amount of acid required for breakthrough.

At the optimum injection rate, Fig. 13 shows that the PVr 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. 11a). Another reason for high PVr 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.

Results show that PV decreases with an increase in porosity heterogeneity magnitude (Fig. 13) until
a critical value (Ae, = + 0.05) is reached, after which higher heterogeneity values has no significant effect
on the PVyr at this optimum injection rate.

Effect of Presence of Vugs (Large-Scale Heterogeneities)

To examine the effect of vugs on wormholing in carbonates, the initial porosity profile is modified according
to vuggy carbonate characterization results from the Nuclear Magnetic Resonance (NMR) 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 accounts 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. 14a shows the initial porosity profile with random
distribution of vugs in the 2D domain, and Fig. 14b presents the wormhole patterns in form of the porosity
contour profile after simulation of coreflood injection at an optimum rate.
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Figure 14—Porosity contour profile showing (a) initial porosity profile of vuggy carbonate core and (b)
wormhole patterns formed with acid injected at a flowrate of 1.55 cm®/min in the vuggy carbonate core.

The velocity field at various time intervals during the coreflood injection simulation is illustrated in Fig.
15. The images show the effect of vugs on the branching of the flow field during injection, and also how
their sizes and distribution determine the flowpath of the acid (Figs. 15a and 15b). After breakthrough is
achieved at the outlet of the core, the fluid flows through the singular path of least resistance, which is the
dominant wormhole created in the dissolution process (Fig. 15¢).
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Figure 15—Contours of velocity magnitude as acid propagates in the vuggy carbonate rock at different
time (t) intervals during injection at a flowrate of 1.55 cm*/min: (a)t=40s (b)t=80s (c) t =140 s.

The numerical simulation shows that acid propagates faster in the vuggy medium than in the uniform
heterogeneous porosity medium. This is evident in the plot given in Fig. 16, which compares the acid
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efficiency curves of both carbonate mediums with different heterogeneity scales. The diameter of the vugs
in the path of the wormhole determines its diameter. The amount of acid required to reach breakthrough in
the vuggy carbonate core is lower than that of a non-vuggy carbonate, which is agreement with experimental
results reported by Izgec et al. (2010). Their experimental and numerical work also showed that the
wormhole flow path is determined by the local pressure drops created by vugs. The PVjr value in the vuggy
medium is dependent on the positions, amount and connectivity of vugs.

18.0

—e— Non-vuggy carbonate

—e—\Vuggy carbonate

8.0

6.0

Pore Volumes to Breakthrough

4.0

2.0

0.0
0.1 1.0 10.0 100.0

Injection Rate, cm3/min

Figure 16—Acid efficiency curves showing the effect of large-scale heterogeneities
(vugs) on the pore volumes of acid required to reach breakthrough.

Effect of Medium Dimension

Various mesh domains for the 2D model are 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. Fig. 17 shows the dimensions of the domains and corresponding aspect ratio values used in this
study. The maximum core length investigated is 1.574 in. due to computational limitations. An extremely
high number of grid cells will be required to simulate conical and face dissolution in core lengths of 6
in. and 20 in., used in experimental work by Furui et al. (2012) to study the effect of core dimensions on
wormhole propagation.
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(@) 0.314x0.787 in.

(b) 1.574x0.787 in.

(d) 0.314x1.574 in.

(c) 3.149%0.787 in.

Figure 177—Wormbhole patterns for cores with various dimensions with the
following aspect ratios (AR): (a) AR =0.4, (b) AR=2, (c) AR=4, (d) AR=0.2.

The first set of results presented in Fig. 18a show that the value of the optimum injection rate is higher
for the long core. The longer the acid propagates in the domain before breakthrough at the outlet, the more
the acid is consumed at the walls of the wormhole, so a higher optimum injection rate will be required to
transport the acid to the tip of dominant wormhole for longer domains. This trend is in agreement with
experimental studies by Bazin (2001) on the effect of core length on the acid efficiency curve.
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Figure 18a—Numerical model results showing the effect of core length on the acid
efficiency curve (short core length = 0.787 in. and long core length = 1.574 in.).
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Fig. 18b shows the results of the effect of the domain height (core diameter) on the acid efficiency curve.
The plot shows that PVj; in the wormhole regimes is inversely proportional to the domain height. It can be
seen from Fig. 17 that the number of wormholes initiated 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 solid
phase to be dissolved for the acid to reach breakthrough is reduced with an increase in the domain height. At
very high injection rates, the PV does not depend on the height of the domain because the amount of acid
required to reach breakthrough increases proportionally with domain height due to the uniform dissolution
of the solid phase. These results are consistent with experimental studies by Furui et al. (2012) on the effect
of core diameter on amount of acid injected to breakthrough.
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Pore Volumes to Breakthrough
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Injection Velocity, m/s

Figure 18b—Simulation results showing the effect of the core aspect ratio on the acid efficiency curve [length of core
is fixed at 0.787 in.; diameters of the three cases are 0.314 in. (AR= 0.4), 1.574 in. (AR = 2), and 3.149 in. (AR = 4)].

Effect of Reaction Kinetics
The effect of the reaction rate constant and the order of reaction on the optimum injection rate and PVpr
values are examined.

Reaction Rate Constant. Three cases with different reaction rate constants are simulated, and Fig. 19
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 in order 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 highly reactive acid are thinner and
more branched than those created by slow-reacting acid. This leads to lower PVrvalues and higher optimum
injection rates at the wormhole regimes for acids with higher reaction rate constants. This trend in Fig. 19
is similar to that observed in the experimental study by Bazin (2001) and Furui et al. (2012) on the effect
of acid concentration (which determines acid reactivity) on the acid efficiency curve.
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Figure 19—Numerical model results showing the effect of reaction rate constant on the acid efficiency curve.

Order of Reaction. In the cases presented so far for this simulation study, linear first-order kinetics is
assumed, and the output has been shown to agree qualitatively with experimental results. Here, a nonlinear
reaction kinetics model is used in which, R(C) = k;CZ,, where n is the order of reaction. The simulation
results showing the effect of the order of reaction are presented in Fig. 20. The higher the order of reaction,
the lower the optimum injection rate and amount of acid required to reach breakthrough. As noted by
Maheshwari et al. (2012), there is no agreement in the literature about the magnitude of reaction rate constant
and order of reaction, but these simulation results show that the order of reaction significantly influences
PVyrvalues.
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Figure 20—Numerical model results showing the effect of order of reaction on the acid efficiency curve.
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Alternative acidizing fluids

The reaction kinetics are modified to model the alternative acidizing fluids. For acetic acid, Eq. 6 used for
HCl is replaced by a non-linear relation (Eq. 10), which accounts for the weak dissociation of the organic
acid as explained in the Model Description section. For the chelating agents, the values of the reaction
kinetics parameters of Eq. 6 are updated accordingly.

Acetic Acid

The PVpr values from the 2D numerical simulations for acetic acid, at pH 2.5 and 4.6, are normalized
with HC1 PVpr values, and the acid efficiency curves are plotted alongside experimental results from Fredd
and Fogler (1999) for comparison (Fig. 21). The simulation results are represented by the solid lines and
experimental data by marker points.
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Figure 21—Normalized model results comparing the acid efficiency curves
of HCI and acetic acid with experimental work from Fredd and Fogler (1999).

The experimental and simulation results for HCI give a good match, as has been demonstrated in the
previous results shown. For acetic acid, the model output also matches well with the experimental results,
except at the extreme values of injection rates. This slight mismatch could be due to how the PVpr values are

obtained from the model, which is when the pressure drop across the numerical domain drops to 1/100" of
its initial value. This gives PVpr values lower than experimentally obtained ones, because of the additional
time in the experiment in which acid physically breaks through at the outlet of the core.

Chelating Agents
The multi-step chemistry at the solid-fluid interface that occurs during the dissolution of limestone by
chelants is complicated and not representable by any available kinetics equation in the literature. In this
study, the linear first-order reaction kinetics equation for HCI is used to simulate calcite acidizing with
EDTA and DTPA. The fluid properties in the model are changed to those of EDTA and DTPA (values
obtained from Fredd and Fogler 1999), as given in Table 2.

Fig. 22 shows that acid efficiency curves from the numerical simulation of EDTA and DTPA as acidizing
fluids do not quantitatively match with experimental results from Fredd and Fogler (1998) as well as that
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of HCI. This trend is expected because the first order kinetics equation used is more representative of the
reaction of HCl-calcite than that of chelant-calcite. A more complex multi-step chemistry, beyond the scope
of this paper, is involved in the dissolution by chelants.
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Figure 22—Normalized model results comparing the acid efficiency curves of HCI and
chelating agents (EDTA and DTPA) with experimental results from Fredd and Fogler (1998).

Conclusions

In this study, a modified two-scale model has been used to study wormhole propagation during carbonate
acidizing. The reaction kinetics is modified to extend the model for acetic acid, EDTA, and DTPA. The
results from this model are compared with reported experimental data and previous models in the literature.
The following conclusions are made from the numerical simulations conducted in this study:

1.

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

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

At dissolution regimes above the optimum injection rate, the computational time using the Navier-
Stokes formulation is significantly lower than the reported computational time by the models based
on Darcy's law and the Darcy-Brinkman formulation.

Simulation results showed that higher PVr values are obtained when lower fractional values of the
order of reaction are used in the reaction kinetics equation of the model. This is because the fractional
order of reaction in the model reduces the concentration of acid available for dissolution of calcite (to
increase porosity); therefore, more acid will be required to be injected to achieve breakthrough than
would be for a first-order kinetics equation.

To apply the two-scale model for acetic acid, the use of the Schechter (1992) reaction kinetics
equation of organic acids and calcite produces normalized simulation output that are in agreement
with experimental results.
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6. The complex multi-step chemistry in the dissolution of calcite by the chelating agents is not easily
modeled in the two-scale approach, and the normalized simulation results from the application of first
order kinetics in the model does not match perfectly with experimental results.

This work has shown that the fluid flow in the two-scale model can be effectively described by the
Navier-Stokes momentum formulation and the simulation results compare favorably with experimental
and theoretically expected results. The output from the modified model for acetic acid matches reported
experimental data, confirming the model can be effectively used for alternative acidizing fluids.
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Nomenclature
A; = constant used in calculating dissociation constant, T, °K
A, = constant used in calculating dissociation constant
A; = constant used in calculating dissociation constant, 1/T, 1/°K
AR = aspect ratio
d, = initial interfacial area per unit volume of the medium, 1/L, m”
a, = interfacial area per unit volume of the medium, 1/L, m’
ay. = activity coefficient of hydrogen ion
ay. = activity coefficient of conjugate base of acid
Cr = original concentration of acid in the fluid phase, n/L*, mol/L
Chse = concentration of acetic acid at the solid-fluid interface, n/L’, mol/L
Cs = concentration of acid at the solid-fluid interface, n/L*, mol/L
D, = effective dispersion tensor, L*/t, m*/s
D.x = effective longitudinal dispersion coefficient, L*/t, m*/s
D.r = effective transverse dispersion coefficient, L*/t, m*/s
D,, = acid diffusivity, L*/t, m*/s
K = permeability tensor, L, m’
k. =local mass transfer coefficient, L/t, m/s
K, = dissociation constant
K, =initial permeability tensor, L, m’
k, = surface dissolution reaction-rate constant, L/t, m/s
n = order of reaction
P = pressure, m/L*t’, MPa
PVyr = pore volumes of acid injection to reach breakthrough
O =acid injection rate, L’/t, m’/s
R(C) = reaction kinetics, n/t/L*, mol/s/m’
Re, = Reynolds number - number in fluid flow to predict velocity at which turbulence
will occur
r, = initial pore radius, L, m
r, =pore radius, L, m
Sc¢ = Schmidt number - ratio of momentum diffusivity (viscosity) and mass diffusivity
Sh = Sherwood number - ratio of the rate of mass transfer to the rate of diffusive mass
transport
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Sh,, = asymptotic Sherwood number
T = temperature, T, °C [°K]
u = superficial velocity vector, L/t, m/s
a = dissolving power of acid, m/n, g/mol
0,s = constant in dispersion correlations
S = pore structure relation constant
Ae = porosity heterogeneity magnitude
Ae. = critical porosity heterogeneity magnitude
¢ = porosity of the porous medium
€, = initial porosity
p = fluid density, m/L’, kg/m’
ps = rock density, m/L’, kg/m’
Ay = constant in axial dispersion correlation
Ar = constant in transverse dispersion correlation
u = fluid viscosity, m/Lt, mPa.s

v = kinematic viscosity, L*/t, m*/s
T =stress tensor, m/L*t’, psi [MPa]
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