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Abstract

In this work, an experiment-based rheological model that accounts for the influence of poly-

mer concentration, shear-thinning behavior, and temperature variation on the in-situ vis-

cosity of gelled acid is developed. On the basis of the rheological model, we present a

thermal-hydrologic-chemical coupled model that describes the dissolution process of carbon-

ate acidization with gelled acid. A sensitivity analysis of the dissolution dynamic regarding

the temperature variation, polymer adsorption, and non-Newtonian behavior of the injected

acid is carried out. The comparison of acidization curves and dissolution patterns obtained

by injecting gelled acid and HCl is conducted. It is found that the optimal dissolution regime

for gelled acid has a much wider range than neat HCl. It is observed from the numerical

simulations that reservoir temperature and rheological parameters of the acid are key fac-

tors that affect acidizing efficiency, while the effect of polymer adsorption can be ignored. In

addition, several recommendations for optimal stimulation of carbonates with gelled acids

are provided.

Keywords: Acidization, Gelled acid, Non-Newtonian fluid, Thermal-Hydrologic-Chemical

model, Carbonate

1. Introduction1

Matrix acidizing is a widely-used technique to restore or enhance well production to a2

more economic level in carbonate reservoirs. During acidizing process, acid is injected into3
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the formation through the wellbore at a pressure lower than the fracturing pressure [1]. For4

conventional carbonate reservoirs, hydrochloric acid (HCl) is a most commonly-used acid5

due to its advantages, such as higher reaction rate with carbonate rock, relatively low price,6

and the solubility of reaction products formed in the dissolution [2, 3]. The chemical reaction7

of HCl with carbonate rock can be viewed as [1, 4]: (1) H+ ions ionized from HCl transport8

from the solution bulk to the rock surface; (2) H+ reacts with mineral on the rock surface; (3)9

the reaction products transport from the rock surface to the bulk. The overall reaction rate10

of HCl-carbonate depends on both the transport rate of H+ to the rock surface by diffusion11

as well as advection and the surface reaction rate. In general, there are obvious distinctions12

between the transport rate and reaction rate, and the overall reaction rate depends on the13

slowest one.14

For instance, if HCl is injected into the carbonate rock at a very low flow rate, the15

contribution of advection to the mass transfer can be ignored, so the rate of mass transfer16

is approximately equal to the diffusion rate. Because the reaction rate of HCl-carbonate is17

higher than the diffusion rate of H+, the overall reaction rate will be controlled by the rate of18

acid transport to the rock surface. In this case, all injected acid would be consumed before19

penetrating deeply into the medium. As a consequence, the entire rock face is dissolved,20

leading to the formation of the face dissolution pattern. When the injection rate is increased,21

the contribution of advection to the mass transfer process increases accordingly, followed by22

the instabilities occur at the dissolution front because of the directionality of the advection,23

and resulted in the formation of conical wormholes. If the injection rate is increased further,24

the advection rate continues to rise because its proportional relation with the injection rate.25

If the individual contribution of advection and diffusion to the mass transfer rate becomes26

comparable, the rock would be dissolved preferentially by acid due to the heterogeneity of27

rock properties. As a result, the dominant wormhole pattern is formed. At an acid-injection28

rate higher than the dominant wormholing regime, the advection rate exceeds the diffusion29

rate, and the total mass transfer rate would be larger than the surface reaction rate. There is30

no sufficient time allowing the injected acid to react with the rock before being transported31

to the surrounding pores. As a result, the formed wormhole becomes more ramified and is32

called as the ramified wormhole. In an extreme case, if the acid is injected with a very high33

flow rate, it can reach almost all of the connected pores, which results in an uniform increase34

in porosity and consequently leading to the uniform dissolution pattern [5, 6, 7].35

The formation mechanism of different dissolution patterns during the reaction of HCl36

with carbonate has been verified by a large number of experiments [8, 9, 10, 11, 12, 13, 14,37
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15, 16, 17]. By measuring the acid volume required to increase the effective permeability of38

the core to a certain level, i.e., the breakthrough volume PVBT, these experimental studies39

revealed that the acid volume needed is minimal for the wormhole dissolution pattern.40

Thus, the injection rate at which the wormhole is formed is termed as the optimal injection41

rate, and the determination of its value is critical to the successful stimulation of carbonate42

reservoirs. Except for the experiments, the numerical simulation has become a powerful tool43

to replicate the dissolution process of HCl-carbonate and predict the optimum injection rate,44

and therefore, a large body of numerical studies have been performed [18, 19, 20, 21, 22, 23,45

24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39, 40]. Among these studies, the46

two-scale continuum (TSC) model developed by Panga et al. [41] is most widely-used due to47

its accurate prediction of the dissolution patterns and estimation of PVBT. By performing48

numerical simulations using the TSC model, the optimum injection rate can be obtained for49

a specified acid-rock system.50

However, HCl is not always workable in carbonate acidization treatment. For high-51

temperature reservoirs, the corrosiveness of HCl on the well tubular is usually severe and52

the reaction of HCl with carbonate rocks is rapid. Whereas the former can be relieved by53

adding corrosion inhibitor into the acid, the latter would cause most acid to react too close54

to the wellbore and unable to reach deeper into the formation as a consequence. [2, 42].55

To overcome this demerit, various acid systems have been introduced in different studies56

to increase the acid viscosity so that deeper penetration of acid can be achieved [3, 4, 43,57

44, 45, 46]. Gelled acid, which is obtained by adding the polymer into HCl solution, is a58

commonly-applied acid system to retard the acid reaction rate with rocks [47, 48, 49]. In59

the carbonate acidization treatment, the polymer will exert effects on the reaction of acid60

with rocks in several ways. For example, the viscosity of acid can be increased by adding61

polymers into the HCl, which will reduce the diffusion rate of H+ from the bulk solution to62

the rock surface. Additionally, the polymer molecules can be adsorbed on the rock surface63

to form a barrier that would slow down the acid reaction with rocks [43]. A large number64

of experimental studies have been conducted to investigate the performance of gelled acid65

in acidizing the carbonate matrix at high-temperature conditions [48, 49, 50]. From these66

studies, the retardation of the gelled acid on reaction rate has been well demonstrated.67

However, to the knowledge of the authors, the numerical modeling of wormhole propagation68

by the gelled acid is still in its infancy, and more efforts are needed. Ratnakar et al. [51]69

and Maheshwari et al. [52] presented a model for modeling the wormhole formation in70

carbonates with gelled acid. Nevertheless, only the non-Newtonian behavior of the gelled71
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acid were taken into account in their model. The effect of polymer transport, polymer72

adsorption, and temperature variation on acid viscosity are not included in their model. In73

addition, the rheological model used in their work has no lower bounds when predicting the74

viscosity of gelled acid, which may increase the numerical complexity when the shear rate is75

very high.76

This work aims to develop a reactive-transport model to numerically investigate the77

dissolution process of carbonate rocks with gelled acid. To this end, an experiment-based78

rheological model considering the influence of polymer concentration, shear-thinning behav-79

ior, and temperature variation on the in-situ viscosity of gelled acid, is developed first. Then80

a thermal-hydrologic-chemical coupled model proposed in our previous work [53] is applied81

and extended to describe the flow, transport, and reaction of the acid species as well as the82

heat transfer in the carbonate acidization treatment.83

The structure of this paper is organized as follows. We denote the Section 2 to intro-84

duce the mathematical model for the simulation of dissolution process of carbonate rocks85

with gelled acid. In particular, the rheological model that describes the variation of in-situ86

viscosity of gelled acid with consideration of the polymer concentration, temperature, and87

shear rate is presented in detail. In Section 3, the nondimensionalized procedure of proposed88

model is derived detailedly for the convenience of simulation and analysis. In Section 4, the89

numerical methods applied for solving the presented model is introduced. In Section 5, we90

compare the simulation results with the available experimental observations, to verify our91

work. In Section 6, numerical experiments are performed to reveal the effect of tempera-92

ture, polymer adsorption, and rheological behavior on the dissolution process. The main93

concluding remarks of the current study are reported in Section 7.94

2. Mathematical model95

2.1. Modeling of the in-situ viscosity of gelled acids96

Gelled acid is commonly obtained by adding a bit of polymer into the hydrochloric acid.97

When gelled acids are used for acidizing treatments, additives such as corrosion inhibitor,98

stabilizer, mutual solvent et al. are also needed according to the types of damage and99

formation conditions Economides et al. [1]. Generally, the viscosity of the gelled acid depends100

on the polymer concentration, temperature, and the shear rate. In this section, an empirical101

model is proposed to evaluate the in-situ viscosity of the gelled acid based on experimental102

observations. Because stabilizers are usually applied to prevent the polymer degradation103
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when the gelled acid is developed, the effect of acid degradation and temperature degradation104

on viscosity is ignored in the current work.105

2.1.1. Effect of polymer concentration106

It is well known that the acid viscosity will be increased due to the addition of polymer to107

the HCl. We define a concentration multiplier Pc to describe the dependence of the viscosity108

of gelled acid at the reference state, which is of the fixed temperature T0 and zero shear rate,109

on polymer concentration as [54]110

µzero(cp) = µHCl · Pc(cp) (1)

where µzero represents the gelled acid viscosity at temperature T0 with zero shear rate; µHCl111

is the viscosity of the pure HCl. Because a very small amount of polymer is added in the112

gelled acid, it is reasonable to take a linear dependence of µzero on polymer concentration113

cp as:114

Pc(cp) =

(
µ0

µHCl

− 1

)
cp
cp0

+ 1 (2)

where µ0 is the zero shear viscosity of the gelled acid with a polymer concentration cp0 and115

temperature T0. In this work, polymer concentration denotes the weight fraction of polymer116

in gelled acid solution and the acid concentration means the mole of H+ per mole of the117

gelled acid solution.118

2.1.2. Effect of non-Newtonian rheology119

Numerous experimental results show that gelled acids exhibit shear-thinning behavior120

[47, 52]. Fig. 1 shows an experimentally measured effective viscosity versus the variation of121

shear rate for gelled acids with different polymer concentrations [47]. It can be seen that122

in the logarithmic coordinate system, the viscosity of gelled acid decreases linearly with the123

increase of shear rate. Therefore, the variation of effective viscosity of the gelled acid can124

be depicted using the power-law model as shown below,125

µeff = Hγ̇n−1 (3)

where γ̇ represents the shear rate; H and n denote the consistency factor and flow behavior126

index, respectively, and their values can be determined by fitting the experimental data.127

It can be easily found that Eq. (3) is unable to predict the upper and lower boundaries128

of the viscosity when the shear rate approaches to zero or infinity, which will introduce129
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Figure 1: Experimental observations obtained by Nasr [47] showing the effect of shear rate on the viscosity

of gelled acid

some difficulties in the numerical calculation. Actually, the viscosity of the gelled acid130

approaches a Newtonian plateau when the shear rate is lower or higher than a certain value131

[55]. Fig. 2 shows a typical effective viscosity curve of polymer solution against the shear132

rate, and four regions namely zero shear region, transition region, power-law region, and133

infinite shear region can be observed. Maheshwari et al. [52] reported an experimentally134

measured rheogram for a polyacrylamide based gelled acid, as shown in Fig. 3. It can be135

seen that all regions except the infinite shear region are exhibited in Fig. 3. In order to136

capture the full rheological behavior of gelled acids, the Carreau model is adopted in this137

work to describe the change of effective viscosity of gelled acid with shear rate, which is138

given by [56]139

µeff = µ∞ +
µzero − µ∞[

1 +
(
γ̇
γ̇c

)2
] 1−n

2

(4)

where γ̇c represents the critical shear rate above which the fluid will exhibit a shear-thinning140

behavior, γ̇c =
(
µzero
H

) 1
n−1 ; n denotes the flow behavior index of the power-law region. µ∞141

represents the viscosity at infinite shear rate; The viscosity of the polymer solutions at142

infinite shear rate cannot be measured directly, but in most cases its value is only slightly143
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higher than the solvent viscosity [55]. Accordingly, we take µ∞ = µHCl in our simulation.144

It can be obviously seen from Eq. (4) that for n < 1, the Carreau model predicts145

shear thinning behavior, and when γ̇ approaches 0, µeff = µzero; when γ̇ approaches ∞,146

µeff = µ∞.147

Figure 2: The variation of effective viscosity with the shear rate in log-log coordinate system

It should be noted that µeff in Eq. (4) represents the bulk viscosity, which is usually148

measured using a rheometer. Because the flow condition of fluid in porous media is quite149

different from that in the rheometer, the rheological behavior of gelled acid in porous media150

is also different from that measured through the bulk flow. Theoretically, the in-situ viscosity151

of a non-Newtonian fluid in porous media, µapp, can be determined through Darcy’s law as152

µapp(v) = −K
v
∇P (5)

where K represents the effective permeability of porous media, v denotes the Darcy velocity.153

Due to the shear thinning/thickening behavior of the non-Newtonian fluid, µapp is a function154

of the Darcy velocity. Based on Eq. (5), the in-situ rheology of non-Newtonian fluid,155

i.e., the variation of µapp with v, can be obtained by conducting a core flood experiment.156

By comparing the in-situ rheograms with the bulk rheograms, it is found that the in-situ157

viscosity can be related to the bulk viscosity by defining an apparent shear rate in porous158
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Figure 3: Fitting the experimentally observed shear-thinning behavior of gelled acid [52] using the Carreau

model with parameters µzero = 62.2mPa · s, µ∞ = 1mPa · s, γ̇c = 12.99s−1, n = 0.68 for temperature at

100◦F (red line), and µzero = 41.8mPa · s, µ∞ = 1mPa · s, γ̇c = 13.39s−1, n = 0.7 for temperature at 150◦F

(blue line)

media as [57],159

γ̇app = α
v√
Kφ

(6)

Then the in-situ viscosity can be calculated through160

µapp(v) = µeff (γ̇app) = µeff

(
α

v√
Kφ

)
(7)

where α is a constant depending on the properties of the fluid and porous media. Extensive161

studies have been performed both analytically and experimentally to predict an accurate162

value of α. Skauge et al. [57] summarized several commonly used formulas for calculating163

α, in this study we adopt the one proposed by Cannella et al. [58]164

α = β

(
3n+ 1

4n

) n
n−1

(8)

The above expression is derived based on the effective medium theory, and the empirical165

correction factor β is for matching the experimental results. By taking the value of β as166

6, Cannella et al. [58] achieved a satisfactory match with all their experimental results.167
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Combining Eq. (4)∼(9), an expression for calculating the in-situ viscosity of gelled acid in168

porous media is proposed as fellows169

µapp = µHCl +
µzero − µHCl[

1 + 36 v2

Kφ

(
3n+1

4n

) 2n
n−1
(
µzero
H

) 2
1−n

] 1−n
2

(9)

2.1.3. Effect of temperature170

All the above discussions are carried out at a fixed temperature of T0. In order to171

consider the effect of temperature on the viscosity of gelled acid, a temperature multiplier172

G is defined to calculate the gelled acid viscosity at any temperature173

µapp(T ) = µT0app ·G(T ) (10)

A large number of scholars have explored the effect of temperature on the viscosity of174

gelled acid. Fig. 4 displays the measured viscosity of gelled acid with different polymer175

concentrations as a function of temperature [47]. It indicates the variation of apparent vis-176

cosity of the gelled acid with temperature can be approximated by an exponential function.177

Accordingly, we use an exponential function to define the temperature multiplier G as178

G(T ) = exp

(
−ξT − T0

T0

)
(11)

where ξ is a constant depending on the fluid property. From Fig. 4, it is obvious to see the179

value of ξ varies with the polymer concentration of polymer. Again, because only a very180

small amount of polymer is added in the gelled acid, a linear approximation can be used to181

describe the change of ξ with polymer concentration as follows182

ξ = ξ0 + bξ
cp
cp0

(12)

where cp0 is the reference concentration of the polymer, ξ0 and bξ are constants that can183

be obtained from experimental observations. For example, based on the experimental data184

in Fig. 4 and taking T0 = 298.15K as the reference temperature and cp0 = 2wt% as the185

reference concentration, the relation between ξ and polymer concentration reads186

ξ = 5.6− 2.54cp (13)

Finally, combining Eqs. (1), (9) and (10), a complete rheological model considering the187

coupling effects of polymer concentration, shear-thinning behavior and temperature can be188
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Figure 4: Experimentally measured viscosity of gelled acid with different polymer concentrations as a

function of temperature [47]

obtained as189

µsitu(cp, v, T ) =

{
µHCl +

cp(µ0 − µHCl)

cp0

[
1 +

36v2

Kφ

(
3n+ 1

4n

) 2n
n−1

H
2

n−1

·
(
µHCl +

cp(µ0 − µHCl)

cp0

) 2
1−n

]n−1
2

 · exp

(
−ξT − T0

T0

) (14)

2.2. Polymer adsorption model190

As mentioned previously, gelled acid is made by adding polymer into the hydrochloric191

acid. During the injection process, some polymer molecules will be adsorbed on pore sur-192

faces, which results in the decrease of polymer concentration in gelled acid. As analyzed193

by Bartell et al. [59], since the adsorption is an exothermic process, it would be reduced194

with the increase of temperature without the intervention of other factors. However, on the195

other hand, an increase in temperature will increase the chemical potential of the adsorbate196

with the same concentration, so the adsorption will increase with increasing temperature.197

As a result, the effect of temperature on polymer adsorption is usually neglected when the198

variation in temperature is not significant. Under this hypothesis, the polymer adsorption199
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can be numerically computed by the Langmuir adsorption isotherm as [60, 61]200

cpad = cmaxpad

bcp
1 + bcp

(15)

where cmaxpad is the saturated adsorption concentration (in kg/kg), i.e., the maximum mass of201

the polymer that can be adsorbed per unit rock mass; b represents the adsorption equilibrium202

constant, and its value is typically determined from experiments. Eq. (15) is a commonly203

used model in commercial simulators such as ECLIPSE, CMG, and UTCHEM [61].204

Another effect caused by the adsorption process is a reduction in the permeability of205

porous media. The effective permeability considering the effect of adsorption is [60]206

Ka =
K

RK

(16)

where RK is a permeability reduction factor that can be calculated as [60]207

RK = 1 + (RRF − 1)
cpad
cmaxpad

(17)

where RRF is the maximum reduction factor representing the permeability reduction factor208

when the maximum amount of polymer is adsorbed.209

2.3. Modeling of the reactive transport and heat transfer210

The thermal-hydrologic-chemical (T-H-C) coupled model proposed in our previous work211

[53] is adopted and extended in this study to describe the fluid flow, species transport,212

heat transfer, and rock porosity evolution occurred in the injection process of gelled acid213

into carbonate rocks. The extension of the original T-H-C coupled model is achieved by214

using equivalent Darcy’s law for non-Newtonian fluid, and including the effect of polymer215

transport, adsorption on fluid and rock properties. Readers of interest can refer to [53] for216

more details of the T-H-C coupled model, here we only give a brief description and extension217

of the model.218

Based on the rheological model ( Eq. (14)), the velocity of gelled acid in porous media219

can be calculated using the equivalent Darcy’s law as fellows,220

u = − Ka

µsitu
∇P (18)

where u represents the Darcy velocity tensor, P denotes the pressure. Ka and µsitu are given221

by Eq. (16) and (14), respectively.222
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The continuity equation of the fluid reads223

∂φ

∂t
+∇ · u = 0 (19)

where φ is the porosity of the rock, t is time. In Eq. (19), the compressibility of rock and224

fluid is neglected because their values are small enough compared to the porosity change225

caused by the dissolution reaction.226

When the acid is injected into the rock, the ionized hydrogen ions transport inside the227

pores media and react with the rock, while polymers transport in the pores and a part228

of polymer molecules are adsorbed on the pore walls. Applying the mass balance law to229

the specific species, the variation in concentration of hydrogen ions and polymer can be230

described respectively through:231

∂(φch)

∂t
+∇ · (uch) = ∇ · (φDe∇ch)−

kcks(T )avch
kc + ks(T )

(20)

and232

∂(φcp)

∂t
+

ρr
ρgel

∂ ((1− φ)cpad)

∂t
+∇ · (ucp) = ∇ · (φDep∇cp) (21)

where ch and cp respectively denotes cup-mixing concentrations of hydrogen ions and poly-233

mers; av represents the interfacial area available for reaction per unit rock volume; kc denotes234

the local transfer coefficient, which is defined based on the local concentration driving force;235

ks is the surface reaction rate constant, and it is a function of temperature T (in Kelvins);236

De and Dep are effective dispersion tensors for hydrogen ions and polymers, respectively; ρr237

and ρgel are densities of the rock and gelled acid. It should be mentioned that in Eq. (20)238

the reaction kinetic is approximated with a linear kinetic. In other words, the reaction rate239

between acid and rock obeys rs = kscs. This assumption is reasonable for the HCl-CaCO3240

reaction, but it is still adequate for the reaction between gelled acids and carbonates because241

the gelled acid is obtained by adding polymers into HCl [47, 52].242

The surface reaction rate constant ks at specified temperature T can be obtained via the243

Arrhenius equation as244

ks(T ) = ks0 exp

(
−Ea
R

(
1

T
− 1

T0

))
(22)

where Ea represents the activation energy, and its value can be determined experimentally;245

R denotes the universal gas constant; ks0 is the reaction rate constant at temperature T0.246

The heat transport equation can be derived from the energy conservation law shown247
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below248

∂

∂t

[(
φρgelĈgel + (1− φ)ρrĈr

)
T
]

+ ρgelĈgel∇ · (uT )

= ∇ · [(φΓgel + (1− φ)Γr) (∇T )] + (−∆Hr(T ))
kcks(T )avch
kc + ks(T )

(23)

where Ĉgel and Ĉr are specific heat capacities of the gelled acid and the rock, respectively; T249

is the temperature in Kelvins; Γgel and Γr are thermal conductivities of the gelled acid and250

the rock, respectively; ∆Hr(T ) is the reaction exothermic heat per mole of hydrogen ions251

consumed, which varies with temperature T . It should be noted that in Eq. (23) we have252

assumed the thermal equilibrium between the rock and fluid can be achieved instantaneously.253

The local reaction can increase rock porosity, and the evolution of porosity can be de-254

scribed by255

∂φ

∂t
=
kcks(T )αcavch
ρr(kc + ks(T ))

(24)

where αc represents the acid dissolving power, and it is defined as grams of dissolved solid256

per mole of consumed acid.257

2.4. Pore-scale model258

As discussed in our previous work [53], the T-H-C coupled model is an extension of the259

classic two-scale continuum model proposed by Panga et al. [41]. It includes a Darcy scale260

model and a pore-scale model. The model presented in previous subsection in this study is261

developed at the Darcy scale. To solve the Darcy scale model of Eqs. (18)∼(24), the involved262

physical-chemical parameters, such as the local permeability, the effective dispersion tensor,263

and the local mass-transfer coefficient, need to be evaluated. Since these parameters are264

pore-structure dependent, the structure-property relations are developed to relate the pore-265

scale properties to the Darcy scale quantities [41, 62, 53]. In this study, a fractal theory based266

formulation is adopted to describe the evolution of permeability, pore size, and interfacial267

surface area with porosity as follows [21]268

K

K0

=
(πDf )

1−DT
2 (8− 4Df )

1+DT
2 (3 +DT0 −Df0)

(πDf0)
1−DT0

2 (8− 4Df0)
1+DT0

2 (3 +DT −Df )

(
φ

1− φ

) 3+DT
2
(

φ0

1− φ0

)− 3+DT0
2

(25)

269

rp
r0

=

√
Kφ0

K0φ
(26)
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270

av
a0

=
φr0

φ0rp
(27)

with271

Df = dE −
lnφ

ln λmin

λmax

(28)

and272

DT = 1 +

ln

(
1− φ

2
+
√

1−φ
4

+
(φ+1+

√
1−φ)·
√

9−5φ−8
√

1−φ
8φ

)
ln

(
Df−1√
Df

λmax

λmin

√
1−φ
φ

π
8−4Df

) (29)

where the subscript 0 denotes the initial value of the corresponding parameter; Df and DT273

represent fractal dimensions for pore spaces and tortuosity, respectively; dE is the Euclidean274

dimension; λmin and λmax represent the smallest and the largest pore diameters, respectively,275

and λmin/λmax has the typical value of 0.01 as analyzed in [21].276

The dimensionless mass transfer coefficient Sh, as well as dispersion coefficients of the277

hydrogen ions in longitudinal and transverse directions are given by [62]278

Sh =
2kcrp
Dm

= Sh∞ + 0.7Re1/2
p Sc1/3 (30)

279

DeL = αosDm +
2λL|u|rp

φ
(31)

280

DeT = αosDm +
2λT |u|rp

φ
(32)

where rp is the pore radius; Sh∞ represents the asymptotic Sherwood number which accounts281

for the contribution from molecular diffusion, and it has typical values of 2.98, 2.5, and 3.66282

for pores with a square, triangular and circular cross-sections, respectively [41]. The value of283

Sh∞ is set as 3 in this work. Rep denotes the pore Reynolds number defined as Rep = 2urp/ν284

with ν is the kinematic viscosity; Sc represents the Schmidt number defined as Sc = ν/Dm,285

where Dm is the molecular diffusivity. |u| is the magnitude of the water-phase velocity. αos,286

λL, and λT are pore structure dependent constants, and they have typical values of 0.5, 0.5,287

and 0.1 for a spherical packed-bed, respectively. The dispersion coefficient for the polymer288

can also be expressed in a similar way, but the polymer diffusivity is smaller because of its289

high molecular weight.290

For the fluid flow with low Reynolds numbers, the molecular diffusion coefficient is related291

to the viscosity through the Stokes-Einstein relation as follows [52]292

µsituDm = constant (33)
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It should be noted that the Stokes-Einstein relation is not strictly accurate for gelled acid293

because it is not Newtonian fluid. However, for simplicity, the Stokes-Einstein relation is294

adopted here to estimate diffusivity. The analysis of diffusivity is a self-contained study and295

is outside the scope of this paper. For the discussion of the divergence from Stokes-Einstein296

relation, the interested reader can refer to [63, 64, 65, 66] for more detail.297

2.5. Initial and boundary conditions298

Considering a polygonal and bounded domain Ω ⊂ Rd(d = 2, 3), the following boundary299

conditions are adopted in this study that are similar to the conditions used in acidizing300

experiments, where the acid is injected into the rock with a constant flow rate from the301

inlet, and the pressure at the outlet is fixed. For fluid flow,302

u0 = − Ka

µsitu
∇P · n, on ∂Ωin (34)

303

P = Pe, on ∂Ωout (35)

It should be noted that Eq. (34) implies that the velocity along the inner perimeter304

is uniform, which is not consistent with the inlet boundary conditions in the experiment305

and field practice. In reality, specifying the boundary flux means that the inlet boundary’s306

total flux is constant. Because the rock is heterogeneous, if the constant-injection rate307

condition is imposed at the inlet boundary, the flux should be assigned according to the308

grid’s permeability at the inlet boundary. However, the local flow rate at the boundary grids309

is unknown before performing the numerical simulation. We have attempted to address this310

issue in our previous work [21] by adding a homogeneous porous medium with very high311

permeability to the injection end of the medium in question. After this extension, the312

injected acid flows into the extended medium at a constant velocity and then diverts into313

the primary model domain according to its local permeability. No apparent difference was314

noticed between the dissolution patterns obtained using the boundary condition with and315

without extension, except that the simulation time is slightly reduced when the medium is316

extended. So, we can conclude that as long as the total injection rate is constant, regardless317

of whether the velocity along the inlet end is uniform, it has almost no influence on the318

numerical simulation results. The injected acid will divert automatically into the region with319

the least resistance. This is why the constant velocity boundary conditions are generally320

used in acidizing studies [67, 62, 52, 23, 22, 19, 41, 30].321
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For hydrogen ions and polymer transport,322

(uch − φDe∇ch) · n = u0ch0, on ∂Ωin (36)

323

(ucp − φDep∇cp) · n = u0cp0, on ∂Ωin (37)

324

∇ch · n = 0, on ∂Ωout (38)

325

∇cp · n = 0, on ∂Ωout (39)

For heat transfer,326

T = Tf , on ∂Ωin (40)

327

∇T · n = 0, on ∂Ωout (41)

where u0 is the constant injection rate; ch0 and cp0 are the concentrations of the H+ and328

polymer at the inlet, respectively; Tf is the temperature of the injected acid; Pe represents329

the fixed pressure at the outlet boundary; n denotes the outward unit vector normal to a330

specified boundary. For the transverse boundaries, the no-flux conditions are imposed to331

restrict the fluid, solute, and heat in the domain for linear flow case as332

∇P · n = 0, ∇ch · n = 0, ∇cp · n = 0, ∇T · n = 0, on ∂Ωtran (42)

while for radial flow case, the periodic boundary conditions are imposed on the transverse333

boundaries for fluid flow, solutes transport, and heat transfer as334

P |θ=0 = P |θ=2π, ch|θ=0 = ch|θ=2π, cp|θ=0 = cp|θ=2π, T |θ=0 = T |θ=2π, on ∂Ωtran (43)

The initial conditions of solute concentration and rock temperature are given by335

ch = 0, cp = 0, T = Ts, at t = 0 (44)

where Ts is the initial temperature of the rock, and it may vary with space.336

The distribution of the initial porosity plays a vital role in the formation of wormholes.337

Since the heterogeneity in porosity field introduces instability at the dissolution front, when338

the ratio of reaction rate to mass transport rate varies, this instability will be amplified to339
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certain degrees and hence different dissolution patterns can be observed. In order to gen-340

erate a proper initial porosity field, many efforts have been made by the investigators and341

several practical approaches have been established [41, 22, 38, 21, 53]. Here, we adopt the342

method presented in [53] to generate the initial porosity field. According to this method, a343

permeability field with specific statistical distribution law should be generated firstly. It is344

generally recognized that permeabilities in most reservoirs exhibit a log-normal distribution.345

However, the permeability of the fractured reservoir may obey the power-law distribution346

[68]. Because in a fractured reservoir, if the fracture is well-connected, the overall per-347

meability will be governed by the fracture permeability, which is related to the fracture348

aperture. For reservoirs without or with few fractures, permeability can be related to poros-349

ity through the Carman-Kozeny equation, and exhibit a log-normal distribution. In the350

current work, we only focus on the acidization process in carbonate rocks without fractures.351

So, the log-normal distributed permeability field is generated for performing the T-H-C cou-352

pling simulation. The heterogeneity magnitude of the generated permeability field can be353

quantitatively expressed using the Dykstra-Parsons coefficient VDP , which is widely used in354

petroleum industry to measure the permeability variation. The correlation and anisotropy355

of the permeability field are achieved by using the moving average method and coordinate356

transformation, respectively. Once the correlated permeability field is obtained, the porosity357

field can be generated by solving the Carman-Kozeny equation. For more detailed proce-358

dures about the generation of a correlated porosity field, interested readers are referred to359

Liu et. al.[53].360
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3. Dimensionless model361

The non-dimensional form of the governing equations presented in Section 2 are obtained

by defining the following dimensionless parameters:

tD =
t

L/u0

, xiD =
xi
L
, U =

u

u0

, κa =
K

K0RK

, µeD =
µsitu
µHCl

, PD =
K0(P − Pe)
µnHClu0L

,

cD =
ch
ch0

, avD =
av
av0

, h2
T =

2ks(T0)r̄0

Dm0

, Da =
ks(T0)av0L

u0

, P eL =
u0L

Dm0

,

rpD =
rp
r̄0

, DmD =
Dm

Dm0

=
1

µeD
, η =

2r̄0

L
, cpD =

cp
cp0

, cpad,D =
ρrcpad
ρgelcp0

,

TD =
T

T0

, ρgel,D =
ρgel
ρr
, ρrD =

ρr
ρr

= 1, Ĉgel,D =
Ĉgel

Ĉr
, ĈrD = 1, AE =

Ea
RT0

,

P eH =
Lu0ρrĈr

φΓgel + (1− φ)Γr
, HD =

−∆Hreaca0

T0ρrĈr
, Nac =

αc0

ρs
.

where the subscript D represents the corresponding dimensionless variables; L is the charac-362

teristic length, which takes the value of the core length for linear flow and the core radius for363

radial flow; U is the dimensionless velocity; κa is the dimensionless effective permeability; η364

denotes the pore-to-domain scale ratio; AE represents the dimensionless activation energy;365

HD is the dimensionless exothermic heat of reaction; h2
T is the Thiele modulus defined on the366

pore scale, which is the ratio of reaction rate to the diffusive mass transfer rate; Da denotes367

the Damkohler number defined as the ratio of reaction rate to convective mass transport368

rate; PeL is the core scale Peclet number defined as the ratio of the convective transport369

rate to the diffusive transport rate; PeH is the heat transfer Peclet number defined as the370

ratio of heat transfer by convection of the fluid to thermal conduction; Nac represents the371

acid capacity number defined as the volume of dissolved solid per unit volume of consumed372

acid.373

The resultant dimensionless models are shown below:374

U = − κa
µeD
∇PD (45)

∂φ

∂tD
+∇ ·U = 0 (46)

∂(φcD)

∂tD
+∇ · (UcD) = ∇ · (DeD∇cD)−Daeff (TD) · cD (47)
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∂(φcpD)

∂tD
+
∂ ((1− φ)cpad,D)

∂tD
+∇ · (UcpD) = ∇ · (Dp

eD∇cpD) (48)

∂

∂tD

[(
φρgel,DĈgel,D + (1− φ)

)
· TD

]
+ ρgel,DĈgel,D∇ · (UTD)

= ∇ · ( 1

PeH
∇T ) +HD ·Daeff (TD) · cD

(49)

∂φ

∂tD
= Nac ·Daeff (TD) · cD (50)

with375

Daeff (TD) =
Sh ·Da · avD · exp

(
AE(1− 1

TD
)
)

Sh+ h2
T · rpD · µeD · exp

(
AE(1− 1

TD
)
) (51)

DL
eD =

φαos
µeDPeL

+ λL|U|rpD · η (52)

DT
eD =

φαos
µeDPeL

+ λT |U|rpD · η (53)

Based on the above dimensionless parameters, the initial and boundary conditions can376

be reformulated as377

− κa
µeD
∇PD · n = 1, on ∂Ωin (54)

cD −
(

φαos
µeDPeL

+ λX |U|rpD · η
)
∇cD · n = 1, on ∂Ωin (55)

378

cpD −
(

φαos
µeDPeL

+ λX |U|rpD · η
)
∇cpD · n = 1, on ∂Ωin (56)

379

TD = TfD, on ∂Ωin (57)

PD = 0, ∇cD · n = 0, ∇cpD · n = 0, ∇TD · n = 0 on ∂Ωout (58)

∇PD · n = 0, ∇cD · n = 0, ∇cpD · n = 0, ∇TD · n = 0 on ∂Ωtran for linear case (59)
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PD|θ=0 = PD|θ=2π, cD|θ=0 = cD|θ=2π, cpD|θ=0 = cpD|θ=2π,

TD|θ=0 = TD|θ=2π on ∂Ωtran for radial case (60)

cD = 0, cpD = 0, TD = TsD, at t = 0 (61)

4. Numerical methods380

The governing equations presented in Section 3 are non-linear equations coupled with381

each other, which can be solved either sequentially or globally implicitly. In this study, the382

sequential method is applied because it offers several attractive advantages, such as the sub-383

problems can be solved by different numerical techniques, and the size of the resulted discrete384

algebraic system is smaller compared with that involved in the global implicit method.385

[69, 70, 71, 72]386

According to the sequential method, the numerical procedures can be summarized as387

follows:388

• Step 1: Start with the solution at time t for H+ concentration, polymer concentration,389

temperature, porosity, and velocity fields, i.e., c
(n)
D , c

(n)
pD , T

(n)
D , φ(n), U(n), respectively,390

as the initial values.391

• Step 2: Solve the flow Eqs. (45) and (46) to obtain the Darcy velocity at time t+ ∆t,392

i.e., U(n+1).393

• Step 3: Calculate the species concentration, temperature, and porosity distribution at394

time t+∆t by substituting U(n+1) into the species and heat transport Eqs. (47)∼(49),395

and coupling with the dissolution equation Eq. (50). These resulting fields are denoted396

by c
(n+1)
D , c

(n+1)
pD , T

(n+1)
D , and φ(n+1), respectively.397

• Step 4: Update the pore-scale parameters with the obtained solution.398

• Step 5: Set the current time n+ 1 (i.e., t+ ∆t) to be n (i.e., t).399

• Step 6: Return to step 2 and repeat until the injected acid breaks through the rock.400

For the Newtonian fluid, since the viscosity is a constant, the effective permeability of the401

porous media can be measured by the pressure drop based on Darcy’s law. Therefore, the402

pressure drop is widely used to check if the injected acid breaks out [41, 19, 73, 74, 67, 38].403

However, for the non-Newtonian fluid, the viscosity varies with Darcy velocity, and thus404

the permeability cannot be determined simply through the pressure drop. Therefore, in this405
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study, the effective permeability in the flow direction is calculated using the dynamic method406

at each time step. Specifically, a simple flow problem is constructed by imposing Dirichlet407

boundary condition on the inlet and outlet boundaries, and no-flow boundary condition on408

other boundaries. After the pressure and velocity at each node in the domain were obtained,409

the effective permeability of the whole porous media can be calculated through410

Keff =

∫
Ω
u(x, y, z)dV∫

Ω
∇P (x, y, z)dV

(62)

In this work, we define the acid breakthrough as the increase in the effective permeability411

by a factor of 100.412

Because the in-situ viscosity of the gelled acid is a function of Darcy velocity, iteration is413

needed when solving the flow equations. At iteration step m, the following steps are carried414

out:415

• Step 1: Calculate the in-situ viscosity of gelled acid µ
(m)
eD by Eq. (14) with Darcy416

velocity obtained from iteration step m− 1, U(m−1).417

• Step 2: Update the Darcy velocity U(m) by solving Eqs. (45) and (46).418

• Step 3: Go back to step 1 and repeat until the convergence is reached.419

For the calculation of the species concentration and temperature distribution, the oper-420

ator splitting method is adopted to decouple the reactive-transport process. The steps for421

this calculation are as follows:422

• Step 1: Solve the following equations to obtain the acid and polymer concentrations423

as well as the temperature at t∗, which is the time when the transport process has424

completed, but the reaction has not started.425 

∂(φcD)

∂tD
+∇ · (UcD) = ∇ · (DeD∇cD)

∂(φcpD)

∂tD
+
∂ ((1− φ)cpad,D)

∂tD
+∇ · (UcpD) = ∇ · (Dp

eD∇cpD)

∂

∂tD

[(
φρgel,DĈgel,D + (1− φ)

)
· TD

]
+ ρgel,DĈgel,D∇ · (UTD)

= ∇ · ( 1

PeH
∇T )

∂φ

∂tD
= 0

(63)

– This step requires to solve three conservation equations with a common form.426

These equations have transient, diffusion, convection, and source terms, and are427

discretized using the finite volume method (FVM). Specifically, the diffusion term428
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is discretized via the second-order central difference scheme. To avoid the insta-429

bility issues and achieve the second-order accuracy in time, the transient term430

is discretized using the backward Euler scheme combined with an extrapolation431

technique, as discussed in Maheshwari et al. [62]. For the convection term, a high432

resolution bounded scheme named MINMOD [75, 53] is adopted in this study to433

guarantee the stability and accuracy of the simulation.434

• Step 2: Using the solutions at t∗ as the initial values, the effect of the reaction can be435

included by solving436 

∂

∂tD

(
φcD +

φ

Nac

)
= 0

∂

∂tD
(φcpD) = 0

∂

∂tD

[(
φρgel,DĈgel,D + (1− φ)

)
· TD −

HDφ

Nac

]
= 0

∂φ

∂tD
= Nac ·

Sh ·Da · avD · exp
(
AE(1− 1

TD
)
)
· cD

Sh+ h2
T · rpD · µeD · exp

(
AE(1− 1

TD
)
)

(64)

– Eq. (64) includes several coupled equations, but only transient term is involved.437

After discretizing Eq. (64) using the backward Euler approach, three nonlinear438

algebraic equations are obtained for each node in the domain. Solving these439

equations using the iterative method gives the acid concentration, temperature,440

and porosity values at t+ ∆t.441

The simulations reported in Section 6 are performed with 80 × 320 grid system (80442

cells in r direction and 320 cells in θ direction) for the 2D radial cases. The grid size is443

determined by analyzing the sensitivity of PVBT with respect to the grid size as described444

in [24]. Initially, a coarse grid system is used for conducting the numerical simulation, and445

the PVBT is calculated. Then, the grid is refined until the PVBT is insensitive to the change446

of grid size. Fig. 5 depicts the sensitivity of the PVBT and dissolution structure to the grid447

size. It can be seen that PVBT and the dissolution structure are insensitive to the change of448

grid size when the grid system is refined to 80× 320. Because the operator splitting method449

can produce a mass-balance error even though each sub-problem is solved correctly [53],450

the Courant–Friedrichs–Lewy (CFL) condition should be satisfied to minimize this error451

when determining the time step. In this work, the dynamic time step is used with the452

maximum value restricted by the CFL condition. To guarantee the stability and accuracy453
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of the simulation, the variation of φ between any two consecutive time steps is restricted to454

be no more than a specific tolerance ε. More concretely, we use the time step determined455

by the CFL condition as the initial time step, if the difference in φ of two consecutive time456

steps is less than ε, the current time step remains unchanged. Otherwise, the time step is457

reduced until it satisfies the stopping criterion.458

Figure 5: Sensitivity of the PVBT and dissolution structure to the grid size

5. Model testing459

For the numerical simulation of the the T-H-C coupled model, an in-house code was460

developed based on the numerical methods described above. The accuracy and robustness461

of the in-house code have been well validated in solving the reactive-transport problem462

under linear and radial conditions in our previous work, readers of interest can refer to463

[53] for more detail. To test the numerical model proposed in this work, a comparison464

of current simulation results with the available experimental data reported by Gomaa et465

al. [48] is carried out. In Gomaa’s acidizing experiment, both the HCl and gelled acid466

are injected into cylindrical cores of 15.2 cm in length and 3.8 cm in diameter at constant467

rate. We use our numerical model to replicate the experimental operating conditions. The468

simulation is performed on a 15×4×4 cm rectangular parallelepiped core. This rectangular469

parallelepiped domain is discretized with a 150× 40× 40 orthogonal grid, the size of which470

is selected based on grid sensitivity analysis as described in Section 4. For each step of the471
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calculation, the dynamic time step scheme is used with the upper bound set by the CFL472

condition. Because the initial porosity distribution of the core used in Gomaa’s experiment473

is not reported, we use the method given in Section 2.5 to generate a random initial porosity474

field for simulation. The arguments used in this case are: VDP = 0.7, lx = ly = lz = 0.2 cm.475

For other parameters that are not specified in the experiments, we evaluate their values via476

previous similar acidizing numerical studies [53] . The values of all parameters that used in477

our simulation study are listed in Table 1.478

Fig. 6 illustrates a comparison of simulated wormhole pattern for gelled acid and HCl479

with the experimental data of Gomaa et al. [48]. It can be seen that the formation of thinner480

wormhole for gelled acid compared with HCl, which has been verified by the experimental481

study by Gomaa et al. [48], is also predicted in our numerical simulation. However, wormhole482

patterns for both gelled acid and HCl obtained from our numerical simulations are highly483

branched and fractal in nature compared with the experimental observations. This can be484

attributed to the limitation of the resolution of CT scans used in visualizing experimental485

results, or to the differences in heterogeneity of porosity and mineralogy between the rock486

used in experiments as well as the porous medium generated for numerical simulations. As487

has been verified by Maheshwari et al. [62], wormhole patterns become highly branched and488

fractal in nature with the increase of heterogeneous in porosity magnitude.489

Figure 6: Comparison of simulation results with experiments [48] on wormhole pattern for HCl and gelled

acid
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6. Simulation results and analysis490

In this section, the simulation results of the proposed model are presented to analyze the491

sensitivity of the dissolution dynamic with respect to the temperature variation, polymer492

adsorption, and non-Newtonian behavior. Because we are only interested in the qualitative493

understanding of the effects of specific parameters on the acidizing process, the 2-D simula-494

tions are sufficient to provide this insight. Moreover, the simulation under 2-D conditions is495

more time-saving than that under 3-D conditions, and the visualization of the temperature496

and viscosity distributions in 2-D is more accessible than in 3-D. Therefore, a 2-D radial497

geometry is adopted in this study to perform the simulation and analyze the effect of various498

parameters. The parameters used in the simulation are shown in Table 1. All the values499

remained the same throughout the study, unless otherwise stated.500

Table 1: Parameters used in the simulation

Parameters Values

Core dimensions, re, rw 10cm, 1cm

Initial average porosity, φ0 0.27

Initial average permeability, K0 2md

Dykstra-Parsons coefficient, VDP 0.75

Correlation length, lx = ly 0.1 cm

Initial average pore radius, r̄0 1× 10−4cm

Initial interfacial area per unit volume of rock, av0 50cm−1

Viscosity of HCl, µHCl 1mPa · s
Acid diffusivity of HCl at T 0, DHCl

m 3.6× 10−5cm2/s

Density of the gelled acid, ρgel 1100kg/m3

Viscosity of gelled acid at zero shear rate, µzero 62.2mPa · s
Acid diffusivity of gelled acid at T 0, Dm0 5.8× 10−7cm2/s

Specific heat capacity of the gelled acid, Ĉgel 4130J/(kg ·K)

Thermal conductivity of the gelled acid, Γgel 0.6W/(cm ·K)

Rock density, ρs 2600kg/m3

Specific heat capacity of rock, Ĉr 879J/(kg ·K)

Thermal conductivity of rock, Γr 1.57W/(cm ·K)

Inlet acid concentration, ch0 0.65mol/L

Langmuir adsorption constant, b 1m3/kg
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Maximum adsorption, cmaxpad 8.4× 10−5kg/kg

Reaction rate constant, k0
s 0.2cm/s

Acid capacity number Nac 0.11

Activation energy, Ea 50241J/mol

Universal gas constant, R 8.314J/(mol ·K)

Temperature of the rock, Ts 343K

Temperature of the acid at the inlet, Tf 298K

Pressure at the exit, Pe 20MPa

501

6.1. Comparison with Newtonian acid502

The comparison of acidization curves and dissolution patterns obtained by injecting503

gelled acid and HCl (Newtonian acid) with different injection rates (expressed in dimension-504

less form, i.e., 1/Da) are depicted in Fig. 7 and Fig. 8, respectively. It can be clearly seen505

that the optimal injection rate at which the dominant wormhole forms for gelled acid is lower506

than that for HCl. For example, the dominant wormhole is observed when 1/Da = 10−4
507

for gelled acid (Fig. 8(B)(c)), while for HCl the conical wormhole is formed with same508

injection rate (Fig. 8(A)(c)), and the dominant wormhole forms at 1/Da = 10−3 for HCl509

(Fig. 8 (A)(d)), which is 10 times larger than that for gelled acid. The reason behind the510

discrepancy between the dissolution patterns at the same acid-injection rate relies on the511

differences in effective diffusivities of HCl and gelled acid. As analyzed by Maheshwari et al.512

[62], the wormhole dissolution occurs when the mass transfer rate contributed by dispersion513

is comparable with that by advection, and the overall mass transfer rate is not larger than514

the surface reaction rate. Because the dispersion coefficient of gelled acid is lower than515

that of HCl due to the high viscosity, the value of advection velocity needed to make the516

advection rate and dispersion rate comparable is also smaller for gelled acid compared with517

HCl. Therefore, the dominant wormhole forms at a lower injection rate for gelled acid than518

that for HCl. The low diffusivity of gelled acid is also responsible for the distinctions from519

the HCl regarding the injection rate and wormhole pattern. As can be seen from Fig. 8 row520

(a), when 1/Da = 10−6, the conical wormhole formed for gelled acid compared with face521

dissolution for HCl. However, this rule is broken when the injection rate is very high. With522

a very high injection rate, both the gelled acid and HCl form similar dissolution patterns,523

as shown in Fig. 8 row (f). This is because that when the injection rate is very high, the524

advection is dominant in transport mechanism for both gelled acid and HCl, and the total525
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mass transfer rate is larger than the surface reaction rate. Therefore, the overall reaction526

rate is controlled by the surface reaction rate, which is the same for gelled acid and HCl. In527

this case, the effect of the difference in diffusivities of gelled acid and HCl is negligible. As528

a result, both the gelled acid and HCl lead to the formation of similar dissolution patterns529

with the same injection rate. The difference in PVBT and the optimal injection rate between530

the gelled acid and HCl can be seen more clearly from Fig. 7.531

Figure 7: Comparison of acidization curves for HCl and gelled acid

In addition, it is obvious to see from Fig. 7 that the acid-injection rate corresponding532

to the optimal dissolution regime for gelled acid has a much wider range compared with533

that for HCl. For example, PVBT is almost insensitive to the variation of acid-injection rate534

when 1/Da increases from 2.2×10−4 to 0.01 for gelled acid, whereas the PVBT changes from535

16.96 to 5.25 for HCl in the same range of injection rate. The reason for this phenomenon is536

mainly due to that the effective diffusivity for gelled acid is not constant. According to Eqs.537

(14) and (33), the diffusivity of gelled acid will increase with the increase of Darcy velocity.538

As discussed previously, the contributions of dispersion and advection to the mass transfer539

rate are comparable when the wormhole is formed. For the gelled acid, with the increase of540

injection rate, the shear rate will increase which would lead to a decrease in viscosity and541

consequently an increase in dispersion (Eq. (33)). It makes the contribution of advection and542

dispersion to mass transfer rate always comparable. As a result, the wormhole dissolution543

pattern keeps forming with the increase of injection rate until the total mass transfer rate544

is greater than the surface reaction rate.545

It can also be observed from Fig. 7 that the breakthrough volume at the optimal injection546
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Figure 8: Comparison of wormhole patterns for HCl and gelled acid. The corresponding injection rates are:

(a) 1/Da = 10−6, (b) 1/Da = 10−5, (c) 1/Da = 10−4, (d) 1/Da = 10−3, (e) 1/Da = 10−2, (f) 1/Da = 0.1.

rate for gelled acid is lower than that for HCl. The reason for the low PVBT for gelled acid is547

that the wormhole formed by injecting gelled acid (Fig. 8 (B)(d)) is much thinner compared548

with HCl (Fig. 8 (A)(d)). Fig. 9 illustrates the viscosity distribution of gelled acid when549

the wormhole is formed. It can be clearly seen that due to the shear thinning behavior,550

the viscosity of gelled acid near the wormhole wall is higher than that inside the wormhole551

because most of the injected acid flows through the main channel of wormholes. As a552

result, acid near the wormhole wall will provide extra resistance to leak off in the transverse553

direction, which leads to the formation of thinner wormholes for gelled acid. Accordingly,554

PVBT at the optimal injection rate for gelled acid (PV opt
BT = 3.3) is lower compared with555

HCl (PV opt
BT = 5.1) because the acid is consumed in the dissolution reaction of wormhole556

formation.557
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Figure 9: Viscosity (in mPa·s) distributions of gelled acid at the time of tD = 2 for various optimal injection

rate: (a) 1/Da = 4.6× 10−4, (b) 1/Da = 1× 10−3, (c) 1/Da = 2.2× 10−3, (d) 1/Da = 4.6× 10−3.

6.2. Effect of temperature558

Generally, in carbonate acidizing treatments, the temperature of the injected acid is559

lower than the formation temperature. As acid is injected into the wellbore, the tempera-560

ture of it increases with depth due to the geothermal gradient. Kalia et al. [27] reported561

a bottom hole temperature monitoring curve during a practical acidization treatment of562

carbonate reservoir and observed that the temperature at the formation depth stabilized563

in a small range. It means that the temperature of the acid is approximately the same as564

that of the formation when the acid is pushed into the formation from the wellbore. On the565

other hand, the temperature data from well shut-in and flow back after the acid injection566

showed that the measured temperature in the wellbore is higher than the initial bottom-hole567

temperature [27]. Obviously, the temperature increase is a result of the exothermic heat of568
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reaction. Accordingly, the effect of reaction temperature and reaction exotherm on the dis-569

solution dynamic is analyzed in this subsection to highlight the understanding of the role of570

temperature in gelled acid acidization treatment.571

6.2.1. Effect of reaction temperature572

As discussed above, when the injected acid arrives at the formation, the temperature of573

acid is almost the same as the formation temperature. Therefore, the reaction temperature,574

defined as the temperature at which acid reacts with the rock, depends mainly on the575

temperature of the formation. Here, we investigate the effect of reaction temperature on the576

dissolution dynamic by simulating acid injection at the same temperature as the formation.577

Three cases with Tf = Ts = 298K, 323K, and 353K are performed. It should be noted that,578

although the temperature of the injected acid and rock are the same, the energy balance579

equation is still needed to simulate the generation and conduction of the exothermic heat of580

reaction.581

The simulation results of PVBT are plotted against 1/Da in Fig. 10. It can be seen582

that PVBT of the three cases are almost the same in the interval of the optimal injection583

rate (from 1/Da = 2.2 × 10−4 to 1/Da = 0.01). However, at low injection rates where the584

conical wormhole is formed (from 1/Da = 10−6 to 1/Da = 10−4), PVBT increases with the585

increase of reaction temperature. On the contrary, when the injection rate exceeds a certain586

value, for example 1/Da > 0.01 in this case, PVBT decreases with the increase of reaction587

temperature. The difference in PVBT can be accounted for by the governing mechanism of588

dissolution patterns. When the injection rate is low, the reaction process is controlled by the589

mass transfer rate. The increase in temperature causes an increase in diffusivity, resulting590

in more acid is transported to surrounding pores before being consumed. As a result, the591

diameter of the dissolved channels obtained at high-temperature conditions is larger than592

that in the low-temperature case, which leads to a high PVBT value for the high-temperature593

case. This can be verified through the comparison of dissolution structures, as displayed in594

Fig. 11 row (a). On the other side, when the injection rate is high, the mass transfer rate595

is higher than the reaction rate, and the overall reaction rate is controlled by the surface596

reaction rate. As the reaction rate increases with the temperature increasing, more acid is597

consumed before penetrating further, which retards the formation of the ramified wormholes598

as can be seen in Fig. 11 row (d) and (e). Fig. 11 row (e) shows the dissolution patterns599

with the injection rate of 1/Da = 1. It can be seen that the branchiness of the generated600

wormhole decreases with the increase of temperature.601
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Figure 10: Effect of reaction temperature on acidization curve.

6.2.2. Effect of the reaction exotherm602

The effect of exothermic heat is investigated by considering and ignoring the heat trans-603

port equation in the model. The former is referred as the non-isothermal case because the604

heat generation and conduction are considered, while the latter is referred to as the isother-605

mal case. For these two cases, the initial temperatures of both the acid and formation are606

specified to equal to the reference temperature, i.e., Tf = Ts = 298K. The comparison of607

the acidization curves is shown in Fig. 12. It can be seen that similar trends in PVBT are608

exhibited in Fig. 12 compared with Fig. 10 except that the magnitude of the decrease and609

increase in PVBT is small in Fig. 12. This is because the reaction exothermic heat has a610

slight effect on the temperature. The temperature distributions for the non-isothermal case611

at the early time and the breakthrough time are shown in Fig. 13. It can be observed that612

the exothermic heat is released at the dissolution front and is flushed into the formation.613

When the acid breaks through the rock, although the dissolved channels are cooled down614

by the subsequent acid, the temperature in undissolved regions is still higher than its initial615

temperature. As a result, the influence of reaction exotherm on the acidization process is616

analogous to that of the reaction temperature increasing.617

6.3. Effect of the adsorption618

Figure 14 shows the comparison of acidization curves obtained by considering and ignor-619

ing the effect of polymer adsorption. No apparent difference is noticed between these two620

breakthrough curves. It indicates that the effect of polymer adsorption can be ignored in621

the simulation of carbonate acidizing process with gelled acid.622
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Figure 11: Dissolution patterns shown in porosity distribution for different reaction temperature: (A)Tf =

Ts = 298K, (B) Tf = Ts = 323K, (C) Tf = Ts = 353K . The injection rates for different rows are: (a)

1/Da = 3.2× 10−6, (b) 1/Da = 10−4, (c) 1/Da = 0.01, (d) 1/Da = 0.1, (e) 1/Da = 1.
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Figure 12: Effect of the reaction exotherm on acidization curves

6.4. Effect of the non-Newtonian behavior623

The non-Newtonian behavior of the gelled acid depends on the composition of the acid624

such as the types and quantities of added polymers, the salts present [52]. According to625

Eq. (9), the non-Newtonian behavior is mainly described through the power-law index n626

and the viscosity at zero shear rate µzero. Here, the sensitivity of these parameters on the627

dissolution process is analyzed.628

6.4.1. Power-law index n629

Four simulation cases with values of n = 0.1, 0.3, 0.5, 0.7 are performed. The effect630

of the power-law index on the acidization curve is shown in Fig. 15. It is interesting to631

note that a minimum in PVBT is observed at 1/Da = 10−5 for cases with n = 0.1 and632

n = 0.3. Although the pore volume of acid for breakthrough is the smallest when acid is633

injected at this rate, it is not the optimal rate because the high-permeable channels formed634

in this situation do not improve the formation sufficiently. Fig. 16 displays the dissolution635

patterns for different n values at different injection rates. It can be seen from Fig. 16 (A)(b)636

and (B)(b) that when the injection rate has the value of 1/Da = 10−5, only one conical637

wormhole is observed when acid breaks through for gelled acid with n = 0.1 and n = 0.3 as638

the power-law index. The reason for the formation of only one leading conical wormhole is639

the heterogeneity caused by the in-situ viscosity. Fig.17 plots the variations of the viscosity640

as a function of shear rate for different n values. It can be seen that the smaller the value641

of n, the more sensitive the viscosity is to the change of the shear rate. Because the rock642

is heterogeneous in natural and the injected acid preferentially flows into high-permeable643
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Figure 13: Temperature (in Kelvins) distributions at (A) tD = 0.5 and (B) breakthrough time for various

injection rate: (a) 1/Da = 5× 10−3, (b) 1/Da = 0.01, (c) 1/Da = 0.1, (d) 1/Da = 1
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Figure 14: Effect of the polymer adsorption on acidization curves

regions, the shear rate in these regions is higher than that in low-permeable regions. For644

the gelled acid having a lower power-law index, a slight increase in shear rate can lead to a645

sharp decrease in viscosity. As a result, the in-situ viscosity in the high-permeable region is646

smaller compared with low-permeable regions, which in turn makes more injected acid flow647

into the high-permeable region. Initially, several highly conductive flow channels are formed648

at the acid injection face. Once a dominant channel is formed due to the dual-heterogeneity649

of permeability and viscosity, it draws essentially all the injected acid, and the propagation650

of others are stopped. The distributions of the in-situ viscosity of the gelled acids with 0.1651

and 0.7 as the power-law index and 1/Da = 10−5 as the injection rate are compared at652

different injection time in Fig. 18. It can be observed from Fig. 18 that the heterogeneity653

of the viscosity in the undissolved regions is higher for the gelled acid with the power-law654

index of 0.1 compared with the gelled acid with the power-law index of 0.7. Because acid is655

consumed on dissolving rocks, smaller areas of dissolution mean less acid is needed and hence656

a minimum in PVBT is observed for acid with a lower power-law index. In most cases, the657

main purpose of injecting acid into a carbonate reservoir is to ensure that all reservoir zones658

are sufficiently treated, not limited to the creation of a channel to bypass the near-wellbore659

damage. Accordingly, in the design of the acidization operation, if the injected gelled acid660

has a low power-law index, a wide range of injection rates should be checked in acid flooding661

experiment to avoid getting a fake optimal injection rate. However, it should be pointed662

out that if we only want to channel through the damaged area near the wellbore, obtaining663

breakthrough with minimum acid volume is advisable for us.664
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Figure 15: Effect of power-law index n on acidization curves

It is also interesting to note that the relative magnitude of the PVBT for different n values665

varies with the injection rate. More specifically, at low injection rate, PVBT increases with666

the increase of n value, while at intermediate injection rate, PVBT is slightly lower for the667

acid with a larger power-law index compared to acids with a smaller power-law index. As the668

injection rate increases further, when 1/Da > 0.1, PVBT are almost the same for acid with669

a different power-law index. The reason behind these trends is that the effective viscosity670

increases and the effective diffusivity decreases with the decrease of the power-law index.671

At low injection rate, the dispersion provides the main contribution to the mass transfer,672

and the reaction is controlled by the mass transfer rate because its value is smaller than the673

surface reaction rate. At an intermediate injection rate, the magnitude of the dispersion rate674

is comparable with the advection, resulting in wormhole dissolution. For acid with higher675

power-law index, the viscosity of gelled acid near the wormhole wall is higher than acid with676

a lower power-law index. As a result, the acid near the wormhole wall will provide extra677

resistance to leak-off in the transverse direction, which results in the formation of thinner678

wormholes and consequently lower PVBT. At very high injection rate, the overall reaction679

rate is controlled by the surface reaction rate. Because the surface reaction rates for acid680

with different power-law index are the same in our simulation, no distinction in PVBT is681

observed in this case. As mentioned before, the aim of the acidization treatment is to inject682

acid at an optimal rate to form wormhole dissolution. From this point of view, gelled acids683

with high power-law index are more economic than that with low power-law index because684

less amount of acid is needed for the former when improving the formation to a certain level.685

However, if the power-law index is closer to 1, the characteristic exhibited in the acidiza-686
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Figure 16: Effect of power-law index n on dissolution patterns: (A) n = 0.1, (B) n = 0.3, (C) n = 0.5, (D)

n = 0.7. The injection rates for different rows are: (a) 1/Da = 10−6, (b) 1/Da = 10−5, (c) 1/Da = 10−4,

(d) 1/Da = 10−3, (e) 1/Da = 1.
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Figure 17: Variation of viscosity as a function of shear rate with different power-law index n

Figure 18: Comparison of the viscosity (in mPa·s) distribution for gelled acid with (A) n = 0.1 and (B)

n = 0.7 at different injection time: (a) tD = 0.5, (b) tD = 1.5, (c) tD = 2.5.

38



tion curves of gelled acid, i.e., the existence of an interval of optimum injection rate will687

disappear. Fig. 19 shows the acidization curve calculated by injecting gelled acid with688

n = 0.9. It can be seen that the shape of the acidization curve is similar to that obtained689

by injecting HCl. This is because when the value of n is close to 1, the apparent viscosity690

becomes less sensitive to the change of shear rate as can be seen in Fig. 17. For the extreme691

case, when n = 1, the viscosity of the gelled acid does not change with the shear rate. In692

this case, the only difference between gelled acid and HCl is in the viscosity of each, and693

the gelled acid will follow the Newtonian behaviors. From this point of view, a very high694

power-law index is not a preferable choice because the optimal injection rate is limited to a695

fixed value, which is difficult to be determined accurately.696

Figure 19: Acidization curve for power-law index n = 0.9

6.4.2. Viscosity at zero shear rate µzero697

Here, we analyze the effect of µzero on the optimal injection rate and pore volume required698

for the breakthrough. Three cases with µzero = 100, 200, and 450 are simulated. During the699

simulation study, all other parameters are fixed, which allows us to focus on the influence700

of µzero, without any complications from other changes to the rheological behavior. The701

variation of the in-situ viscosity with the shear rate for these specified µzero are plotted in702

Fig. 20. The effect of µzero on the breakthrough curve is shown in Fig. 21. It can be703

seen that the acidization curve shifts toward the lower injection rate direction as increasing704

µzero. As discussed in the preceding subsection, the wormhole dissolution occurs when705

the dispersion rate is comparable with the advection rate. Because the dispersion rate706
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is inversely proportional to the viscosity according to Eq. (33) and the advection rate is707

proportional to the injection rate, the minimum injection rate for forming the wormhole708

dissolution decreases with the increase of viscosity. Therefore, the gelled acid with a high709

viscosity is more effective than that with a low viscosity when injected at a low rate.710

Figure 20: Variation of viscosity as a function of shear rate with different µzero

Figure 21: Effect of µzero on acidization curves
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7. Conclusion711

The main contribution of this work is the development of a thermal-hydrologic-chemical712

coupled model that can simulate the dissolution process of carbonate acidizing with gelled713

acids. In particular, an experiment-based rheological model considering the effect of polymer714

concentration, shear-thinning behavior, and temperature variation on the in-situ viscosity715

of gelled acid is developed. A comparison between the acidization process with gelled acid716

and HCl is performed. A sensitivity analysis of the dissolution dynamic with respect to717

the temperature variation, polymer adsorption, and non-Newtonian behavior of the injected718

acid is also carried out. Based on the numerical simulations, the following conclusions are719

summarized:720

• By comparing the dissolution dynamic using gelled acid and HCl, it is observed that the721

optimal injection rate at which the dominant wormhole forms for gelled acid is lower722

than that for HCl. The acid-injection rate corresponding to the optimal dissolution723

regime for gelled acid has a much wider range compared with that for HCl. The724

breakthrough volume at the optimal injection rate for gelled acid is lower than that725

for HCl.726

• The effect of reaction temperature and reaction exotherm on the dissolution process727

of injecting gelled acid has been investigated, and it is found that the relative mag-728

nitude of the PVBT for different reaction temperature varies with the injection rate.729

At low injection rates where the conical wormhole is formed, PVBT increases with the730

increase of reaction temperature. At intermediate injection rates, the acid volumes731

needed for forming the wormhole dissolution are almost the same for different temper-732

ature conditions. At high injection rates that correspond to the formation of ramified733

wormhole or uniform dissolution, PVBT decreases with the increase of reaction tem-734

perature. The influence of reaction exotherm on acidization process is analogous to735

that of the reaction temperature increasing.736

• No apparent difference is observed in acidization curves whether considering the poly-737

mer adsorption or not. It indicates that the effect of polymer adsorption can be ignored738

in the simulation of carbonate acidizing process with gelled acid.739

• The effect of non-Newtonian behavior of the gelled acid on the dissolution process740

is studied. A minimum breakthrough volume is observed in the acidization curves741

for gelled acid with a low power-law index. Although the pore volume of acid for742

breakthrough is the smallest when acid is injected at this rate, it is not the optimal743

rate because the high-permeable channels formed in this situation do not improve the744
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formation sufficiently. The relative magnitude of the PVBT for different n values varies745

with the injection rate. At low injection rate, PVBT increases with the increase of n746

value, while at intermediate injection rate, PVBT is slightly lower for the acid with747

a larger power-law index compared with acids with a smaller power-law index. At748

high injection rate, PVBT are almost same for acid having a different power-law index.749

With the increase of the viscosity at zero shear rate µzero, the acidization curve shifts750

toward the lower injection rate direction.751

Wormhole formation is a very complex phenomenon, which requires the consideration of752

many physical and chemical interactions. Except for the aspects considered in the current753

work, many other interactions also have a significant influence on the wormhole formation754

and acidization process. A typical aspect that is not considered in this work is the inter-755

actions between the injected acid fluid and reservoir fluid. The injected acid may interact756

with the fluids that originally existed in the formation, which results in changes in phase757

saturation distribution, wettability as well as the relative permeability, and consequentially758

affects the dissolution process. Therefore, the current model can be improved by including759

the effect of multi-phase flow. In addition, the existence of the stress in actual reservoirs760

may cause the collapse of the developed wormholes. Therefore, more realistic modeling of761

the dissolution dynamic in carbonate acidization requires coupling the T-H-C process with762

mechanical compaction in the model. Some of these further investigations will be pursued763

in our future work.764

Acknowledgments765

The authors gratefully acknowledge the support from the National Natural Science Foun-766

dation of China (No. 51804325, 51904031), the China Postdoctoral Science Foundation (No.767

2019M652508), and the National Natural Science Foundation of China (No. 51874262).768

References769

[1] M. J. Economides, K. G. Nolte, et al., Reservoir stimulation, volume 2, Prentice Hall Englewood Cliffs,770

NJ, 1989.771

[2] F. F. Chang, H. A. Nasr-El-Din, T. Lindvig, X. Qui, et al., Matrix acidizing of carbonate reservoirs772

using organic acids and mixture of hcl and organic acids, in: SPE Annual Technical Conference and773

Exhibition, Society of Petroleum Engineers, pp. 1–9.774

[3] H. Nasr-El-Din, S. Al-Mutairi, M. Al-Jari, A. Metcalf, W. Walters, et al., Stimulation of a deep sour775

gas reservoir using gelled acid, in: SPE Gas Technology Symposium, Society of Petroleum Engineers,776

pp. 1–14.777

42



[4] R. Navarrete, B. Holms, S. McConnell, D. Linton, et al., Laboratory, theoretical, and field studies of778

emulsified acid treatments in high-temperature carbonate formations, SPE Production & Facilities 15779

(2000) 96–106.780

[5] L. Chen, Q. Kang, H. S. Viswanathan, W.-Q. Tao, Pore-scale study of dissolution-induced changes in781

hydrologic properties of rocks with binary minerals, Water resources research 50 (2014) 9343–9365.782

[6] L. Chen, Q. Kang, B. Carey, W.-Q. Tao, Pore-scale study of diffusion–reaction processes involving783

dissolution and precipitation using the lattice boltzmann method, International Journal of Heat and784

Mass Transfer 75 (2014) 483–496.785

[7] L. Chen, Q. Kang, Q. Tang, B. A. Robinson, Y.-L. He, W.-Q. Tao, Pore-scale simulation of multicom-786

ponent multiphase reactive transport with dissolution and precipitation, International Journal of Heat787

and Mass Transfer 85 (2015) 935–949.788

[8] G. Daccord, Chemical dissolution of a porous medium by a reactive fluid, Physical review letters 58789

(1987) 479.790

[9] F. Golfier, C. ZARCONE, B. Bazin, R. Lenormand, D. Lasseux, M. QUINTARD, On the ability of a791

darcy-scale model to capture wormhole formation during the dissolution of a porous medium, Journal792

of fluid Mechanics 457 (2002) 213–254.793

[10] P. B. Kelemen, J. Whitehead, E. Aharonov, K. A. Jordahl, Experiments on flow focusing in soluble794

porous media, with applications to melt extraction from the mantle, Journal of Geophysical Research:795

Solid Earth 100 (1995) 475–496.796

[11] S. Siddiqui, H. A. Nasr-El-Din, A. A. Khamees, Wormhole initiation and propagation of emulsified797

acid in carbonate cores using computerized tomography, Journal of Petroleum Science and Engineering798

54 (2006) 93–111.799

[12] A. Machado, T. Oliveira, F. Cruz, R. Lopes, I. Lima, X-ray microtomography of hydrochloric acid800

propagation in carbonate rocks, Applied Radiation and Isotopes 96 (2015) 129–134.801

[13] A. Machado, R. Lopes, I. Lima, T. Oliveira, F. Bittencourt, 3d wormhole visualization after carbonate802

matrix acidizing with edta, in: 13th International Congress of the Brazilian Geophysical Society &803

EXPOGEF, Rio de Janeiro, Brazil, 26–29 August 2013, Society of Exploration Geophysicists and804

Brazilian Geophysical Society, 2013, pp. 1159–1160.805

[14] T. Frick, B. Mostofizadeh, M. Economides, Analysis of radial core experiments for hydrochloric acid806

interaction with limestones, in: SPE Formation Damage Control Symposium, Society of Petroleum807

Engineers, 1994, pp. 577–592.808

[15] K. Dong, X. Jin, D. Zhu, A. Hill, The effect of core dimensions on the optimal acid flux in carbonate809

acidizing, in: SPE International Symposium and Exhibition on Formation Damage Control, Society of810

Petroleum Engineers, 2014, pp. 1–10.811

[16] C. Karale, A. Beuterbaugh, M. Pinto, G. Hipparge, A. Prakash, Hp/ht carbonate acidizing—recent812

discoveries and contradictions in wormhole phenomenon, in: Offshore Technology Conference Asia,813

Offshore Technology Conference, 2016, pp. 1–23.814

[17] H. Cheng, D. Zhu, A. Hill, The effect of evolved co 2 on wormhole propagation in carbonate acidizing,815

in: SPE International Conference and Exhibition on Formation Damage Control, Society of Petroleum816

Engineers, 2017, pp. 1–12.817

[18] G. Daccord, E. Touboul, R. Lenormand, Carbonate acidizing: toward a quantitative model of the818

43



wormholing phenomenon, SPE production engineering 4 (1989) 63–68.819

[19] N. Kalia, V. Balakotaiah, Modeling and analysis of wormhole formation in reactive dissolution of820

carbonate rocks, Chemical Engineering Science 62 (2007) 919–928.821

[20] C. E. Cohen, D. Ding, M. Quintard, B. Bazin, From pore scale to wellbore scale: Impact of geometry822

on wormhole growth in carbonate acidization, Chemical Engineering Science 63 (2008) 3088–3099.823

[21] P. Liu, J. Yao, G. D. Couples, J. Ma, O. Iliev, 3-d modelling and experimental comparison of reactive824

flow in carbonates under radial flow conditions, Scientific Reports 7 (2017) 17711.825

[22] M. Liu, S. Zhang, J. Mou, Effect of normally distributed porosities on dissolution pattern in carbonate826

acidizing, Journal of Petroleum Science and Engineering 94 (2012) 28–39.827

[23] R. R. Ratnakar, N. Kalia, V. Balakotaiah, Modeling, analysis and simulation of wormhole formation828

in carbonate rocks with in situ cross-linked acids, Chemical Engineering Science 90 (2013) 179–199.829

[24] P. Liu, J. Yao, G. D. Couples, Z. Huang, H. Sun, J. Ma, Numerical modelling and analysis of reactive830

flow and wormhole formation in fractured carbonate rocks, Chemical Engineering Science 172 (2017)831

143–157.832

[25] P. Liu, J. Yao, G. D. Couples, J. Ma, Z. Huang, H. Sun, Modelling and simulation of wormhole formation833

during acidization of fractured carbonate rocks, Journal of Petroleum Science and Engineering 154834

(2017) 284–301.835

[26] N. Kalia, G. Glasbergen, Wormhole formation in carbonates under varying temperature conditions, in:836

European Formation Damage Conference, Society of Petroleum Engineers, 2009, pp. 1–19.837

[27] N. Kalia, G. Glasbergen, Fluid temperature as a design parameter in carbonate matrix acidizing, in:838

SPE Production and Operations Conference and Exhibition, Society of Petroleum Engineers, 2009, pp.839

1–21.840

[28] Y. Li, Y. Liao, J. Zhao, Y. Peng, X. Pu, Simulation and analysis of wormhole formation in carbonate841

rocks considering heat transmission process, Journal of Natural Gas Science and Engineering 42 (2017)842

120–132.843

[29] Y. Li, Q. Deng, J. Zhao, Y. Liao, Y. Jiang, Simulation and analysis of matrix stimulation by diverting844

acid system considering temperature field, Journal of Petroleum Science and Engineering 170 (2018)845

932–944.846

[30] W. Wei, A. Varavei, K. Sepehrnoori, et al., Modeling and analysis on the effect of two-phase flow on847

wormhole propagation in carbonate acidizing, SPE Journal 22 (2017) 2067–2083.848

[31] A. Mahmoodi, A. Javadi, B. S. Sola, Porous media acidizing simulation: New two-phase two-scale849

continuum modeling approach, Journal of Petroleum Science and Engineering 166 (2018) 679–692.850

[32] M. Babaei, M. Sedighi, Impact of phase saturation on wormhole formation in rock matrix acidizing,851

Chemical Engineering Science 177 (2018) 39–52.852

[33] Y. Wu, A. Salama, S. Sun, Parallel simulation of wormhole propagation with the darcy–brinkman–853

forchheimer framework, Computers and Geotechnics 69 (2015) 564–577.854

[34] T. Yuan, Y. Ning, G. Qin, Numerical modeling and simulation of coupled processes of mineral dissolu-855

tion and fluid flow in fractured carbonate formations, Transport in Porous Media 114 (2016) 747–775.856

[35] P. Liu, G. D. Couples, J. Yao, Z. Huang, W. Song, J. Ma, A general method for simulating reactive857

dissolution in carbonate rocks with arbitrary geometry, Computational Geosciences (2018) 1–15.858

[36] A. Bastami, P. Pourafshary, Development of a new model for carbonate matrix acidizing to consider859

44



the effects of spent acid, Journal of Energy Resources Technology 138 (2016) 052905.860

[37] A. Safari, M. M. Dowlatabad, A. Hassani, F. Rashidi, Numerical simulation and x-ray imaging valida-861

tion of wormhole propagation during acid core-flood experiments in a carbonate gas reservoir, Journal862

of Natural Gas Science and Engineering 30 (2016) 539–547.863

[38] P. Liu, H. Xue, L. Zhao, X. Zhao, M. Cui, Simulation of 3d multi-scale wormhole propagation in864

carbonates considering correlation spatial distribution of petrophysical properties, Journal of Natural865

Gas Science and Engineering 32 (2016) 81–94.866

[39] Y. Jun, L. Piyang, H. Zhaoqin, W. Yueying, Y. Xia, Z. Qingdong, Status and progress of reactive flow867

simulations for carbonate reservoirs, Earth Science 42 (2017) 1263–1272.868

[40] J. YAO, P. LIU, Z. HUANG, Y. WANG, X. YAN, Analysis of influencing factors on the optimum869

stimulation conditions of the acidizing treatment in carbonate reservoirs, Scientia Sinica Technologica870

47 (2017) 692–707.871

[41] M. K. Panga, M. Ziauddin, V. Balakotaiah, Two scale continuum model for simulation of wormholes872

in carbonate acidization, AIChE Journal 51 (2005) 3231–3248.873

[42] T. T. Sibarani, M. Ziauddin, H. A. Nasr-El-Din, A. S. Zakaria, et al., The impact of pore structure874

on carbonate stimulation treatment using ves-based hcl, in: SPE Asia Pacific Oil and Gas Conference875

and Exhibition, Society of Petroleum Engineers, pp. 1–14.876

[43] O. O. Akanni, H. A. Nasr-El-Din, et al., Modeling of wormhole propagation during matrix acidizing of877

carbonate reservoirs by organic acids and chelating agents, in: SPE Annual Technical Conference and878

Exhibition, Society of Petroleum Engineers, pp. 1–28.879
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