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ABSTRACT 

Hydrochloric acid (HCl) is the most commonly used stimulation fluid for high-

temperature wells drilled in carbonate reservoirs due to its high dissolving power and 

low cost. However, the high corrosion rate of HCl on well tubulars could make its use in 

deep wells non-viable. The current study introduces the novel application of 

methanesulfonic acid (MSA), a strong organic acid, to increase the permeability of 

carbonate formations, specifically at temperatures above 200°F. The objective of the 

experimental study is to evaluate the performance of MSA as stand-alone stimulation 

fluid for high-temperature limestone and dolomite formations. 

Coreflood studies were conducted at temperature up to 320°F using limestone 

and dolomite cores and diluted MSA aqueous solutions. A constant injection rate, 

ranging from 1 to 25 cm3/min, was maintained during the coreflood tests and the 

differential pressure through the core was measured until acid breakthrough. Samples of 

the effluent fluids were collected and analyzed using Inductively Coupled Plasma (ICP) 

to measure the calcium and magnesium concentrations, and a computed tomography 

(CT) scan of each core was performed after the acid injection to study the characteristics 

of the generated wormholes. 

MSA was found effective in creating wormholes in carbonate cores at the 

temperatures tested. At low injection rates, face dissolution and conical channels were 

observed in the cores. At intermediate injection rates, the tendency was to create a few 

dominant wormholes. At high injection rates, ramified wormhole structures were found, 
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with increased branching for increased flow rates. For each condition tested, an optimum 

flow rate was identified. Additionally, analysis of the coreflood effluent samples showed 

no sign of methanesulfonate salts precipitation. 

Demonstration of the effectiveness of MSA in propagating wormholes in 

carbonate cores will offer the petroleum industry with another alternative strong acid to 

HCl for stimulating high-temperature carbonate formations. MSA’s high acidity, 

solubility of its salts, and thermal stability, along with its readily biodegradable 

composition provide a beneficial use for MSA as a stimulation fluid in carbonate 

acidizing techniques. MSA also has a more favorable corrosion profile on metals, such 

as high chromium alloys, than usual mineral acids employed in well stimulation. 
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CHAPTER I  

INTRODUCTION* 

Literature Review 

Carbonate matrix acidizing is a technique in which an acidic solution is injected 

into a carbonate formation (limestone or dolomite) at a pressure less than the pressure at 

which a fracture can be opened. The goal of carbonate acidizing is to dissolve some of 

the formation minerals present to increase the apparent permeability in the near-wellbore 

region (Hill and Schechter 2000). In carbonates, mass transfer often limits the overall 

reaction rate leading to highly non-uniform dissolution patterns. Often, a few large 

channels, called wormholes, are created. This wormholing process makes it possible to 

stimulate to a sufficient radial penetration that even treating undamaged wells can be 

beneficial. Furthermore, a prediction of the effect of acidizing on the skin effect is 

possible if the depth of penetration of wormholes in dolomite rock can be described (Hill 

et al. 2012). 

Carbonate rocks, by definition, contain more than 50% carbonate minerals 

(Robert and Crowe 2000). Reservoir carbonate rock composition is almost only calcite 

(limestone, CaCO3) or dolomite (dolostone, CaMg(CO3)2) or a mixture of the two 

minerals. Those rocks, together, constitute about 90% of all naturally occurring 

*Part of this chapter is reprinted with permission from “Acidizing High Temperature Carbonate Reservoirs

Using Methanesulfonic Acid: A Coreflood Study” by A. Ortega, H.A. Nasr-El-Din and S. Rimassa, 2014. 

2014 AADE Fluids Technical Conference and Exhibition, AADE-14-FTCE-3, Copyright 2014 by AADE. 
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carbonates (Reeder 1983). Carbonate rocks are typically classified by the 

calcite/dolomite ratio, and those with a ratio lower than 50% are generally known as the 

rock dolomite (Schechter 1992). Carbonate rocks present singular characteristics that 

distinguish them from siliciclastic (Ham and Pray 1962), for example: (1) carbonates 

form locally, within the basin of deposition; (2) carbonates are almost exclusively 

composed of biological constituents; and (3) carbonates are highly susceptible to 

diagenesis. As a result, carbonate pore systems are usually heterogeneous and may 

feature attributes such as double porosity or high permeability contrasts. Moreover, in 

carbonates, measured porosity values do not always correlate with permeability because 

of the dependence of these rock properties on a collection of diagenetic episodes, and on 

stress-field related fracture patterns (Ahr 2008). However, in general, dolostones are 

known to be more permeable reservoir rocks than limestones with the same porosity 

(Wardlaw 1979). 

Hydrochloric acid (HCl) is generally employed in carbonate acidizing because it 

reacts promptly with carbonate minerals producing soluble reaction products, and is 

available in large quantities at a moderate cost. The main disadvantage of HCl is its high 

corrosivity on wellbore tubular goods, especially at temperatures above 250°F (Williams 

et al. 1979). Another limitation of the use of HCl is its negative environmental impact. 

HCl is toxic to aquatic life by lowering the pH and is not expected to biodegrade when it 

is released into the soil. 

There are numerous problems associated with the high corrosion rate of HCl at 

high temperatures. First, well tubulars are often made of low-carbon steel, but in certain 
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applications the well completion may include aluminum- or chromium-plated 

components (i.e., 13% chromium tubulars suitable for applications involving CO2 rich 

environments) that become easily damaged upon contact with HCl solutions (Nasr-El-

Din et al. 2003). In addition, HCl will dissolve any rust present in the tubulars and 

produce great quantities of iron (Fe+3), which will precipitate as Fe(OH)3 (Crowe 1985; 

Taylor et al. 1999) or, if H2S is present, as iron sulfide (Nasr-El-Din et al. 2002), 

potentially causing formation damage. 

Various additives, such as corrosion inhibitors and inhibitor aids, are used to 

reduce corrosion by HCl at high temperatures. The cost of these additives, however, may 

result in the treatment being uneconomical (Fredd 1997). Also, the use of corrosion 

inhibitors in high concentrations may result in undesired wettability changes of the 

formation as the inhibitor may adsorb on the rock surface (Schechter 1992). These 

drawbacks make organic acids attractive for stimulating high-temperature wells. 

Organic acids are typically used as an alternative to HCl in high-temperature 

formations (Chatelain et al. 1976; Van Domelen and Jennings 1995; Fredd and Fogler 

1998a; Huang et al. 2000; Nasr-El-Din et al. 2001; Al-Katheeri et al. 2002; Buijse et al. 

2004; Alkhaldi et al. 2009; Al-Douri et al. 2013). These acids are less corrosive and 

spend slower in carbonate rock than HCl, thus providing deeper penetration and 

improved stimulation. Therefore, they are preferred when the treating temperature 

prevents efficient protection against corrosion and/or when the treatments are limited to 

low injection rates to avoid fracturing the formation. In contrast to these advantages, 

Chang et al. (2008) listed some limitations associated with the use of weak organic 
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acids: they cannot be used at high acid concentrations, they have a low dissociation 

constant, their degree of hydrogen ion generation decreases with an increase in 

temperature, and their cost is significantly higher than that of HCl for an equivalent mass 

of rock dissolved. 

Some methods, including the use of sulfonic acids, have been tried in an effort to 

overcome the drawbacks for both mineral and conventional organic acid systems used in 

carbonate stimulation. Sulfonic acids, which have the formula RSO3H, are described as a 

group of organic acids that contain one or more sulfonic, –SO3H, groups (Tully 2000). 

Although the R-group may be derived from many different sources, typical R-groups are 

alkane, alkene, alkyne, and arene. Sulfonic acids are such strong acids (as strong as 

sulfuric acid) that they dissociate completely in water (King 1991). The obtained pKa 

value for MSA is -1.92 (Covington and Thompson 1974). Sulfonic acids are stronger 

than conventional organic acids but not as strong as HCl (Fuller 2010). Because of their 

unique chemical and physical properties, sulfonic acids have found wide application in 

the chemical and pharmaceutical industries, and more recently in the oilfield. 

Background on Optimum Injection Rate 

Wormholes are deep, highly ramified dissolution channels formed by the reaction 

of acid with porous carbonate rocks. The control of the formation of these channels, 

which are an order of magnitude larger in diameter than the naturally occurring pores, is 

important for the success of stimulation treatments (Hill and Schechter 2000). When 

evaluating the performance of a newly proposed acid system or comparing its properties 

to commonly used acids, the characterization of these dissolution patterns is required. 
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In order to understand the wormholing process, many theoretical models have 

been developed (Buijse and Glasbergen 2005; Daccord et al. 1989; Hill et al. 2012; 

Furui et al. 2012a, 2012b; Hoefner and Fogler 1988; Hung et al. 1989; Pichler et al. 

1992). One of the main challenges of these models is the determination of the dissolution 

pattern as a function of acid injection rate. Daccord et al. (1989), for example, defined 

three domains of dissolution patterns as functions of flow rate: compact (stable) 

dissolution at low flow rates, wormhole (unstable) domain at intermediate flow rates, 

and uniform dissolution (homogeneous etching) at high flow rates. 

In addition to the theoretical models, numerous laboratory studies have shown a 

dependency of the efficiency of acidizing treatments on the generated dissolution 

pattern. This observation has resulted in the concept of an “optimum injection rate” 

(Fredd and Fogler 1998a; Hoefner and Fogler 1989; Wang et al. 1993). 

The optimum flow rate is defined as the acid injection rate corresponding to the 

minimum volume of acid required for wormhole breakthrough. This optimum rate has 

been found to be determined by the dissolution pattern created by the acid reaction, and 

therefore is a function of rock composition, acid concentration, reaction temperature, 

core length, and formation permeability (Bazin 2001; Fredd and Fogler 1999; Wang et 

al. 1993). 

Identifying the optimum injection rate for a given rock/acid system is critical for 

the comprehension of the wormholing mechanisms. This is a base parameter for the 

design (selection of acid concentration, acid volume, and injection rate) of acid 
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treatments. Therefore, it is necessary to determine the optimum injection rate for the new 

stimulation fluid (MSA) in carbonate rocks. 

Background on Methanesulfonic Acid (MSA) 

Methanesulfonic acid (MSA, Fig. 1) is a strong acid, which is almost completely 

ionized at 0.1 M in aqueous solution (Telfah 2008). MSA dissociation in water can be 

written as in Eq. 1: 

𝐶𝐻3𝑆𝑂3𝐻 +  𝐻2𝑂 ⇌ 𝐶𝐻3𝑆𝑂3
− + 𝐻3𝑂+.·· · · ·· · · · · · · ·· (1)

The most reliable pKa value of methanesulfonic acid in water reported is -1.92 at 

25°C (Covington and Thompson 1974). The acidity of MSA in aqueous solutions is 

substantially greater than that of phosphoric or carboxylic acids (Guthrie 1978). 

Fig. 1–Structural formula of methanesulfonic acid (MSA). 

Methanesulfonic acid has many useful chemical and physical properties.  For 

instance, a 70 wt% MSA aqueous solution has a melting point around -55°C and a high 

thermal stability, which makes it applicable as a liquid over a wide temperature range. 
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An aqueous MSA solution under normal atmospheric conditions is odor-free due to the 

very low vapor pressure (Finšgar and Milošev 2010). 

Methanesulfonic acid is more effective at dissolving calcium carbonate scale 

than many other acids. Because methanesulfonate salts are highly soluble, 

methanesulfonic acid is very effective for keeping cations in solution, which ensures 

efficient cleaning (Hauthal 2007). The saturation solubilities of calcium 

methanesulfonate and magnesium methanesulfonate at room temperature are 2.92 and 

1.40 mol•dm-3, respectively (Gernon et al. 1999). 

Environmental Advantages 

Methanesulfonic acid (MSA) is considered an environmentally improved acid 

based on its favorable biodegradation profile and low volatile organic compounds 

(VOC) content. MSA is readily biodegradable by the OECD 301 (aerobe 

biodegradability in fresh water), 306 (aerobe biodegradability in sea water), and 311 

(anaerobe biodegradability) test methods and has NSF/ANSI 60 (for drinking water 

applications) and Cefas (for marine applications, North Sea) registrations. 

MSA has no established OSHA PEL (permissible exposure limit), because MSA 

aqueous solutions do not evolve any dangerous volatile chemicals, making it safe to 

handle under normal conditions (Gernon et al. 1999). Therefore, unlike carboxylic acids 

such as acetic acid, MSA is virtually free of volatile organic compounds (VOC). 

Corrosion Behavior 

MSA is less corrosive than the usual mineral acids employed in diverse industrial 

processes (Finšgar and Milošev 2010). If similar quantities are used, the surface removal 
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rates of MSA are normally less than those of HCl solutions. Also, because of the low 

vapor pressure, there is no gas phase corrosion with MSA under normal conditions, by 

contrast with hydrochloric, formic, or nitric acid. 

The corrosion rate of L-80 (low-carbon steel) and 22Cr (stainless steel) when 

they were exposed to 10 wt% MSA for 6 hours were measured at 120 and 160°C. The 

corrosion rates for un-inhibited acid were 0.20732 and 0.20904 lb/ft2, for the L80 

samples at 120 and 160°C, respectively. These values were well above the acceptable 

corrosion rate of 0.05 lb/ft2. Same tests using inhibited acid solutions (including 

corrosion inhibitor intensifier, KI) resulted in corrosion rates of 0.00119 and 0.00367 

lb/ft2, for the L80 samples at 120 and 160°C, respectively, which are below the 

acceptable corrosion rate limit. On the other hand, the corresponding corrosion rates for 

the 22Cr samples (non-inhibited 10 wt% MSA solution) were 0.00004 and 0.01341 lb/ft2 

at 120 and 160°C, respectively. It was observed that in the case of MSA and higher alloy 

steels such as 22Cr corrosion inhibitor was not needed (Finšgar and Jackson 2014). 

Research Objectives 

The drawbacks of conventional systems, previously exposed, motivate the study 

of alternative technologies for application in carbonate acidizing. Due to its beneficial 

properties, methanesulfonic acid has potential for application as a high-performance, 

environmentally friendly stimulation fluid. However, the wormholing characteristics of 

sulfonic acids, when injected into high-temperature carbonate reservoirs, have not been 

studied thoroughly. 
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The objectives of this study are to: (1) evaluate the ability of MSA to create and 

propagate wormholes, and enhance the permeability of carbonate cores, (2) determine 

the optimum injection rate of MSA in carbonate cores, (3) study the effect of various 

factors on the acidizing efficiency of MSA: injection rate, temperature, acid 

concentration, core permeability, core lithology, and (4) determine the potential for 

formation damage when MSA is used to stimulate carbonate cores at high temperatures. 
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CHAPTER II 

EXPERIMENTAL PROCEDURES 

Laboratory coreflood experiments were conducted with Indiana limestone and 

Silurian dolomite core samples and 5, 10, and 20 wt% aqueous MSA solutions. The 

experiments were performed at temperatures of 80, 250 and 320°F. An overburden 

pressure of 1,800 psi was applied to the core cell by means of a manual hydraulic pump 

connected to the coreflood setup. A new core was used for each experiment. 

The acid was injected into the cores at a constant flow rate until breakthrough 

was observed. A minimum pressure of 1,100 psi was maintained in the core by a 

backpressure regulator downstream of the core. This pressure was required to keep most 

of CO2 in solution. During acid injection, samples of the core effluent were collected and 

analyzed for pH, calcium concentration, and acid concentration. An Orion PrepHecT 

Ross Electrode was used to measure the pH value of the samples. The calcium 

concentration and final acid concentration in the core effluent samples were determined 

by using the inductively coupled plasma (ICP) and the Titrando 907 equipment, 

respectively. Finally, after the acid injection, computed tomography (CT) scans of the 

core samples were performed to characterize the generated wormholes. 

Materials 

Acid Preparation 

The MSA acid solutions used during coreflood injections were prepared by 

diluting a stock MSA solution (70 wt% MSA) to the desired acid concentration. 
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Deionized water obtained from a purification water system, with a resistivity of 18.2 

MΩ•cm at room temperature, was used to prepare the acid and for all water requirements 

during the experiments. Corrosion inhibitor, composed of methanol (30 – 60%) and 

propynol ethoxylate (15 – 40%), was added to the diluted acid blend at a concentration 

of 1 vol%. For quality control purposes, the prepared solutions were titrated using the 

Titrando 907 equipment and a 0.1 N potassium hydroxide solution. 

The titration procedure described below was followed: 0.7 g of the acid sample 

were weighed out into a 150 ml beaker and mixed with 100 ml of distilled water. 

Subsequently, titration with KOH solution (0.1 N) was performed until equivalent point 

was observed (potentiometric determination). Next, an arithmetic formula (Eq. 2) was 

used to calculate of the weight percent concentration of the MSA solution. 

𝑉1 × 𝑐1 × 𝑡1 × 𝑀1 × 100

𝐸
= 𝐶𝑜𝑛𝑐. 𝑜𝑓 𝑀𝑆𝐴 (𝑤𝑡%).·· · · · · · · ··  (2) 

Where, 

V1 = KOH consumption (L) 

E = Amount of acid sample (g) 

c1 = Concentration of KOH solution (0.1 mol/L) 

t1 = Titre of KOH solution, 1 

M1 = Molar mass of methanesulfonic acid (96.11 g/mol) 
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Core Preparation 

Core samples, from blocks of Indiana limestone and Silurian dolomite, were cut 

into cylinders (plugs) of 1.5-in. diameter and 6-in. length. A saturation method was used 

to measure the porosity of the core plugs. The samples were dried in an oven at a 

temperature of 250°F for 8 hours and then weighed. After this, the samples were 

saturated in water under vacuum for 24 hours and weighed. From the difference in 

weight of the dry and saturated core samples, the porosity was calculated and found to 

be in the range of 14 to 17 vol% for the limestone cores and 11 to 14 vol%, for the 

dolomite cores. 

Before the acid injection, the core samples were placed inside the core holder and 

deionized water was injected at different flow rates (i.e., 5, 10, and 20 cm3/min). The 

pressure drop across the cores at each flow rate was recorded, and Darcy’s law was used 

to determine the absolute permeability of the cores. 

Equipment 

Coreflood Setup 

The coreflood setup shown in Fig. 2 was used to simulate a matrix stimulation 

treatment with MSA. The main experiments in this project were conducted in this unit. 

Core plugs of 6-in. length and 1.5-in. diameter of different rock type/characteristics 

(carbonates) were exposed to MSA and heterogeneous chemical reactions occurred 

inside this unit. The whole system was kept under temperature up to 320°F. The main 

components of the coreflood setup are described below. 
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Fig. 2–Coreflood setup used to simulate matrix stimulation treatments. 

Syringe Pump 

A Teledyne ISCO D-series D1000 precision syringe pump with a maximum 

allowable working pressure of 2,000 psi was used to inject the acid system into the core. 

Core Holder 

A core holder with a pressure capacity of 3,000 psi was used to handle cores of 

1.5-in. diameter and 6-in length. 

To heat the cores to the required test temperature, a heat jacket was placed 

around the core holder. The temperature was controlled by a compact bench top CSC32 

series with a 4-digit display and a 0.1° resolution with an accuracy of ±0.25% full scale 

±1°C. It uses a type-K thermocouple and two outputs (5 A 120 Vac SSR). Water was 

injected at 2 cm3/min during the heating period. 
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Pressure Transducer 

A digital pressure transducer, connected to a computer with LabView® software 

installed, was used to monitor and record the pressure drop across the core during the 

experiments. 

Sample Collector 

During acid injection, samples of the core effluent were collected and analyzed 

for pH, calcium concentration, and acid concentration. 

X-Ray CT-Scanner 

Fig. 3–CT-scanner used to characterize the dissolution structures created by MSA 

in dolomite cores. 
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A state of the art Toshiba Aquilion RXL CT Scanner (Fig. 3) with 3D advanced 

visualization software was used to characterize the dissolution structures created by 

MSA in the dolomite cores. This equipment has a 16-detector row 32 slice computerized 

tomography system that delivers high speed iterative image reconstruction of 0.5 mm 

data sets at up to 16 images per second. The scanner has a 72 cm gantry opening with +/- 

30 degrees tilt with an accurate 0.5 mm x 16-row high-resolution detector. Also, the CT-

Scanner has a low contrast resolution of 2 mm at 0.3%. 

Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES) 

The Optima 7000 DV ICP-OES machine (Fig. 4) was used to determine the 

concentration of various multivalent ions in the core effluent samples obtained from the 

different coreflood experiments performed. Commonly measured ions included Ca++, 

Mg++, and Fe+++. 

Fig. 4–Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES). 
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X-Ray Fluorescence (XRF) 

X-ray fluorescence (XRF) is the emission of characteristic "secondary" (or 

fluorescent) X-rays from a material that has been excited by bombarding with high-

energy X-rays or gamma rays. It is elemental analysis and chemical analysis for the rock 

samples. During this project a S2 Ranger X-Ray Fluorescence (XRF) machine (Fig. 5) 

was used for routine, non-destructive chemical analyses of carbonate rock samples. 

Fig. 5–S2 Ranger X-Ray Fluorescence (XRF). 

Scanning Electron Microscope (SEM) 

An Evex Mini-Scanning Electron Microscope (SEM) was used during the current 

study to image a mineral sample by scanning it with a high-energy beam of electrons in 

a raster scan pattern (Fig. 6). The electrons interact with the atoms that make up the 

sample producing signals that contain information about the sample's surface topography 

and composition. 



17 

Fig. 6–Evex Mini-Scanning Electron Microscope (SEM). 
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CHAPTER III 

ACIDIZING HIGH-TEMPERATURE LIMESTONE FORMATIONS WITH 

METHANESULFONIC ACID† 

Introduction 

One of the first references of the potential use of alkanesulfonic acids for the 

treatment of oilfield wells is found in a patent filed by Tate (1982), who disclosed a 

method for improving the recovery of hydrocarbons in sandstone formations. More 

recently, Fu (2010) proposed the injection of an aqueous mixture for the treatment of 

sandstone formations, which consisted of a surfactant, an inorganic acid (for example 

HCl), and an organic acid (such as formic acid, acetic acid, citric acid, or MSA). In a 

similar application, Fuller (2010) presented a method for treating sandstone formations, 

which consisted of injecting a blend of an aqueous liquid, a fluoride source, and an 

effective amount of an alkane sulfonic acid, preferably MSA. The stimulation of 

carbonate formations using alkanesulfonic acids, and in particular MSA, was first 

disclosed by Heidenfelder et al. (2009). On the same line of research, Bertkau and Steidl 

(2012) disclosed an innovative method comprising the use of alkanesulfonic acid (MSA) 

microcapsules as an additive for carbonate acidizing applications. None of the previous 

†Part of the data reported in this chapter is reprinted with permission from “Acidizing High Temperature 

Carbonate Reservoirs Using Methanesulfonic Acid: A Coreflood Study” by A. Ortega, H.A. Nasr-El-Din 

and S. Rimassa, 2014. 2014 AADE Fluids Technical Conference and Exhibition, AADE-14-FTCE-3, 

Copyright 2014 by AADE. 
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studies included a description of the wormholing characteristics of sulfonic acids (and 

specifically, MSA) when they are injected through carbonate cores at high temperatures. 

The current study expands on the results obtained for the injection of MSA in 

carbonate cores (Ortega et al. 2014) by performing coreflood tests at different 

temperatures so the effect of temperature on the wormholing characteristics could be 

evaluated. Also, since this is the first study to thoroughly examine the fate and 

propagation of MSA in coreflood experiments, benchmark tests using HCl were 

performed at the same reservoir conditions. The coreflood analysis showed a comparable 

reactivity of MSA to HCl for molar-equivalent solutions at 250°F. 

Coreflood Study 

Twelve coreflood runs were performed using 10 wt% MSA, at injection rates of 

1 to 25 cm3/min. These runs were done to determine the effect of the injection rate on 

MSA performance, specifically, the acid volume to breakthrough, and the resulting 

wormhole characteristics. These first set of experiments were conducted at a temperature 

of 250°F. Table 1 presents a summary of the results obtained for each of the core 

samples used. During coreflood injection, the pressure drop across the core was plotted 

using the LabView® software. Samples of the coreflood effluent were collected and 

analyzed for calcium concentration, pH, and acid concentration. 

The analyses performed for Core #4 are provided as an example of the complete 

coreflood procedure. Fig. 7 shows the behavior of the pressure drop across the core 

during the injection of the 10 wt% MSA system at a rate of 10 cm3/min. The differential 

pressure, which initially stabilized at 15 psi during the injection of water, started to 



 

20 

 

decrease shortly after the acid injection began. This decrease in pressure indicates the 

reaction of the acid with the carbonate rock, and the creation of dissolution patterns 

(wormholes) as the acid front was moving along the core length. The differential 

pressure continued to decrease with time until acid breakthrough occurred. 

 

The volume of acid to breakthrough is defined as the volume of acid needed to 

propagate the wormhole through the length of the core. When breakthrough was 

achieved, a low and constant pressure drop was recorded from the coreflood apparatus, 

TABLE 1—PROPERTIES OF LIMESTONE CORES USED WITH 10 WT% 

MSA AT 250°F AND SUMMARY OF COREFLOOD RESULTS 

Core 

No. 

Pore Volume, 

cm3 

Porosity, 

vol% 

Injection Rate, 

cm3/min 

Acid Vol. to 

Breakthrough, PV 

32 24.6 14.2 1.0 9.18 

7 25.1 14.4 1.5 4.56 

10 28.0 16.1 3.0 3.33 

41 24.9 14.3 4.0 3.28 

1 29.1 16.7 5.0 3.27 

12 28.5 16.4 6.0 2.91 

3 29.0 16.7 7.5 3.00 

4 29.6 17.0 10.0 4.25 

39 25.9 14.9 12.0 4.83 

28 25.7 14.8 15.0 5.44 

8 23.9 13.8 20.0 6.48 

9 29.4 16.9 25.0 6.51 

Average Porosity = 15 vol% / Average Permeability = 160 md 
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indicating that the fluid was flowing through the created wormhole structures. For the 

current case, 4.25 pore volumes (PV) of acid were needed to achieve breakthrough. 

 

 

 

 

 

 

 

 

 

 

Fig. 7–Pressure drop across Core #4 during the injection of 10 wt% MSA at a rate 

of 10 cm3/min. 

 

As MSA reacted with the carbonate rock creating dissolution channels along the 

core, the calcium concentration in the effluent samples started to increase. Fig. 8 shows 

the calcium concentration in the core effluent samples. It shows that the total ICP’s 

measured calcium concentration reached a maximum value of 21,460 mg/l ± 4%. 

Fig. 9 shows the pH and acid concentration of the coreflood effluent samples for 

the same experiment. The pH was nearly 7.5 at the start of the injection (water). Then, it 

decreased with the injection of acid to a value of 1.06 (after acid breakthrough) and 

increased again as the injection of water resumed. As expected, an opposite trend was 
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found for the final acid concentration in the effluent samples, which achieved a 

maximum value of 1.31 wt% MSA after breakthrough, indicating that acid was spent. 

 

 

 

 

 

 

 

 

 

 

Fig. 8–Calcium concentration in the core effluent samples of Core 4. Error bars 

represent relative standard deviation (RSD) from the measurements. 

 

A procedure similar to the one explained above for Core #4 was followed for all 

the other core samples used in the study. Fig. 10 shows the behavior of the pressure drop 

across the core during the injection of the 10 wt% MSA system at injection rates of 1, 6, 

10, and 25 cm3/min. As described above for Core #4, at each injection rate the 

differential pressure reached a stabilized value during the initial water injection, and 

started to decrease with the volume of acid injected due to the reaction of the acid with 

the calcite rock, and the creation of wormholes. The pressure decreased until acid 

breakthrough was achieved. 
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Fig. 9–pH and acid concentration in the core effluent samples of Core #4. 

 

 

 

 

 

 

 

 

 

 

Fig. 10–Pressure drop across different cores during the injection of the 10 wt% 

MSA system at injection rates of 1, 6, 10, and 25 cm3/min. 
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Fig. 11 presents the calcium concentration in the coreflood effluent samples, 

collected for some of the experiments at different injection rates. As in the case of Core 

#4 (Fig. 8), the calcium concentration increased with the injection of acid, reaching a 

maximum value, then decreased when the injection fluid was switched back to water. 

 

 

 

 

 

 

 

 

 

 

Fig. 11–Calcium concentration in the core effluent samples, collected for the 

various experiments with MSA at different injection rates (± 4%, relative standard 

deviation). 

 

The calcium concentration plotted in Fig. 11 indicates the amount of carbonate 

rock dissolved by the acid at each injection rate, and is a function of the acid/rock 

contact time and contact area. Both, the contact time and contact area, are minimized 

when the acid is injected at conditions close to the optimal. As a result, the lowest peaks 

for calcium concentration (Fig. 11) were observed for injection rates between 5 and 7.5 

cm3/min (the most optimal cases). By contrast, the highest peaks for calcium 
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concentration were observed when the acid was injected at conditions far from the 

optimal, for example, at 1 and 25 cm3/min, corresponding to the cases with the highest 

contact time and contact area, respectively. 

 

 

 

 

 

 

 

 

 

 

Fig. 12–pH of the core effluent samples, collected for the various experiments with 

MSA at different injection rates. 

 

Similarly, the change in pH and acid concentration can be compared for all the 

cases tested. Since these two variables are inversely related (the higher the acid 

concentration, the lower the pH), they both can be used to confirm the breakthrough 

determined from the analysis of the pressure drop. For example, the decrease in pH 

measurements to a minimum value indicates acid breakthrough (Fig. 12). This minimum 

value of pH varied in the range of 0.96 (Core #9, 25 cm3/min) to 1.87 (Core #32, 1 

cm3/min). 
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Fig. 13–Acid concentration in the coreflood effluent samples collected for the 

various experiments with MSA at different injection rates. 

 

On the contrary, the peak (maximum) of the final acid concentration (Fig. 13) 

ranged between 0.7 wt% (Core #7, 1.5 cm3/min) and 3.8 wt% (Core #9, 25 cm3/min). 

The results presented in Figs. 12 and 13 demonstrate the dependency of pH and acid 

concentration on the injection rate. The higher the acid injection rate, the lower the time 

the acid has for spending upon contact with the carbonate rock, therefore resulting in a 

higher acid concentration (and lower pH) of the core effluent samples. 

 



 

27 

 

 

 

 

 

 

 

 

 

 

Fig. 14–Optimum injection rate curve for the reaction of MSA with limestone at 

250°F. 

 

Optimum Injection Rate 

The optimum injection rate is the rate at which the volume of acid required to 

achieve breakthrough is minimum. The volume of acid to breakthrough as a function of 

interstitial velocity is shown in Fig. 14. For each of the core samples treated, the 

interstitial velocity was calculated by dividing the superficial velocity (volumetric flow 

rate over the cross area of the core) by the corresponding core porosity (as reported in 

Table 1). From this figure, as the injection rate increases, the volume of acid to 

breakthrough decreases and reaches a minimum at a rate between 5 and 7.5 cm3/min (2.6 

to 3.9 cm/min, interstitial velocity). At injection rates higher than the optimum, the 

volume of acid to achieve breakthrough increases again. However, the curve is steeper 

on the left side of the optimum injection rate and relatively flat for rates higher than the 
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optimum. This fact indicates that the effect of the injection rate is more pronounced at 

low injection rates, corresponding to a mass-transfer-limited regime. On the other hand, 

a surface-reaction-limited regime is reached for high injection rates, with the pore 

volumes to breakthrough being affected less by changes in the injection rate. 

The lowest volume of acid to breakthrough is obtained at an injection rate of 6 

cm3/min, and therefore, for the conditions tested, this is considered the optimum 

injection rate when 10 wt% MSA is used to stimulate limestone cores at a temperature of 

250°F. 

CT-Scan Images 

The dissolution structures that were created at the different flow rates considered 

in the coreflood study can be characterized by analyzing the 3D scan images of the cores 

treated with 10 wt% MSA at 250°F. Fig. 15 presents CT scan images, along with some 

photographs of the inlet side of the core samples after acid injection, for low-injection 

rate (1 and 1.5 cm3/min), intermediate-injection rate (6 and 7.5 cm3/min), and high-

injection rate (20 and 25 cm3/min), showing the wormholing ability of MSA in the 

whole range of injection rate tested. 

At low-injection rates, dissolution of the inlet face of the core can be observed in 

the scan images. A conical wormhole is also visible, which caused the core stimulation 

to be inefficient (sub-optimal). At intermediate-injection rates, or rates close to the 

optimum injection rate, no face dissolution of the core was observed; additionally, a 

single dominant wormhole was created, penetrating the total length of the core. The size 

of the generated wormhole decreased as the acid penetrated deeply into the core, until 
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acid breakthrough was achieved. This dissolution pattern resulted in an efficient 

stimulation of the core. At high-injection-rates, again no face dissolution of the core was 

observed. However, a more ramified/branched dissolution structure was generated as a 

result of the acid being forced into smaller pores. Consequently, the number of pore 

volumes to breakthrough increased with respect to the intermediate-rate case (lower acid 

efficiency). 

 

 

 

 

 

 

 

 

 

 

Fig. 15–Low injection (left) leads to face dissolution and conical wormholes. 

Dominant wormholes are a characteristic of the intermediate rate case (center). 

High injection results in ramified dissolution structures (right). 

 

Analysis of the 3D scan images provides an explanation for the difference in 

calcium concentration measured for the range of injection rates tested, as described in a 

previous section. At a low injection rate (1 cm3/min), a large volume of MSA is 

consumed on the inlet face of the core (face dissolution). Also at this rate, the reactant 
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penetrates into the porous matrix and enlarges flow channels. However, a significant 

amount of MSA is consumed on the walls of these flow channels, causing the formation 

of a conical-shaped dissolution channel. From the CT-scan images at 1 cm3/min, the 

maximum diameter of the conical wormhole was about 0.46-in (11.7 mm). This conical 

channel requires the injection of several pore volumes of acid for the channel to break 

through the porous medium. The combined effect of face dissolution and conical 

channels results in a high degree of acid reaction with the rock, which in turn generates a 

high amount of calcium ions in the effluent samples. 

On the other hand, at an intermediate injection rate (6 cm3/min) unconsumed 

MSA reaches the tip of the growing flow channels. Successive consumption at the tip 

extends the dissolution channels and leads to the development of a dominant wormhole 

of reduced size. From the CT-scan images at 6 cm3/min, the average diameter of the 

dominant wormhole was about 0.15-in (3.8 mm). This dominant wormhole requires a 

minimum pore volume of acid to break through the rock matrix. For that reason, the 

calcium concentration of the effluent samples at this intermediate rate is lower than the 

corresponding concentration for the low injection rate case. 

Lastly, at a high injection rate (20 cm3/min) a dominant channel rapidly generates 

and propagates. With continued acid injection, very fine branches around the main 

wormhole are created, having an effect similar to an increase of the main wormhole 

diameter. From the CT-scan images at 20 cm3/min, the maximum diameter of the 

combined dominant wormhole and ramifications was about 0.37-in (9.4 mm). Since 

dissolution occurs over a high surface area, a higher degree of acid reactivity results in a 
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higher amount of calcium ions in the effluent samples than the amount measured for the 

intermediate injection rate case. 

From the study of the 3D scan images it is confirmed that MSA can be used as an 

effective stimulation fluid at intermediate flow rates, being able to create deep, dominant 

wormholes without face dissolution and branching. The generation of a dominant 

wormhole provides a significant increase in permeability, as shown in Fig. 16, which 

describes the permeability enhancement obtained in carbonate cores tested with MSA at 

different injection rates, after acid breakthrough occurred. 

 

 

 

 

 

 

 

 

 

Fig. 16–Permeability enhancement by injection of 10 wt% MSA in carbonate cores. 

 

During coreflood testing, the pressure drop across the rock is measured as 

dissolution progresses, and the average permeability of the rock is calculated using 

Darcy’s law. It can be observed from results in Fig. 16 that the amount of acid required 

to increase the average permeability by a certain degree depends on the acid injection 
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rate. For example, at a very low injection rate (i.e., 1.5 cm3/min), the average 

permeability increases slowly with the pore volumes of acid injected. As the acid 

injection rate is increased, the rate of increase in average permeability increases up to a 

certain acid injection rate (6 to 7.5 cm3/min). At this acid-injection rate, the optimum 

injection rate, permeability increment is steepest as compared with other acid-injection 

rates. For acid-injection rates (i.e., 25 cm3/min) higher than the optimum acid-injection 

rate, the rate of permeability increment decreases with the increase in the injection rate. 

Characterization of MSA Dissolution Patterns – Fractal Dimension 

The 2D wormhole patterns resulting from the injection of 10 wt% MSA in 

carbonate rock at 250°F were analyzed to determine their fractal nature with a box-

counting method. Box-counting is a sampling process used to find fractal dimensions by 

laying a series of grids of decreasing caliber over an image and recording data for each 

successive caliber. The box-counting fractal dimension provides an index of pattern 

complexity, which indicates the change in pattern detail with a change in scale. Binary 

images of the wormhole patterns were prepared from the CT-scan images and fractal 

dimensions of 1.58 ± 0.02, 1.61 ± 0.01, and 1.75 ± 0.02 were determined for the cases of 

low-injection rate (1 cm3/min), intermediate rate (6 cm3/min), and high-injection rate (20 

cm3/min), respectively. The obtained values are in agreement with previously reported 

fractal dimensions of 1.6 ± 0.1 by Daccord and Lenormand (1987) and 1.4 by Kalia and 

Balakotaiah (2007). However, it appears to be a slight dependency of the fractal 

dimension on the injection rate as the fractal dimension increases as the injection rate is 

increased. 
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Comparison with HCl Solutions 

 

 

To evaluate MSA as an alternative to conventional mineral acid systems, a 

comparison of the 10 wt% MSA system coreflood performance was made against a 

molar equivalent HCl solution (4 wt% HCl), both of which had a molar concentration of 

1.1 mol/l (1.1 M). Five coreflood experiments were run with 4 wt% HCl using Indiana 

limestone cores at 2, 4, 6, 10, and 20 cm3/min. The properties of the core samples used 

are presented in Table 2. The experiments were performed at a temperature of 250°F. 

Table 2 also presents a summary of the results obtained for each of the core samples 

used. 

 

TABLE 2—PROPERTIES OF LIMESTONE CORES USED WITH 4 WT% 

HCl AT 250°F AND SUMMARY OF COREFLOOD RESULTS 

Core 

No. 

Pore Volume, 

cm3 

Porosity, 

vol% 

Injection Rate, 

cm3/min 

Acid Vol. to 

Breakthrough, PV 

HCl2 29.83 17.2 2.0 4.25 

HCl42 25.72 14.8 4.0 2.90 

HCl38 25.95 14.9 6.0 3.49 

HCl1 29.58 17.0 10.0 3.89 

HCl33 24.48 14.1 20.0 7.01 

Average Porosity = 16 vol% 

Average Permeability = 200 md 
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Fig. 17–Acid volume to breakthrough for 4 wt% HCl and 10 wt% MSA at 250°F. 

 

Fig. 17 compares the volume of 4 wt% HCl to achieve breakthrough as a 

function of acid interstitial velocity, against the results already presented (Fig. 14) for 10 

wt% MSA. At each injection rate tested, the acid volume required to breakthrough (Fig. 

17) for the molar-equivalent HCl system was comparable with the corresponding acid 

volume to breakthrough of MSA. Additionally, it can be observed that there is an 

agreement in the optimum injection rate obtained for the two acid systems (between 4.0 

and 6.0 cm3/min). 

A comparison of the dissolution patterns created by each acid system at three of 

the flow rates tested (2, 6, and 20 cm3/min) is provided in Fig. 18. At rates lower than 

the optimum rate, for example 2 cm3/min, both acid systems created conical channels 

with dissolution of the core face. Also similar to what was explained before for the case 
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of MSA, HCl tends to create a dominant wormhole when injected at rates close to the 

optimum rate (i.e., 6 cm3/min). At injection rates higher than the optimum rate (for 

example 20 cm3/min) dominant channels with very fine ramifications were created for 

the two acids. 

 

Fig. 18–Dissolution patterns identified from 3D scan images of core samples treated 

with molar-equivalent MSA and HCl solutions (1.1 M), at 250°F. 

 

The fractal dimension of the wormhole patterns generated by the injection of 4 

wt% HCl can be compared with the fractal dimension of the patterns produced by 10 

wt% MSA at same temperature conditions. Following the procedure explained above, 

fractal dimensions of 1.57 ± 0.02, 1.60 ± 0.02, and 1.76 ± 0.01 were determined for the 

cases of low-injection rate (2 cm3/min), intermediate rate (6 cm3/min), and high-injection 

rate (20 cm3/min), respectively. It can be observed the similarity in the fractal dimension 

Inlet Face 

      

1.5 cm3/min 

(10 wt% MSA) 

2 cm3/min 

(4 wt% HCl) 

6 cm3/min 

(10 wt% MSA) 
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values determined for both molar equivalent solutions (10 wt% MSA and 4 wt% HCl). 

Also, the same trend of increase in the pattern complexity with increase in the injection 

rate is found for the case of HCl, as noticed previously for MSA. 

The calcium concentration, pH, and final acid concentration were compared for 

the effluent samples collected during the coreflood experiments performed using MSA 

and HCl at different injection rates. Since the two acid systems tested were both strong 

acids and the molar-equivalent solutions of such acids were used, the maximum calcium 

concentrations obtained from ICP analysis were comparable for all the experiments. 

Figs. 19 through 21 show the comparison of calcium concentration, pH, and 

final acid concentration, respectively, of the effluent samples collected for experiments 

with 10 wt% MSA and 4 wt% HCl at an injection rate of 10 cm3/min. 

 

 

 

 

 

 

 

 

 

 

Fig. 19–Calcium concentration in the coreflood effluent samples collected for 

experiments with MSA and HCl at 10 cm3/min. 
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Fig. 20–pH of the coreflood effluent samples collected for experiments with MSA 

and HCl at 10 cm3/min. 

 

 

 

 

 

 

 

 

 

 

Fig. 21–Acid concentration in the coreflood effluent samples collected for 

experiments with MSA and HCl at 10 cm3/min. 
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The similarity of the results obtained for the two molar equivalent systems tested 

can be noted. Also, the previous comments for the dependency of pH and final acid 

concentration on the injection rate also apply for the description of Figs. 20 and 21. 

Conclusions 

A 10 wt% MSA aqueous acid solution was used to stimulate limestone cores 

using a coreflood setup. The effect of acid injection rate on the propagation of MSA in 

carbonate cores were examined in detail. Based on the results obtained, the following 

conclusions can be drawn: 

1. MSA was found to be effective in creating and propagating 

wormholes in limestone cores at temperatures up to 320°F, 

providing a significant increase in permeability. 

2. For the acid injection rates covered in the current study, an 

optimum injection rate of 6 cm3/min was determined when 10 

wt% MSA was used to stimulate limestone cores at 250°F. 

3. A similar acid efficiency was noted when MSA and HCl at 1.1 M 

were used to stimulate limestone cores at 250°F. 
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CHAPTER IV  

EFFECT OF VARIOUS PARAMETERS ON THE ACIDIZING EFFICIENCY OF 

METHANESULFONIC ACID IN LIMESTONE FORMATIONS 

 

Effects of Temperature 

 

 

The effect of temperature on wormhole formation with 10 wt% MSA was 

investigated by performing additional coreflood tests at temperatures of 80 and 320°F. 

Seven coreflood experiments were run with 10 wt% MSA, at each temperature, at 

injection rates from 1 to 20 cm3/min using Indiana limestone cores. The properties of the 

TABLE 3—PROPERTIES OF LIMESTONE CORES USED WITH 10 WT% 

MSA AT 80°F AND SUMMARY OF COREFLOOD RESULTS 

Core 

No. 

Pore Volume, 

cm3 

Porosity, 

vol% 

Injection Rate, 

cm3/min 

Acid Vol. to 

Breakthrough, PV 

74 23.53 13.5 1.0 3.62 

84 21.66 12.5 2.0 2.71 

86 25.11 14.5 4.0 2.88 

85 25.39 14.6 5.0 3.18 

87 25.82 14.9 6.0 3.29 

69 25.37 14.6 10.0 4.93 

88 25.00 14.4 20.0 6.93 

Average Porosity = 14 vol% 

Average Permeability = 178 md 
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core samples used and the results obtained from coreflood testing are given in Tables 3 

and 4, at 80 and 320°F respectively. 

 

 

From the coreflood experiments, it was confirmed that MSA can be used as an 

effective stimulation fluid at 80 and 320°F, showing the wormholing ability of MSA in 

the whole range of injection rate tested. The dissolution structures that were created by 

the injection of 10 wt% MSA in limestone cores at 80 and 320°F can be characterized by 

analyzing the 3D scan images of the treated cores. A similar trend to what was described 

before for the case of 250°F is observed in both figures, regarding the dependency of 

dissolution structure on the injection rate; however, some important differences can be 

noticed, as described below. 

TABLE 4—PROPERTIES OF LIMESTONE CORES USED WITH 10 WT% 

MSA AT 320°F AND SUMMARY OF COREFLOOD RESULTS 

Core 

No. 

Pore Volume, 

cm3 

Porosity, 

vol% 

Injection Rate, 

cm3/min 

Acid Vol. to 

Breakthrough, PV 

45 25.41 14.62 1.5 7.08 

46 25.82 14.86 4.0 5.80 

48 25.91 14.91 6.0 5.06 

44 25.56 14.71 7.0 4.89 

51 25.34 14.58 8.0 5.81 

50 25.96 14.94 10.0 6.16 

47 25.87 14.89 20.0 7.92 

Average Porosity = 15 vol% 

Average Permeability = 160 md 
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Fig. 22–Dissolution patterns identified from 3D scan images of core samples treated 

with 10 wt% MSA at 80°F. 

 

By comparing Fig. 15 and Fig. 22 (250°F vs. 80°F), it can be noticed that for the 

case of 80°F, lower injection rates were required to have face dissolution and to create 

conical wormholes. Also, at high injection rates (i.e., 20 cm3/min), the degree of 

wormhole ramification was higher for the case of 80°F. Even at injection rates as low as 

10 cm3/min, some degree of branching is observed at 80°F. In general, the size of the 

wormholes tends to decrease with lower temperatures. 

By comparing Fig. 15 and Fig. 23 (250°F vs. 320°F), it can be noticed that at low 

injection rates (i.e., 1.5 cm3/min), the degree of face dissolution was higher for the case 

of 320°F. Even at injection rates as high as 4 cm3/min, some degree of face dissolution is 

observed. Also, higher injection rates were required to achieve same degree of wormhole 

Inlet Face 

      
1 cm3/min 2 cm3/min 4 cm3/min 6 cm3/min 10 cm3/min 20 cm3/min 
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ramification. In general, the size of the wormholes tends to increase with higher 

temperatures. 

 

Fig. 23–Dissolution patterns identified from 3D scan images of core samples treated 

with 10 wt% MSA at 320°F. 

 

Fig. 24 presents the effect of temperature on acid efficiency. This effect is 

twofold: first, the effect of temperature on the optimum injection rate (an increase in 

temperature shifted the optimum flow rate to higher values); second, the effect of 

temperature on the acid volume required to breakthrough (an increase in temperature 

increased the pore volumes required to breakthrough, decreasing the efficiency for the 

wormhole formation). The effects of temperature observed with MSA are consistent 

with those reported for HCl by previous investigators (Wang et al. 1993; Fredd and 

Fogler 1999; Bazin 2001) .The lowest volumes of acid to breakthrough were obtained at 

Inlet Face 
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injection rates of 2 and 7 cm3/min, and therefore, these are considered the optimum rates 

when 10 wt% MSA is used to stimulate limestone cores at temperatures of 80 and 

320°F, respectively. 

 

 

 

 

 

 

 

 

 

 

Fig. 24–Effect of temperature on the number of pore volumes to breakthrough with 

10 wt% MSA. 

 

The observed increase in the number of pore volumes required to breakthrough 

(or the decrease in acid efficiency) is a result of the acid becoming more mass-transfer 

limited as the temperature is increased. Because of a higher acid reactivity at higher 

temperatures, the acid is significantly consumed on the wormhole walls and in lateral 

branches, being therefore less effectively transported to the tip of the wormhole. 

Consequently, the average diameter of the dominant wormhole increased with 

temperature, as shown in Fig. 25. In this figure the wormhole size at optimum injection 
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rate conditions, is presented. The wormhole average diameter increased from 0.10 in. at 

80°F, to 0.15 in. at 250°F, to 0.22 in. at 320°F. 

 

 

 

 

 

 

 

 

 

Fig. 25–Effect of temperature on the wormhole size near the optimum injection 

rates for 10 wt% MSA. 

 

A comparison of the wormhole fractal dimensions provides an additional insight 

into the effect of temperature on dissolution structure. When the fractal dimension values 

of the dissolution patterns created at optimum injection rates, for the different 

temperatures tested, are compared, a trend of increasing pattern complexity with 

increasing temperature can be observed. For example, a fractal dimension value of 1.56 

was computed at optimum rate conditions (2 cm3/min) for the case of 80°F. This value is 

lower than the one computed for the case of 250°F, 1.61, also at optimum conditions (6 

cm3/min). For the highest tested temperature (320°F), a maximum fractal dimension 

value of 1.65 was obtained at optimum rate conditions (7 cm3/min). 

   
2 cm3/min at 80°F 

Wormhole Size = 0.10 in. 
6 cm3/min at 250°F 

Wormhole Size = 0.15 in. 
7 cm3/min at 320°F 

Wormhole Size = 0.22 in. 
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Fig. 26–Calcium concentration in the coreflood effluent samples collected for 

experiments with MSA at 250°F and 320°F (10 cm3/min). 

 

Fig. 26 shows the comparison of calcium concentration of the effluent samples 

collected for experiments with 10 wt% MSA at an injection rate of 10 cm3/min, at the 

tested temperatures of 250 and 320°F. As expected, the maximum calcium 

concentrations obtained from ICP analysis (± 4%, relative standard deviation) were 

comparable for both the experiments. 

Effects of Acid Concentration 

The effect of acid concentration on wormhole formation at 250°F was 

investigated by performing additional coreflood tests using different aqueous MSA 

solutions (5 and 20 wt%). Coreflood experiments were run for each acid concentration, 

at injection rates from 1 to 25 cm3/min, using Indiana limestone cores. The properties of 
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the core samples used and the results obtained from coreflood testing are given in 

Tables 5 and 6, for 5 and 20 wt% respectively. 

 

 

Fig. 27 presents the effect of acid concentration on acid efficiency. Decreasing 

the acid concentration tends to decrease the optimum injection rate. The reduced reaction 

rates at the lower acid concentrations require a reduced acid flux to achieve the optimum 

conditions. On the other hand, limestone cores acidized with MSA at a lower 

concentration (i.e., 5 wt% MSA) exhibit wormholes with more branching than acidizing 

with a more concentrated MSA aqueous solution (i.e., 20 wt% MSA) at the same 

injection rate; therefore, a lower live acid penetration is obtained (in other words, more 

acid volume is required). 

TABLE 5—PROPERTIES OF LIMESTONE CORES USED WITH 5 WT% 

MSA AT 250°F AND SUMMARY OF COREFLOOD RESULTS 

Core 

No. 

Pore Volume, 

cm3 

Porosity, 

vol% 

Injection Rate, 

cm3/min 

Acid Vol. to 

Breakthrough, PV 

54 25.06 14.4 1.0 18.59 

64 26.52 15.3 2.0 10.16 

55 25.61 14.7 4.0 10.00 

75 23.94 13.8 5.0 9.15 

56 26.05 15.0 6.0 10.27 

65 25.80 14.8 10.0 10.56 

67 25.26 14.5 20.0 15.64 

Average Porosity = 15 vol% 

Average Permeability = 155 md 
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Fig. 27–Effect of acid concentration on the number of pore volumes to 

breakthrough at 250°F. 

 

TABLE 6—PROPERTIES OF LIMESTONE CORES USED WITH 20 WT% 

MSA AT 250°F AND SUMMARY OF COREFLOOD RESULTS 

Core 

No. 

Pore Volume, 

cm3 

Porosity, 

vol% 

Injection Rate, 

cm3/min 

Acid Vol. to 

Breakthrough, PV 

18 27.63 15.9 1.5 2.22 

70 24.54 14.1 3.5 1.31 

66 24.50 14.1 6.0 1.29 

31 23.04 13.3 10.0 1.90 

49 26.39 15.2 25.0 3.16 

Average Porosity = 15 vol% 

Average Permeability = 251 md 
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The effects of acid concentration observed with MSA are consistent with those 

reported for the case of HCl by previous investigators (Wang et al. 1993; Bazin 2001). 

The lowest volumes of acid to breakthrough were obtained at injection rates of 5 and 6 

cm3/min, and therefore, these are considered the optimum rates when 5 and 20 wt% 

MSA, respectively, are used to stimulate limestone cores at a temperature of 250°F. 

 

Fig. 28–Dissolution patterns identified from 3D scan images of core samples treated 

with 5 wt% MSA at 250°F. 

 

The dissolution structures that were created by the injection of MSA in limestone 

cores at 250°F can be characterized by analyzing the CT-scan images of the treated cores 

(Figs. 28 through 30). Since the effective diffusivity of an aqueous MSA solution 

decreases with decreasing acid concentration, a lower overall reactivity of the less 

concentrated MSA systems causes a more homogeneous dissolution pattern (or less 

dominant wormholing/channeling) since fresh acid can penetrate into more pores. This 
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behavior is similar to what it has been reported for other less reactive systems such as 

EDTA and acetic acid (Fredd and Fogler 1998). 

 

Fig. 29–Dissolution patterns identified from 3D scan images of core samples treated 

with 10 wt% MSA at 250°F. 

 

Fig. 30–Dissolution patterns identified from 3D scan images of core samples treated 

with 20 wt% MSA at 250°F. 
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By comparing Figs. 28 and 29 (5 wt% vs. 10 wt% MSA), it can be noticed that 

for the case of 5 wt% MSA, lower injection rates are required to have face dissolution 

and to create conical wormholes. Also, at intermediate and high injection rates the 

degree of wormhole ramification was higher. Even at injection rates as low as 6 

cm3/min, some degree of branching was observed when 5 wt% MSA was injected. In 

general, the size of the wormholes tends to increase at lower concentrations. 

By comparing Figs. 29 and 30 (10 wt% vs. 20 wt% MSA), it can be noticed that 

at low-injection rates the degree of face dissolution was lower at low injection rates for 

the case of 20 wt% MSA. Even at injection rates as low as 1.5 cm3/min, almost no face 

dissolution was observed. Also, higher injection rates are required to achieve same 

degree of wormhole ramification; however, the generation of competing wormholes was 

observed. In general, the size of the wormholes tends to decrease at higher 

concentrations. 

The mass of acid consumed at the optimum injection rates for the three different 

acid concentrations tested is compared in Table 7. From the results using limestone, in 

terms of both acid consumption (mass of acid) and injection time (volume of acid 

injected), a high MSA concentration was better. These results contradict previous trends 

with HCl (Wang et al. 1993; Bazin 2001). However, the efficiency of MSA at high acid 

concentration was considerably improved by the high-temperature conditions (250°F) at 

which the tests in the present study were conducted (as opposed to room temperature in 

the previous studies). 
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Effects of Core Permeability 

The effect of core permeability on wormhole formation with 10 wt% MSA at 

250°F was investigated by performing additional coreflood tests using low-permeability 

limestone cores (14 md, average permeability). Eight low permeability coreflood 

experiments were run at injection rates from 1 to 10 cm3/min. The properties of the core 

samples used and the results obtained from coreflood testing are given in Table 8. 

The permeability of the carbonate porous media has an effect on wormholing 

efficiency, especially in the case of mass-transfer limited reactions, such as the reaction 

of MSA and limestone at high temperatures, where branching is more prominent in 

higher permeability cores for the same flow rate conditions. Also, as permeability 

decreases live acid enters new pore space less easily, then increasing the tendency for 

dissolution channels to become dominant. For example, CT-scan images of the acidized 

low permeability cores (Fig. 31) showed a lower degree of branching, and more 

dominant wormholes, as compared to the corresponding high permeability cores 

previously presented in Fig. 29. 

TABLE 7—AMOUNT (MASS) OF ACID INJECTED TO PENETRATE 

THE LIMESTONE CORES AT DIFFERENT ACID CONCENTRATIONS 

Acid Concentration, 

wt% 

Acid Injected, 

V/VP 

Mass of Acid, 

g 

5 9.15 11.1 

10 2.91 8.6 

20 1.29 6.9 
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An indirect measure of channel branchedness (pattern complexity) can be 

obtained by computing the fractal dimension of the 2D patterns generated by the reaction 

of 10 wt% MSA in low and high permeability limestone cores at the same temperature 

conditions. If the branches are numerous and small in diameter, a high fractal dimension 

will be obtained from the 2D CT-scan images. On the other hand, single dominant 

wormholes will result in channels of low fractal dimension. Fig. 32 shows a general 

decrease in the fractal dimension value for wormholes propagated in low permeability 

cores. 

 

TABLE 8—PROPERTIES OF LOW PERMEABILITY LIMESTONE CORES 

USED WITH 10 WT% MSA AT 250°F AND SUMMARY OF COREFLOOD 

RESULTS 

Core 

No. 

Pore 

Volume, cm3 

Porosity, 

vol% 

Permeability, 

md 

Injection 

Rate, cm3/min 

Acid Vol. to 

Breakthrough, PV 

95 24.54 14.1 7 1.0 3.02 

15 22.41 12.9 20 2.0 2.17 

97 25.36 14.6 5 3.0 2.19 

16 22.86 13.2 25 4.0 2.28 

94 24.63 14.2 7 5.0 2.51 

96 25.19 14.5 7 6.0 2.66 

89 27.82 16.0 11 8.0 2.78 

17 23.57 13.6 28 10.0 3.29 

Average Porosity = 14 vol% 

Average Permeability = 14 md 
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Fig. 31–Dissolution patterns identified from 3D scan images of low permeability 

core samples treated with 10 wt% MSA at 250°F. 

 

Fig. 32–Effect of permeability on fractal dimension. 
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The decrease in branching observed in low permeability cores quicken channel 

propagation. Consequently, lower acid volumes to breakthrough and lower rates at the 

optimum injection condition were required for the lower permeability materials. Fig. 33 

compares the coreflood data for low (14 md) and high (160 md) permeability Indiana 

limestone cores acidized with 10 wt% MSA at 250°F. It can be observed that the lower 

permeability cores required less fluid to stimulate. 

 

 

 

 

 

 

 

 

 

 

Fig. 33–Effect of core permeability on the number of pore volumes to breakthrough 

at 250°F, using 10 wt% MSA. 

 

Conclusions 

A 10 wt% MSA aqueous acid solution was used to stimulate limestone cores 

using a coreflood setup. The effect of temperature, acid concentration, and rock 
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permeability on the propagation of MSA in carbonate cores were examined in detail. 

Based on the results obtained, the following conclusions can be drawn: 

1. The efficiency of the wormhole formation with 10 wt% MSA in 

limestone cores decreased with increasing temperature. Besides, the 

optimum flow rate was shifted to higher values. 

2. Decreasing the MSA concentration decreased the optimum injection rate. 

Additionally, at the same injection rates, higher acid volumes were 

required because more branched dissolution structures were created in 

limestone cores acidized at lower concentrations (i.e., 5 wt% MSA) than 

in cores acidized with more concentrated MSA aqueous solutions (i.e., 20 

wt% MSA). 

3. When acidizing limestone cores at high-temperature conditions, in terms 

of both mass of acid consumed and volume of acid injected, high MSA 

concentrations are preferred. 

4. Since branching was less prominent in lower permeability cores for the 

same flow rate conditions, channel propagation was accelerated. 

Consequently, lower acid volumes to breakthrough and lower rates at the 

optimum injection condition were required for the lower permeability 

materials. 



 

56 

 

CHAPTER V  

ACIDIZING HIGH-TEMPERATURE DOLOMITE FORMATIONS WITH 

METHANESULFONIC ACID 

 

Introduction 

Many carbonate rocks contain a significant amount of dolomite. Most dolostones 

are formed by dolomitization (Zenger and Mazzullo 1982), or the replacement of 

limestone by dolomite, a process which usually increases porosity but impairs 

permeability due to precipitation of dolomite crystals. Intercrystalline porosity is 

common in dolomite replacements of limestone. However, dolomitization may lead to 

decreased porosity if sustained placement of diagenetic dolomite cements occurs (Lucia 

and Major 1994), or to increased permeability in cases when the intercrystalline porosity 

is preserved after total replacement of limestone by dolomite, without precipitation of 

“excess” dolomite cement (Ahr 2008). 

Several studies have looked at the effects of acidizing in dolomite rocks. Lund et 

al. (1973), for example, examined the reaction rate of pure dolomite marble with HCl 

using a rotating disk technique. They found that the dissolution of dolomite is reaction 

rate limited at temperatures less than about 125°F and mass transfer limited at 

temperatures greater than about 200°F. Between these two temperatures, the dissolution 

is influenced by both the kinetics of the surface reaction and the rate of mass transfer. 

More recent works have focused on determining the effect of rock mineralogy on 

dolomite reactivity. Anderson (1991), for instance, looked into the reactivity of the San 
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Andres dolomite using actual formation samples from several fields. The experimental 

procedure and data analysis techniques employed were the same as those of Lund et al. 

(1973). However, by comparing the results of the study against the industry-accepted 

values the author concluded that different dolomites may have different surface kinetics. 

Taylor et al. (2004b), on the other hand, measured the acid dissolution rate 

changes using reservoir rocks which varied from 3 to 100 wt% dolomite. The 

experimental results showed that, from almost pure calcite to almost pure dolomite, rock 

dissolution rates varied by more than an order of magnitude due to rock mineralogy. An 

additional dependence of the reaction rates on the presence of trace minerals, such as 

clays, was also determined. Other dolomite reaction kinetic studies are described in 

detail in Herman and White (1985), Gautelier et al. (1999), Nasr-El-Din et al. (2002), 

and Taylor et al. (2004a). 

The acidizing of carbonate rocks has been the subject of numerous technical 

papers (Bazin et al. 1997; Buijse 1997; Daccord, Lenormand, et al. 1993; Daccord, 

Liétard, et al. 1993; Daccord et al. 1989; Fredd 2000b; Fredd and Miller 2000; Fredd et 

al. 1997; Gdanski 1999; Glasbergen et al. 2005; Gong and El-Rabaa 1999; Hung et al. 

1989; Panga et al. 2002; Williams et al. 1979) which have exposed the complexity of the 

wormholing process. Some of these works have focused, in particular, on the 

characterization of dolomite dissolution by the injection of acid in coreflood 

experiments. As an example, Hoefner and Fogler (1988) studied the acidization of 

dolomite cores at room temperature using aqueous HCl. At low temperatures, where the 

dissolution rate of dolomite is reaction-rate limited and orders of magnitude lower than 
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that of limestone, they observed an almost uniform (very highly branched) dissolution of 

the pore space when dolomite was treated with HCl at high injection rates. From the 

experimental results, the volume of acid required to reach breakthrough in dolomite 

cores increased with increasing injection rates (or decreasing Damkohler numbers). 

However, in a later study (Hoefner and Fogler 1989) the authors suggested that at very 

low rates the volume must again increase, resulting in the existence of an optimum 

injection rate (or optimum Damkohler number). 

Wang et al. (1993) confirmed the results obtained by Hoefner and Fogler (1989) 

in relation with the injection of HCl in dolomite cores at room temperature. They noted 

that when the acid injection rate was increased the volume of acid required to penetrate 

the cores also increased. Moreover, no optimum rate was observed for dolomite cores at 

room temperature. Additionally, they reported that, compared with the limestone results, 

the dolomite cores required relatively large volumes of acid to breakthrough. Also, from 

the observation of the inlet faces of the dolomite cores after acid injection, they 

described that the dissolution process produced a spongy rock structure instead of single 

dominant wormholes. Another important contribution of their work was the study of the 

effect of temperature on the dissolution efficiency of HCl in dolomite rock. 

Bazin et al. (1996) characterized the acid (HCl) wormholing in dolomite rock by 

performing coreflood experiments with X-ray computed tomography visualization (CT 

scan). From the CT scan observations they reported that, at low temperatures, the low 

reactivity dolomite produced dissolution structures (wormholes) that were comparable to 

the structures obtained at low flow rates with limestone. Even more, they found a 
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similarity in the size of the wormholes obtained in dolomite cores with respect to those 

produced in limestone cores at low flow rates. 

All of the experimental studies mentioned previously used HCl solutions as 

stimulation fluid for the low-reactive dolomite. In addition, the use of retarded HCl-

based systems, such as emulsified acids (Kasza et al. 2006; Laws et al. 2005; Nasr-El-

Din et al. 2008; Nasr-El-Din, Solares, et al. 2001; Navarrete et al. 2000) and gelled acids 

(Nasr-El-Din et al. 2002), in particular in high-temperature acid fracturing applications, 

has also been recommended. In the same line of research, other authors (Bartko et al. 

2003; Harp et al. 1968; Nasr-El-Din, Lynn, et al. 2001) have studied the use of organic 

acids (i.e., formic or acetic acid) to stimulate wells containing dolomite. Much less work 

has been published regarding the application of alternative, unconventional, fluid 

technologies for dolomite acidizing. For instance, preliminary experiments with EDTA 

at ambient temperature have revealed no significant dolomite dissolution (Fredd 2000a). 

The application of sulfonic acids, and specifically methanesulfonic acid (MSA), for the 

matrix acidizing of dolomite formations has not been studied before. 

The current study expands on the results obtained for the injection of MSA in 

limestone cores (Ortega et al. 2014) by performing coreflood experiments with dolomite 

to evaluate the effect of rock mineralogy on the wormholing process. As expected, the 

coreflood analysis showed a reduced efficiency of MSA at 250°F when it was used to 

stimulate dolomite rocks as compared to limestone. An optimum injection condition 

corresponding to the different parameter tested was identified, with no sign of 

methanesulfonate salt precipitation. 
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X-Ray Fluorescence of Dolomite Samples 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The initial composition of the dolomite cores was obtained by performing X-ray 

fluorescence (XRF) analysis of a core sample. A disk with a diameter of 1.5-in and a 

thickness of 0.75-in. was cut and tested using the XRF technique. Results from the 

analysis (Table 9) showed that the dolomite sample contained more than 98 wt% of 

calcium, magnesium, carbon, and oxygen. Table 10 presents the average calcium to 

magnesium molar ratio, which is about 1.4 for the analyzed sample. A molar ratio larger 

than 1 is indicative of a calcian-rich dolomite. 

TABLE 9—ELEMENTAL ANALYSIS OF A DOLOMITE 

CORE SAMPLE USING THE XRF TECHNIQUE 

Element Concentration, wt% 

Ca 23.5 

Mg 10.2 

C 12.6 

O 51.3 

Si 0.08 

Fe 0.25 

S 0.49 

Na 1.16 

K 0.14 

Cl 0.11 

Sr 0.01 

Sn 0.01 

Mn 0.02 
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Solubility of Dolomite Cores in MSA 

Similar to limestone, calcium magnesium carbonate (dolomite) dissolves in 

strong acids, releasing carbon dioxide, following the reaction stoichiometry shown in 

Eq. 3 (Lund et al. 1973). Also similar to limestone, the dissolution reaction in Eq. 3 is 

considered irreversible, therefore the influence of mass transfer is attributable to the 

transport of reactants to the mineral surface. 

 

𝐶𝑎𝑀𝑔(𝐶𝑂3)2 + 4𝐻+ → 𝐶𝑎++ + 𝑀𝑔++ + 2𝐻2𝑂 + 2𝐶𝑂2 · · · · ·· (3) 

 

The solubility of dolomite core samples in 10 wt% MSA was tested by 

performing tests at static conditions and at room temperature (80°F). Two different core 

samples were prepared by cutting small pieces of dolomite rock of different sizes (coarse 

and fine size). Fifteen grams of coarse size sample and 6 grams of fine size sample were 

poured into a beaker filled with 100 ml and 50 ml of 10 wt% MSA, respectively. The 

samples were left immersed in acid for period of 4 hours. After reaction, the solid 

deposits remaining were filtered and washed with deionized water, in order to remove 

TABLE 10—CALCIUM TO MAGNESIUM MOLAR RATIO 

IN DOLOMITE ROCKS USED IN THE STUDY 

Element Concentration, mol% Molar Ratio of Ca to Mg 

Ca 11.0 1.4 

Mg 7.9 
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any acid excess. The deposits were then dried so a SEM/EDX analysis could be 

performed with the objective of determining their chemical composition. 

 

Fig. 34–SEM/EDX analysis of sediment remaining after reaction of coarse size 

dolomite samples and 10 wt% MSA. 

 

Results from the SEM/EDX analysis of the reaction residue are presented for 

both of the tested samples and are shown in Figs. 34 and 35. These results show no 

signs of methanesulfonate salt precipitation (i.e., calcium or magnesium 

methanesulfonate), but instead show a deposit composition corresponding to dolomite 

rock with a molar calcium to magnesium ratio close to unity. From these static 

measurements at room temperature, it is evident that the rock under study shows great 

solubility in a 10 wt% MSA solution. It can be then expected that, at high bottomhole 

temperatures, the very fast reaction will result in quick acid spending and face 

dissolution (low treatment efficiency). On the other hand, accurate reaction kinetics data 
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will require the use of the rotating disk apparatus to simulate dynamic reaction 

conditions. 

 

Fig. 35–SEM/EDX analysis of sediment remaining after reaction of coarse size 

dolomite samples and 10 wt% MSA. 

 

CT-Scan Study of Fresh Core Samples 

Core plugs (1.5-in. diameter and 6-in. length) were cut from a block of Silurian 

dolomite. Some of these plugs were screened by using a computerized tomography (CT) 

scanning. The objectives of the screening were to determine the degree of heterogeneity 

of the core samples, to indicate the possible presence of additional materials in the cores, 

and to measure core porosity. The porosity measurements were performed by using a 

two-scan technique, which involved making time-sequenced CT scans at the same 

physical location in a core at different known fluid saturations (for example, dry and 
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fluid saturated). Since this method eliminates any rock contribution, information about 

rock mineralogy becomes unnecessary (Davis et al. 1992). 

Computed tomography is used to identify structural characteristics of core 

material such as core heterogeneity. CT scan images represent discrete X-ray attenuation 

information of the material scanned (Coles et al. 1995), usually provided in Hounsfield 

units (HU). In addition to a visual evaluation of the CT images, quantitative information 

such as porosity can be obtained from CT values with proper processing and 

calculations. For the case of this study, the porosity at each location in the core was 

obtained by subtracting the two images (pixel-by-pixel) and dividing by a calibration 

constant. Eq. 4 was used to compute the core porosity: 

 

𝜑 =
𝐶𝑇𝑁𝑚

𝑓
−𝐶𝑇𝑁𝑚

𝑣𝑎𝑐

𝐶𝑇𝑁𝑓−𝐶𝑇𝑁𝑣𝑎𝑐
·· · · ·· · · · · · · ·· (4) 

 

In Eq. 4: 

𝐶𝑇𝑁𝑚
𝑓

− the measured CTN of water-filled core 

𝐶𝑇𝑁𝑚
𝑣𝑎𝑐 − the measured CTN of clean, dry evacuated core 

𝐶𝑇𝑁𝑓 − the measured CTN of water (defined to be 0 HU) 

𝐶𝑇𝑁𝑣𝑎𝑐 − the measured CTN of air (defined to be - 1,000 HU) 

 

Even though the CT porosity measurements allow to determine the average 

porosity of a dry core sample, the main usefulness of these measurements is the ability to 

visualize the distribution of porosity on a small scale. As an example, Fig.36 shows the 
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initial porosity distribution on a dolomite core sample (Core #79). Using the dual-scan 

method, the average initial porosity of the core was calculated as 10.7 ± 1.4 vol%, 

similar to the one estimated using the saturation method (12.0 vol%). From the same 

figure, the average fluid saturated CTN measurements and dry evacuated CTN 

measurements were 2,253 HU and 2,146 HU, respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 36–CT-scan of fresh dolomite core samples (Core #79). 

 

A procedure similar to the one described above (Core #79) was followed for 

other dolomite core samples used in the study. Table 11 presents the calculated porosity 

values using the described method. The range of porosity values for the scanned core 

samples was between 6.5 and 16.5 vol%, with an average porosity of 12.2 ± 2.2 vol%. 
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On the other hand, the average porosity determined for the same set of samples by using 

the previously described saturation method was 12.4 vol%. 

 

 

From the CTN measurements the core samples used in the study can be described 

as vuggy dolomite with streaks of limestone. These measurements are consistent with 

previously defined CT numbers for pure dolomite and pure limestone, respectively 

(Nevans et al. 1999). Also, CT numbers less than 2,200 are indicative of good porosity 

or fracturing. The CTN measurements of the cores used in the study depart from the 

theoretical value for pure dolomite due to the calcium-rich composition of the dolomite 

sample and the presence of vuggy porosity. 

CT scan analysis of the fresh (pre-acid) core samples also served to indicate the 

degree of heterogeneity of the dolomite rock used during the coreflood experiments. By 

adding all of the porosity histograms (slice-by-slice, frequency histograms of porosity) 

obtained by scanning the core, the porosity distribution within an entire core (Core #79) 

TABLE 11—DUAL SCAN CALCULATED INITIAL POROSITY OF 

DOLOMITE CORES 

Core 

No. 

Air Saturated Avg. 

CTN, HU 

Water Saturated 

Avg. CTN, HU 

Initial Porosity ± Std. Dev., 

vol% 

82 2,075 2,218 14.3 ± 0.9% 

79 2,146 2,253 10.7 ± 1.4% 

81 2,083 2,180 9.7 ± 0.7% 

83 2,057 2,197 14.1 ± 0.8% 

Average 2,090 2,212 12.2 ± 2.3% 
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was determined. The standard deviation of the porosity histogram was then used as an 

indicator of porosity heterogeneity in the core. Fig. 37 shows a whole-core porosity 

histogram measured for Core #79. The histogram corresponds to a homogeneous 

dolomite sample with a mean porosity value of 10.7 vol%. The standard deviation of the 

porosity distribution was calculated as 1.4 vol%. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 37–The effects of porosity heterogeneity on the width of the porosity 

distribution (Core #79). 

 

For the coreflood study, 7 cores were selected to test the MSA acid system; the 

cores were selected so that the rocks were mainly homogeneous dolomite. Table 12 

provides a description of all the cores selected to perform the coreflood study. 
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Coreflood Study 

Seven coreflood runs were performed using 10 wt% MSA, at injection rates of 2 

to 10 cm3/min. These runs were done to determine the effect of the injection rate on 

MSA performance, specifically, the acid volume to breakthrough and the resulting 

wormhole characteristics. This set of experiments was conducted at a temperature of 

250°F. Table 12 presents a summary of the results obtained for each of the core samples 

used. During coreflood injection, the pressure drop across the core was plotted using the 

LabView® software. Samples of the coreflood effluent were collected and analyzed for 

calcium concentration, pH, and acid concentration. 

 

TABLE 12—PROPERTIES OF DOLOMITE CORES USED WITH 10 WT% 

MSA AT 250°F AND SUMMARY OF COREFLOOD RESULTS 

Core 

No. 

Pore Volume, 

cm3 

Porosity, 

vol% 

Injection Rate, 

cm3/min 

Acid Vol. to 

Breakthrough, PV 

91 20.71 11.9 2.0 18.48 

115 20.33 11.7 3.0 8.25 

82 21.99 12.7 4.0 9.20 

79 20.80 12.0 5.0 8.67 

81 24.02 13.8 6.0 9.16 

90 22.50 12.9 8.0 11.96 

83 19.18 11.0 10.0 13.90 

Average Porosity = 12 vol% 

Average Permeability = 17 md 



 

69 

 

 

 

 

 

 

 

 

 

 

Fig. 38–Pressure drop across Core #91 during the injection of 10 wt% MSA at a 

rate of 2 cm3/min. 

 

The analyses performed for Core #91 are provided as an example of the complete 

coreflood procedure. Fig. 38 shows the behavior of the pressure drop across the core 

during the injection of the 10 wt% MSA system at a rate of 2 cm3/min. The differential 

pressure, which initially stabilized around 65 psi during the injection of water, started to 

decrease shortly after the acid injection began. This decrease in pressure indicates the 

reaction of the acid with the carbonate rock, and the creation of dissolution patterns 

(wormholes) as the acid front moved along the core length. The differential pressure 

continued to decrease with time until acid breakthrough occurred. 

The volume of acid to breakthrough is defined as the volume of acid needed to 

propagate the wormhole through the length of the core. When breakthrough was 

achieved, a low and constant (stable) pressure drop was recorded from the coreflood 
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apparatus, indicating that the fluid was flowing through the created wormhole structures. 

For the current case, 18.5 pore volumes (PV) of acid were needed to achieve 

breakthrough (Fig. 38). 

As MSA reacted with the carbonate rock creating dissolution channels along the 

core, the calcium and magnesium concentrations in the effluent samples started to 

increase. Fig. 39 shows the calcium and magnesium concentrations in the core effluent 

samples, as measured by the ICP. The measured calcium and magnesium concentrations 

reached maximum values of 11,475 mg/l ± 5% and 6,340 mg/l ± 5%, respectively. These 

concentrations are in agreement with the theoretical values of calcium and magnesium 

that are expected from the dissolution of dolomite in a 10 wt% MSA solution. 

 

 

 

 

 

 

 

 

 

 

Fig. 39–Calcium and magnesium concentrations in the core effluent samples of 

Core #91. Error bars represent relative standard deviation (± 5%) from the 

measurements. 
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Fig. 40 shows the pH and acid concentration of the coreflood effluent samples 

for the same experiment. The pH was nearly 7 at the start of the injection (water). Then, 

it decreased with the injection of acid to a value of 1.3 (after acid breakthrough) and 

increased again as the injection of water resumed. As expected, an opposite trend was 

found for the final acid concentration in the effluent samples, which achieved a 

maximum value of 0.4 wt% MSA after acid breakthrough. This indicated that the acid 

was almost completely spent after its flow through the carbonate core. 

 

 

 

 

 

 

 

 

 

 

Fig. 40–pH and acid concentration in the core effluent samples of Core #91. 

 

A procedure similar to the one explained above for Core #91 was followed for all 

the other core samples used in the study (Table 12). Figs. 41 and 42 present the calcium 

and magnesium concentrations in the coreflood effluent samples, collected for some of 

the experiments at different injection rates. As in the case of Core #91, the calcium and 
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magnesium concentration increased with the injection of acid, reaching a maximum 

value, then decreased when the injection fluid was switched back to water. 

 

 

 

 

 

 

 

 

 

 

Fig. 41–Calcium concentration in the core effluent samples, collected for the 

various experiments with MSA at different injection rates. 

 

The calcium and magnesium concentrations plotted in Figs. 41 and 42 indicate 

the amount of dolomite rock dissolved by the acid at each injection rate, and is a 

function of the acid/rock contact time and contact area. Both, the contact time and 

contact area, are minimized when the acid is injected at conditions close to the optimal. 

As a result, the highest peaks for calcium and magnesium concentration were observed 

when the acid was injected at conditions far from the optimal, for example 2 cm3/min. 
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Fig. 42–Magnesium concentration in the core effluent samples collected for the 

various experiments with MSA at different injection rates. 

 

 

 

 

 

 

 

 

 

 

Fig. 43–pH of the core effluent samples, collected for the various experiments with 

MSA at different injection rates. 
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Similarly, the change in pH and acid concentration can be compared for all the 

cases tested. Since these two variables are inversely related (the higher the acid 

concentration, the lower the pH), they both can be used to confirm the breakthrough 

determined from the analysis of the pressure drop. For example, the decrease in pH 

measurements to a minimum value indicates acid breakthrough (Fig. 43). This minimum 

value of pH varied in the range of 0.98 (Core #83, 10 cm3/min) to 1.33 (Core #91, 2 

cm3/min). 

 

 

 

 

 

 

 

 

 

 

Fig. 44–Acid concentration in the coreflood effluent samples collected for the 

various experiments with MSA at different injection rates. 

 

On the contrary, the peak (maximum) of the final acid concentration (Fig. 44) 

ranged between 0.45 wt% (Core #91, 2 cm3/min) and 2.0 wt% (Core #83, 10 cm3/min). 

The results presented in Figs. 43 and 44 demonstrate the dependency of pH and acid 
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concentration on the injection rate. The higher the acid injection rate, the lower the time 

the acid has for spending upon contact with the carbonate rock, therefore resulting in a 

higher acid concentration (and lower pH) of the core effluent samples. 

Total Amount of Calcium and Magnesium in Effluent Samples 

 

 

 

 

 

 

 

 

 

 

Fig. 45–Amount of calcium and magnesium in the coreflood effluent samples 

collected for the various experiments with MSA at different injection rates. 

 

The solubility of dolomite cores in MSA is directly indicated by the total amount 

of calcium and magnesium in the core effluent samples. These amounts can be 

calculated at different injection rates by integration of the curves corresponding to 

calcium and magnesium concentration versus volume of acid injected (Figs. 41 and 42). 

Fig. 45 shows the calculated total amounts of calcium and magnesium (in moles) 

collected in the core effluent samples during the injection of MSA in dolomite cores at 
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injection rates of 2, 5, and 10 cm3/min. An average calcium to magnesium molar ratio of 

1.1 was calculated. 

Fig. 46 additionally presents the calculated amount (in grams) of dolomite rock 

dissolved by the injection of MSA at the same injection rate conditions. From Fig. 46, 

the total amount of dolomite rock dissolved decreased as the injection rate is increased 

from 2 to 5 cm3/min, but increased again at a higher injection rate (10 cm3/min). This 

data suggests the existence of an optimal condition where the lowest acid consumption 

(i.e., least amount of rock dissolved) is required to achieve breakthrough. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 46–Calculated amount (mass) of dolomite rock dissolved for the various 

experiments with MSA at different injection rates. 
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Volume of Acid to Breakthrough and Optimum Injection Rate 

 

 

 

 

 

 

 

 

 

 

Fig. 47–Optimum injection rate curve for the reaction of 10 wt% MSA with 

dolomite at 250°F. 

 

The optimum injection rate is defined as the rate at which the volume of acid 

required to achieve breakthrough is minimum. Fig. 47 shows the volume of acid to 

breakthrough as a function of interstitial velocity corresponding to the injection of 10 

wt% MSA in dolomite cores at 250°F. The interstitial velocity for each of the core 

samples treated was calculated by dividing the superficial velocity (volumetric flow rate 

over the cross area of the core) by the corresponding core porosity (as reported in Table 

12). From this figure, as the injection rate increases, the volume of acid to breakthrough 

decreases and reaches a minimum at a rate between 3 and 6 cm3/min (2.3 to 3.8 cm/min, 

interstitial velocity). The volume of acid to achieve breakthrough increases again at 
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injection rates higher than the optimum. However, the curve is steeper on the left side of 

the optimum injection rate and relatively flat for rates higher than the optimum. This fact 

indicates that the effect of the injection rate is more pronounced at low injection rates, 

corresponding to a mass-transfer-limited regime. On the other hand, at high injection 

rates the pore volumes to breakthrough are less affected by changes in the injection rate. 

CT-Scan Study of Stimulated Core Samples 

 

 

 

 

 

 

 

 

 

 

 

Fig. 48–Low injection (left) leads to face dissolution and conical wormholes. 

Dominant wormholes are a characteristic of the intermediate rate case (center). 

High injection rates result in ramified dissolution structures (right). 

 

CT scan images of the cores treated with 10 wt% MSA at 250°F can be used to 

characterize the dissolution structures that were created at the different flow rates. Fig. 

48 presents CT scan images, along with some photographs of the inlet side of the core 
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samples after acid injection, for a low-injection rate (2 cm3/min), an intermediate-

injection rate (4 to 6 cm3/min), and a high-injection rate (10 cm3/min), showing the 

wormholing ability of MSA in dolomite cores within the range of injection rates tested. 

Due to a low reactivity of MSA with dolomite, even at high temperature 

conditions, several of the original pores in the core are prospective candidates for 

wormhole initiation. Consequently, especially at high injection rates, narrowly spaced 

multiple wormholes are expected to form producing inefficient, highly branched 

dissolution structures that do not correspond to optimal etch patterns comprising single 

or few dominant wormholes. The photographs of the inlet flow faces of the stimulated 

cores presented in Fig. 48 serve to illustrate this point. The inlet faces of the dolomite 

cores showed a spongy structure instead of displaying well-defined, single dominant 

wormholes, particularly at the highest flow rates. 

In general terms, the CT scan images of the treated dolomite cores (Fig. 48) 

showed an acid-robbing dissolution structure. For example, at low-injection rates 

dissolution of the inlet face of the core (face dissolution) and conical wormholes were 

observed in the scan images, which caused the core stimulation to be inefficient (sub-

optimal). At rates close to the optimum injection rate, dominant wormhole were created 

penetrating the total length of the core with no face dissolution. The size of the generated 

wormhole decreased as the acid penetrated deeply into the core, until acid breakthrough 

was achieved. This dissolution pattern resulted in a more efficient stimulation of the 

core. At high-injection-rates, a ramified dissolution structure was generated as a result of 
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live acid penetration into new pore space before being consumed. Consequently, the acid 

efficiency decreased with respect to the intermediate-rate case. 

The existence of an optimum injection condition can be explained as a result of 

the effect of acid flow rate on the created dissolution pattern (Fig. 48). At a low injection 

rate (2 cm3/min), a large volume of MSA is consumed on the inlet face of the core (face 

dissolution). Also at this rate, the reactant penetrates into the porous matrix and enlarges 

flow channels. However, a significant amount of MSA is consumed on the walls of these 

flow channels, causing the formation of a conical-shaped dissolution channel. From the 

CT scan images at 2 cm3/min, the average diameter of the conical wormhole was about 

0.25 in (6.4 mm). This conical channel requires the injection of several pore volumes of 

acid for the channel to break through the porous medium. The combined effect of face 

dissolution and conical channels results in a high degree of acid reaction with the rock, 

which in turn generates a high amount of calcium ions in the effluent samples. 

On the other hand, at an intermediate injection rate (3 to 6 cm3/min) unconsumed 

MSA reaches the tip of the growing flow channels. Successive consumption at the tip 

extends the dissolution channels and leads to the development of a dominant wormhole 

of reduced size. From the CT scan images at 5 cm3/min, the average diameter of the 

dominant wormhole was about 0.11 in (2.8 mm). This dominant wormhole requires a 

minimum pore volume of acid to break through the rock matrix. For that reason, the 

calcium concentration of the effluent samples at this intermediate rate is lower than the 

corresponding concentration for the low injection rate case. 
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Lastly, at a high injection rate (10 cm3/min) a dominant channel rapidly generates 

and propagates. With continued acid injection, very fine branches around the main 

wormhole are created, having an effect similar to an increase of the main wormhole 

diameter. From the CT scan images at 10 cm3/min, the maximum diameter of the 

combined dominant wormhole and ramifications was about 0.23 in (5.8 mm). Since 

dissolution occurs over a high surface area, a higher degree of acid reactivity results in a 

higher amount of calcium ions in the effluent samples than the amount measured for the 

intermediate injection rate case. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 49–CT scan of acidized core sample (Core #79). 
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The study of the CT scan images confirms that MSA can be used as an effective 

stimulation fluid, as it creates and propagates deep, dominant wormholes when injected 

into high-temperature dolomite formations. The generation of these dominant 

wormholes provides a significant increase in core porosity and permeability. As an 

example, Fig. 49 shows the final average porosity (after stimulation) determined for 

Core #79, following the same dual-scan method previously described. A final average 

porosity of 22 vol% was calculated for Core #79, which is about double the initial 

porosity value. 

 

 

 

 

 

 

 

 

 

 

Fig. 50–Permeability enhancement by injection of 10 wt% MSA in dolomite cores. 

 

Correspondingly, the generation of additional porosity results in improved core 

permeability. Fig. 50 shows the permeability enhancement obtained in dolomite cores 

tested with MSA at different injection rates, after acid breakthrough occurred. It can be 
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observed from results in Fig. 50 that the amount of acid required to increase the average 

permeability by a certain degree depends on the acid injection rate. For example, at a 

low injection rate (i.e., 2 cm3/min) the average permeability increases slowly with the 

pore volumes of acid injected. As the acid injection rate is increased, the rate of increase 

in average permeability increases up to a certain acid injection rate (4 to 6 cm3/min). At 

this acid-injection rate (the optimum injection rate) permeability increment is steepest as 

compared with other acid-injection rates. For acid-injection rates higher than the 

optimum acid-injection rate (i.e., 10 cm3/min), the rate of permeability increment 

decreases with the increase in the injection rate. 

Comparison with Limestone Cores 

 

 

 

 

 

 

 

 

 

 

Fig. 51–Effect of lithology on MSA acid efficiency. The dolomite cores required 

relatively large volumes of MSA as compared with the limestone cores. 
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The dolomite cores required relatively large volumes of MSA as compared with 

the limestones (Fig. 51). This is a consequence of a slower MSA-dolomite reaction rate 

that results in a more uniform mode of acid attack. In other words, with a lower reaction 

rate, more acid is needed to propagate a wormhole a given distance in dolomite. In 

addition to this, a larger mineral (dolomite) surface area is exposed to live acid due to 

reaction limitations. Therefore, as live acid can penetrate into new pore space before it is 

consumed, higher rates will result in increased branching in dolomite. 

Dolomite coreflood results indicate that when the reaction rates are slow, greater 

volumes may be required to stimulate (Fig. 47). The coreflood results also show acid 

breakthrough only after large volumes of acid were injected compared with the 

limestone results (Fig. 51). Breakthrough occurred in the limestone cores after 2.9 to 9.2 

PV of fluid had been injected, depending on the rate. Dolomite injected under similar 

conditions required up to 18.5 PV. On the other hand, corresponding to a decrease in the 

reaction rate, an associated decrease in the optimum acid injection rate was also 

observed. 

A comparison of the dissolution patterns created in each core lithology at low, 

intermediate, and high injection rates is provided in Fig. 52. It can be observed that 

despite of the lower acid reactivity of dolomite, the dissolution of this material by the 

injection of 10 wt% MSA produced patterns that are comparable to the patterns obtained 

with limestone cores. Similar to limestone, the created dissolution structure in dolomite 

cores were wormholes and not uniform dissolution patterns, as typically observed during 

coreflood injections of HCl in dolomite at room temperature (Hoefner and Fogler 1988). 
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The main differences were a higher degree of branching in dolomite than in limestone, 

and a bigger size of the wormholes in dolomite (i.e., 0.18 in versus 0.15 in for maximum 

wormhole diameter for dolomite and limestone at optimum rate conditions, 

respectively), likely a result of the higher volume of acid that was injected in the 

dolomite case. 

 

Fig. 52–Comparison of dissolution structures created by MSA (dolomite versus 

limestone). 

 

The total ion (calcium and magnesium) concentration, pH, and final acid 

concentration were compared for the effluent samples collected during the coreflood 

experiments performed using dolomite and limestone cores (10 wt% MSA at 250°F) at 

an injection rate close to the optimum (5 cm3/min). In Fig. 53, the total measured 

calcium and magnesium concentration reached a maximum value of 17,313 mg/l ± 5%, 

Inlet Face 
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for the case of dolomite cores, and 21,595 mg/l ± 4%, for the case of limestone. These 

values are in agreement with the theoretical dissolution expected for this acid 

concentration. 

 

 

 

 

 

 

 

 

 

 

Fig. 53–Calcium and magnesium concentration in the coreflood effluent samples 

collected for experiments with 10 wt% MSA using dolomite and limestone cores at 

5 cm3/min. 

 

The comparison of effluent-pH profiles in Fig. 54 shows that in the case of 

dolomite there is a constant pH during most of the acid injection and a more gradual 

decrease to a pH value around 1 before acid breakthrough. By contrast, in the case of 

limestone, the pH value kept constant close to a value of 6 all along the acid injection 

and then suddenly dropped to 1 as acid breakthrough occurred. This difference in pH 

behavior is another evidence of the lower acid reactivity of dolomite. 
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Fig. 54–pH of the coreflood effluent samples collected for experiments with 10 wt% 

MSA using dolomite and limestone cores at 5 cm3/min. 

 

Finally, Fig. 55 shows a comparison of the final acid concentration in the effluent 

samples collected during the same experiments. Maximum values of 1.04 and 1.13 wt% 

MSA were measured for the dolomite and limestone cases, respectively. These peaks in 

concentration serve as a confirmation of the breakthrough condition for each of the 

lithologies tested. 

Effects of Concentration 

One additional experiment at a higher acid concentration was performed to 

determine the effect of this parameter on the volume of acid required to breakthrough in 

dolomite. In this additional test, a 20 wt% MSA acid solution was used and was injected 

into the dolomite core at a temperature of 250°F. 
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Fig. 55–Acid concentration in the coreflood effluent samples collected for 

experiments with 10 wt% MSA using dolomite and limestone cores at 5 cm3/min. 

 

In spite of the high acid concentration, a relatively large acid volume (6 PV) was 

required before breakthrough was achieved. Analysis of the CT scan images of the 

treated core structure (Fig. 56) shows a lower degree of branching in the dominant 

wormhole; however, narrowly spaced multiple wormholes are initiated from the original 

pores, producing an inefficient dissolution structure. Regardless of the comparatively 

rapid injection (5 cm3/min), the scan images also show acid spending at the inlet surface 

of the core (face dissolution). 
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Fig. 56–Effect of acid concentration on the wormhole structures formed near the 

optimum injection rates at 250°F. A lower degree of branching in the dominant 

wormhole is observed at the higher concentration. The scan images also show acid 

spending at the inlet surface of the core when 20 wt% MSA is used. 

 

 

The efficiency of different MSA acid solutions is compared in Table 13 based on 

the acid quantity injected at 5 cm3/min. From the results using dolomite, in terms of acid 

  

  
10 wt% MSA 20 wt% MSA 

TABLE 13—AMOUNT (MASS) OF ACID INJECTED TO PENETRATE 

THE DOLOMITE CORES AT DIFFERENT ACID CONCENTRATIONS 

Acid Concentration, 

wt% 

Acid Injected, 

V/VP 

Mass of Acid, 

g 

10 8.67 18.7 

20 6.03 27.6 
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consumption, a low MSA concentration was better. However, the volumes of dilute acid 

may have been excessive. Therefore, if injection time is crucial to the cost of treatment, 

high concentrations of MSA may be preferred. 

Effects of Temperature 

Coreflood experiments performed using dolomite cores demonstrate an effect of 

temperature on MSA wormholing efficiency. Four additional coreflood tests were run 

with 10 wt% MSA at 320°F using Silurian dolomite cores. The properties of the core 

samples used and the results obtained from coreflood testing are given in Table 14. 

 

 

Fig. 57 shows a comparison of the acid efficiency curves for dolomite cores 

treated with MSA at 250°F and 320°F. These results showed an increase in the acid 

volume required to achieve breakthrough at a higher temperature. The decrease in acid 

efficiency for wormhole formation is a result of the reaction of MSA with dolomite 

TABLE 14—PROPERTIES OF DOLOMITE CORES USED WITH 10 WT% 

MSA AT 320°F AND SUMMARY OF COREFLOOD RESULTS 

Core 

No. 

Pore Volume, 

cm3 

Porosity, 

vol% 

Injection Rate, 

cm3/min 

Acid Vol. to 

Breakthrough, PV 

107 19.21 11.1 3.0 10.07 

110 21.90 12.6 4.0 9.83 

109 23.39 13.5 6.0 10.31 

112 19.28 11.1 10.0 20.18 

Average Porosity = 12 vol% 

Average Permeability = 37 md 
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becoming more mass-transfer limited as the temperature is increased. It has been 

previously determined that, similarly to limestone, the dissolution of dolomite is mass 

transfer limited at temperatures greater than 200°F (Lund et al. 1973). Because of a 

higher acid reactivity at higher temperatures, the acid is less effectively transported to 

the tip of the wormhole, being significantly consumed on the wormhole walls and in 

lateral branches. Consequently, the average diameter of the dominant wormhole tends to 

increase with temperature. 

 

 

 

 

 

 

 

 

 

 

Fig. 57–Effect of temperature on the number of pore volumes to breakthrough for 

dolomite cores acidized with 10 wt% MSA. 

 

From the coreflood experiments, it was confirmed that MSA can be used as an 

effective stimulation fluid at 320°F, showing the wormholing ability of MSA in the 

range of injection rates tested. The dissolution structures that were created by the 
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injection of 10 wt% MSA in dolomite cores at 320°F can be characterized by analyzing 

the 3D scan images of the treated cores (Fig.58). A similar trend to the one described in 

Fig. 16 for the case of 250°F was observed, regarding the dependency of dissolution 

structure on the injection rate; however, at corresponding flow rates, the CT scan images 

displayed a lower degree of wormhole branching for the higher temperature case 

(320°F). 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 58–Dissolution patterns identified from 3D scan images of dolomite cores 

treated with 10 wt% MSA at 320°F. 
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Conclusions 

A 10 wt% MSA aqueous acid solution was used to stimulate dolomite cores 

using a coreflood setup. The effects of acid injection rate and temperature on the 

propagation of MSA in dolomite cores were examined in detail. Based on the results 

obtained, the following conclusions can be made: 

1. MSA was found to be effective in creating and propagating wormholes in 

dolomite cores at temperatures up to 320°F, providing a significant 

increase in porosity and permeability. 

2. For the acid injection rates covered in the current study, an optimum 

injection rate of 5 cm3/min was determined when 10 wt% MSA was used 

to stimulate dolomite cores at 250°F. 

3. Having a slower reactivity than limestone, a decrease in optimum 

injection rate and an increase in MSA volume to breakthrough were 

expected and observed when using dolomite cores. 

4. The volumetric acid efficiency of the wormhole formation in dolomite 

cores increased with increasing MSA concentration. 

5. The efficiency of wormhole formation with 10 wt% MSA in dolomite 

cores decreased with increasing temperature. 
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CHAPTER VI  

NUMERICAL SIMULATION OF ACIDIZING IN CARBONATE RESERVOIRS 

 

Introduction 

Several mathematical models have been developed to characterize the 

wormholing phenomena associated with the acidizing of carbonate formations. A 

detailed description of some of the different approaches considered is presented by 

Fredd and Miller (2000) and can be summarized as transition pore theories (Wang et.al. 

1993; Huang et.al. 1997), capillary tube models (Hung et.al. 1989; Buijse 1997; Gdanski 

1999), Peclet number theories (Daccord et.al. 1989; Frick et.al. 1994), Damkohler 

number theories (Fredd and Fogler 1998b; Hoefner and Fogler 1988; Fredd 2000b), and 

network models (Hoefner and Fogler 1988; Fredd and Fogler 1998b). However, due to 

their simplified approaches, these models can be used to explain only certain aspects of 

the flow and reaction of acid in porous media. 

A more comprehensive approach, called averaged or continuum, has been 

described in the literature by Liu et al. (1997), Chen et al. (1997), Pomès et al. (2001), 

and Golfier et al (2002). Liu et al. and Chen et al. did not consider diffusion effects, 

therefore their models are valid only in the kinetic regimes. On the other hand, the 

models by Pomès et al. and Golfier et al. ignore the reaction kinetics, so they are valid 

only in the mass-transfer controlled regime. 
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More recently, Panga (2005) formulated a new averaged model that can capture 

both effects (mass-transfer and reaction kinetics) and so it could be used to evaluate a 

broader range of rock-fluid systems (i.e., MSA and limestone/dolomite rocks). 

The objective of this section is to develop the basis for the implementation of an 

averaged model using a commercial computational fluid dynamics (CFD) software, 

Fluent, which uses a finite-volume discretization method. The results from the simulator 

serve to supplement and validate the laboratory tests performed during the study of the 

acidification of carbonate cores with acids systems such as HCl or MSA. Since the 

reaction kinetics of MSA with carbonates has not been yet studied (i.e., using a rotating 

disk apparatus), the simulations in this study used the kinetics parameters corresponding 

to the reaction of limestone with HCl. This was also done to validate the results of the 

model against previous works by other authors. Once the kinetics data corresponding to 

MSA become available, they could be easily incorporated into the model. 

The model included in the present work is based on the work by Panga (2005) 

but considering Fluent’s own formulation for the momentum conservation equation. An 

acid efficiency (pore volume of acid to breakthrough vs. injection rate) curve was built 

using the results of the 3D simulations and the predictions from the model were 

compared against available experimental data. 

Model Description 

In this section a brief description of the averaged model implemented in the 

commercial software Fluent is presented. The implementation of the flow and reaction 
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equations not available in Fluent, was done by means of user-defined-functions (UDF) 

written in C programming language. 

Darcy-Scale Model 

The Darcy scale model equations for a laminar, single-phase, multicomponent 

and isothermal flow in porous media are given by Eq. 5 to 10, corresponding to mass 

conservation (Eq. 5), momentum conservation (Eq. 6), Darcy viscous loss of a porous 

media (Eq. 7), transport of acid species (Eq. 8), acid consumption by chemical reaction 

(Eq. 9), and porosity evolution (Eq. 10). 

 

𝜕

𝜕𝑡
(𝜙𝜌) + 𝛻 ∙ (𝜙𝜌�⃗�) = 0 ·· · · ·· · · · · · · ··  (5) 

 

𝜕

𝜕𝑡
(𝜙𝜌�⃗�) + 𝛻 ∙ (𝜙𝜌�⃗��⃗�) = −𝜑𝛻P + 𝛻 ∙ (𝜙𝜏) + 𝑆 ·· · · ·· · · · · · · ··  (6) 

 

𝑆 = − (
𝜙2𝜇

�⃗⃗⃗�
�⃗�) ·· · · ·· · · · · · · ··  (7) 

 

𝜕

𝜕𝑡
(𝜙𝜌𝑦𝑖) + 𝛻 ∙ (𝜙𝜌�⃗�𝑦𝑖) = 𝛻 ∙ (𝜙𝜌�⃗�𝛻𝑦𝑖) + 𝜙𝑅 ·· · · ·· · · · · · · ··  (8) 

 

𝑅 = −(𝑘𝑒𝑓𝑓)𝐶 = − (
𝑘𝑠𝑘𝑐

𝑘𝑠 + 𝑘𝑐
𝑎𝑣) 𝜌𝑦𝑖 ·· · · ·· · · · · · · ··  (9) 
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𝜕𝜙

𝜕𝑡
= (

𝑘𝑠𝑘𝑐

𝑘𝑠 + 𝑘𝑐
𝑎𝑣) (

𝛼

𝜌𝑠
) (

𝜌𝑦𝑖

𝑀
) ·· · · ·· · · · · · · ··  (10) 

 

Where �⃗� is the Darcy velocity vector, 𝜇 is the viscosity, �⃗⃗⃗� is the permeability 

tensor, P is the pressure, 𝜏 is the stress tensor, 𝜙 is the porosity, 𝜌 the fluid density, 𝑀 is 

the molecular mass of the acid, 𝑎𝑣 is the interfacial area available for reaction per unit 

volume of the medium, 𝜌𝑠 is the density of the solid phase, 𝛼 is the dissolving power of 

the acid, 𝐶 is the mass concentration of acid in the fluid phase, 𝑦𝑖 is the mass fraction of 

acid in the fluid phase, �⃗� is the dispersion tensor, 𝑘𝑐 is local mass-transfer coefficient, 

and 𝑘𝑠 is the surface reaction rate constant.  

Eq. 5 approximates the continuity equation for the fluid phase. The momentum 

equation, given by Eq. 6, describes the Navier-Stokes flow with a sink of momentum 

(Eq. 7) that is used to model the Darcy viscous loss of a porous media. The two terms in 

the right hand side of Eq. 8 represent the (anisotropic) acid dispersion and the 

consumption of acid by a first-order irreversible reaction (Eq. 9), respectively. Finally, 

Eq. 10 describes the increment in local porosity as a result of the dissolution of the 

porous medium by acid reaction. 

Pore-Scale Model 

Structure – Property Relations 

Pore-scale properties such as permeability, pore radius, and interfacial surface 

area change during each time step of the simulation due to the increase in porosity that 

results from acid reaction (Eq. 9). The present study uses the permeability-porosity, pore 
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radius-porosity, and interfacial area-porosity relations suggested by Maheshwari and 

Balakotaiah (2013), which are given by Eq. 11 to 13, respectively. 

 

𝐾

𝐾𝑜
= (

𝜙

𝜙𝑜
)

𝛾

[
𝜙(1 − 𝜙𝑜)

𝜙𝑜(1 − 𝜙)
]

2𝛽

·· · · ·· · · · · · · ··  (11) 

 

𝑟

𝑟𝑜
= [

𝜙(1 − 𝜙𝑜)

𝜙𝑜(1 − 𝜙)
]

𝛽

·· · · ·· · · · · · · ··  (12) 

 

𝑎𝑣

𝑎𝑜
= (

𝜙

𝜙𝑜
) [

𝜙(1 − 𝜙𝑜)

𝜙𝑜(1 − 𝜙)
]

−𝛽

·· · · ·· · · · · · · ··  (13) 

 

Where 𝐾 is the local permeability magnitude, 𝐾𝑜 is the initial average value of 

permeability, 𝜙𝑜 is the initial average rock porosity, 𝑟𝑜 is the initial mean pore radius, 

and 𝑎𝑜 is the initial interfacial surface area per unit volume. The parameters 𝛾 and 𝛽 in 

the previous equations correspond to the pore-connectivity and pore broadening 

parameters, respectively, as defined by Maheshwari and Balakotaiah (2013). 

Mass Transfer and Dispersion Coefficients 

As shown in Eq. 9, acid-rock reaction is a function of mass transfer rate of the 

acid inside the pores, which in turn depends on flow regime and pore structure. 

Literature correlations (Maheshwari and Balakotaiah 2013) are used to calculate the 

local mass-transfer coefficient and the effective dispersion coefficients, as shown in Eq. 

14 to 16 below. 
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𝑘𝑐 = (
𝐷𝑚

2𝑟
) (𝑆ℎ∞ + 0.7𝑅𝑒𝑝

1
2⁄

𝑆𝑐
1

3⁄ ) ·· · · ·· · · · · · · ··  (14)

𝐷𝑒𝑋

𝐷𝑚
= 𝛼𝑜𝑠 + 𝜆𝑋𝑃𝑒𝑝 ·· · · ·· · · · · · · ··  (15) 

𝐷𝑒𝑇

𝐷𝑚
= 𝛼𝑜𝑠 + 𝜆𝑇𝑃𝑒𝑝 ·· · · ·· · · · · · · ··  (16) 

Where 𝑆ℎ∞ is the asymptotic Sherwood number, 𝑅𝑒𝑝 is the pore-scale Reynolds 

number (defined in Eq. 17), and 𝑆𝑐 is the Schmidt number (Eq. 18). The calculation of 

the longitudinal and transverse dispersion coefficients (𝐷𝑒𝑋 and 𝐷𝑒𝑇 in Eq. 15 and 16, 

respectively) requires the definition of the Peclet number in the pore (shown in Eq. 19) 

and the use of various constants (𝛼𝑜𝑠, 𝜆𝑋, 𝜆𝑇) that depend on pore connectivity and pore 

structure. 

𝑅𝑒𝑝 =
2‖𝑈‖𝑟

𝜈
·· · · ·· · · · · · · ··  (17) 

𝑆𝑐 =
𝜈

𝐷𝑚
·· · · ·· · · · · · · ··  (18) 

𝑃𝑒𝑝 =
2‖𝑈‖𝑟

𝜙𝐷𝑚
·· · · ·· · · · · · · ··  (19) 
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Boundary and Initial Conditions 

The boundary and initial conditions used to solve the above system of equations 

for constant injection rate are: 

 Boundary conditions: constant injection velocity at inlet, constant acid

concentration of 1.55 wt% at inlet, zero average pressure at outlet, no-

flux B.C. in the transverse direction (walls). 

 Initial conditions: domain filled with pure water, uniform velocity field

(equal to zero), randomly assigned porosity field with a fluctuation 

distributed uniformly around an average value. 

Initial Porosity Distribution 

The formation and propagation of wormholes is greatly affected by the initial 

spatial distribution of porosity and permeability. In the present study a heterogeneous 

porosity field is created by: (1) assigning to certain coordinate points in the domain 

randomly distributed porosity values that were generated from the definition of an initial 

average porosity and a porosity (heterogeneity) range, and (2) interpolating the porosity 

values at each cell grid of the numerical domain from the porosity values at the 

coordinate points. 

The random and spatially correlated porosity field is generated using Eq. 20 

below: 

𝜙0 (𝑥, 𝑦) = �̅̅� 0̅̅
 + 𝐶𝑉�̅̅� 0̅̅ 𝑁(𝑥, 𝑦) ·· · · ·· · · · · · · ·· (20)
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Where, N(x,y) is the spatially correlated number, an output from the 

geostatistical software GSLIB (Deutsch and Journel 1998); 𝜙0
̅̅̅̅  = 0.20 is the initial

average porosity; and, CV = 0.5 is the magnitude of porosity heterogeneity. 

Following the procedure above, a total of 232,713 porosity-profile points were 

generated; then, an interpolation method (least squares) was used to generate the 

heterogeneous porosity field shown in Fig. 59. 

Fig. 59–Initial distribution of porosity used during the numerical simulations. 

Input Data for the Simulations 

To be able to build a numerical acid efficiency curve, different simulations were 

performed at different injection conditions. The numerical domain employed resembles 
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the geometry of a typical coreflood core (3D cylinder of 0.152 m length by 0.038 m 

diameter). To cover the domain geometry, a total of 385,056 hexahedral grid cells were 

used. 

Table 15 present the value of the different parameters required during the 

numerical simulations. As mentioned before, for comparison purposes values 

corresponding to HCl and limestone rock are used, similar to the ones included in Fredd 

and Fogler (1998b). 

TABLE 15—INPUT DATA USED FOR NUMERICAL SIMULATIONS 

Parameter Value 

Core length (L) 0.152 m 

Initial mean pore size (ro) 1 μm 

Initial interface area per unit volume (ao) 5000 m2/m3 

Initial average permeability 1 md 

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

Acid diffusivity (Dm) 3.6 x 10-9 m2/s 

Acid viscosity (μ) 0.001 kg/m∙s 

Acid molecular mass (M) 36.46 kg/kmol 

Acid dissolving power (α) 50.11 kg/kmol 

Rock density (ρs) 2,710 kg/m3 

Asymptotic Sherwood number (Sh∞) 3.66 

Average porosity (φ) 0.20 

Pore-broadening parameter (β) 1.5 

Pore-connectivity parameter (γ) 1.0 

Constant in dispersion correlations (αos) 0.5 

Constant in axial dispersion correlation (λx) 0.5 

Constant in transverse dispersion correlation (λT) 0.1 
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Numerical Solution 

The governing equations are discretized with a finite volume discretization 

method and solved sequentially using a pressure-based segregated solver in Fluent. 

Following an iterative approach, the velocity field is obtained from the momentum 

equations, and the pressure field is extracted by solving a pressure or pressure correction 

equation which is obtained by manipulating continuity and momentum equations. After 

this, the acid transport equation (convection, diffusion, and reaction) is solved to get the 

acid mass fraction distribution in the domain. Finally, the pore properties (porosity, 

permeability, pore radius, and interfacial area) are updated using the porosity evolution 

equation (Eq. 9) and the structure–property relations (Eq. 10 to 12). 

Effect of Injection Rate on Dissolution Patterns 

Fig. 60 presents iso-surfaces of porosity (60 vol% porosity), varying along the 

length of the cores, obtained from numerical simulation of the carbonate acidizing 

process. Different patterns of dissolution were obtained by increasing the prescribed 

injection rate at the inlet boundary (or decreasing the Damkhöler number), going from a 

dominant, narrow wormhole at the lowest injection rate (highest Damkhöler number) to 

a ramified wormhole patterns at the intermediate rates, to the start of a uniform 

dissolution pattern at the highest flow rate (lowest Damkhöler number). The Damkhöler 

number calculation was performed using the definitions given by Fredd and Fogler 

(1999), substituting in the corresponding equations the parameters shown in Table 15.  
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Fig. 60–Iso-surfaces of porosity (60 vol% porosity), varying along the length of the 

cores, obtained from numerical simulation of the carbonate acidizing process. 

 

Definition of the Acid Breakthrough Condition 

Following the same criteria employed by other authors (De Oliveira et al. 2012; 

Kalia and Balakotaiah, 2009), in the present study the numerical acid breakthrough 

condition is considered achieved when the pressure drop across the porous media 

decreases to 1% of the initial pressure drop value. As an example, Fig. 61 shows the 

behavior of the pressure drop across the core during the injection of acid at a Damkhöler 

number of 0.29. For this particular case, 1.11 PV of acid were required to achieve the 

breakthrough condition. Table 16 presents the PVBT results of some of the simulations 

performed indicating the type of dissolution pattern observed in each case. 
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Fig. 61–Typical pressure drop across the core behavior during numerical 

simulation (Da = 0.29). 

 

 

Acid Efficiency Curve 

The pore volume of acid required to breakthrough obtained from numerical 

simulations can be plotted versus the inverse of the Damkhöler number to analyze the 

effect of injection rate on acid efficiency. From the results shown in Fig. 62, an optimal 

TABLE 16—DISSOLUTION PATTERNS OBTAINED AT DIFFERENT 

INJECTION CONDITIONS FROM NUMERICAL SIMULATIONS 

Dissolution Pattern Damkhöler Number Pore volumes to Breakthrough 

Dominant Wormhole 0.29 1.11 

Ramified Wormhole 0.09 1.51 

Uniform Dissolution 0.05 1.97 
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injection condition can be identified at which the minimum PVBT is required. It can be 

also noticed that the PVBT results shown in this figure have been normalized by 

dividing the breakthrough volume at each rate by the minimum pore volume to 

breakthrough determined at the optimal rate.  

 

 

 

 

 

 

 

 

 

 

Fig. 62–Numerical normalized acid efficiency curve. 

 

The normalization of the acid efficiency curve is done in order to compare the 

numerical results against also normalized (dimensionless) experimental data. Besides, 

the normalization of the PVBT curve will account for mesh refinements effects (i.e., 

wormhole size smaller than grid cell size) that will normally result in numerical value of 

acid volume to breakthrough higher than the corresponding experimental values. 
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Fig. 63 shows the comparison of the numerical results versus experimental data 

(Fredd and Fogler 1998b). Both data shows the existence of an optimum injection 

condition at a Damkhöler number of 0.29. 

 

 

 

 

 

 

 

 

 

 

Fig. 63–Comparison of numerical results versus experimental data (Fredd and 

Fogler 1998b). 

 

Conclusions 

An averaged model of the transport and reaction of acid in a porous media was 

implemented on a CFD commercial package to study the reactive dissolution of 

carbonate rocks by the injection of acid. A comparison of the numerical results against 

results from coreflood experiments shows agreement regarding the different types of 

dissolution patterns generated by the injection of acid at various flow rates and the 

existence of optimum injection conditions. There is also a good match between the 
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normalized numerical and experimental acid efficiency curves. This tool can be used to 

evaluate the effect of various parameters (temperature, acid concentration, rock 

lithology, rock permeability) on the performance of acid systems such as 

methanesulfonic acid. 
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CHAPTER VII  

GENERAL CONCLUSIONS AND RECOMMENDATIONS 

 

Aqueous MSA acid solutions were used to stimulate limestone and dolomite 

cores using a coreflood setup. The effects of acid flow rate, temperature, acid 

concentration, rock permeability, and rock lithology on the propagation of MSA in 

carbonate cores were examined in detail. Based on the results obtained, the following 

conclusions can be drawn: 

1. Even though HCl is the most common acid used in carbonate matrix 

acidizing, the current study proved MSA to be a technically viable 

alternative for the stimulation of high-temperature carbonate (limestone 

and dolomite) formations. Some of the advantages MSA has over 

conventional stimulation systems are: high acidity, high solubility of its 

salts, high thermal stability, readily biodegradable composition, and 

favorable corrosion profile on metals such as high chromium alloys. 

2. The coreflood experiments performed with both limestone and dolomite 

cores resulted in deeper acid penetration (improved acid efficiency) when 

high MSA concentrations were used. Also, the employed acid 

concentration showed not to be limited by precipitation reactions 

(methanesulfonate salt precipitation). Consequently, strong solutions of 

MSA are recommended over diluted MSA solutions. 
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3. Because of the increased reactivity of MSA in limestone and dolomite 

with increasing reaction temperature, higher temperature reservoirs will 

require higher injection rates to stay at optimum. Moreover, since at rates 

higher than optimum the volume of acid required to penetrate a given 

distance does not generally change rapidly, the acid stimulation of deep 

(high-temperature) carbonate formations using MSA should be performed 

at the highest possible rate (or at a rate above the optimum). 

4. Among all the factors studied, carbonate rock mineralogy appears to have 

the biggest influence on the MSA acid efficiency. However, as a result of 

the effect of temperature on the dolomite reaction rate the coreflood 

results for dolomite at 250°F tend to be similar to the ones obtained with 

Indiana limestone. 

5. In order to have a more complete understanding of the potential use of 

MSA in carbonate acidizing, the current coreflood study should be 

complemented with a detailed examination of the different parameters 

affecting the kinetics of the reaction between MSA and limestone / 

dolomite. This type of study generally requires the use of a rotating disk 

apparatus to simulate dynamic reaction conditions. 

6. Being both strong acids, MSA has a common limitation with HCl 

regarding a very high reaction rate with carbonate rocks, which may limit 

acid penetration especially at high-temperature conditions. A study of 
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chemical mechanisms to reduce MSA reactivity with carbonate materials 

is recommended (i.e., the use of special surfactants as acid retarders). 

7. It has been experimentally proven that combining MSA with other acids 

can enhance product performance. For example, the synergy of MSA 

with phosphoric acid and complexing agents such as MGDA 

(methylglycin diacetic acid) in rust removal applications has been 

successfully tested. Therefore, in order to make cost-effective stimulation 

treatments with MSA, it is proposed to study the acidizing of carbonate 

rocks by a mixture of MSA and HCl. 

8. The use of MSA in the oilfield is not limited to the matrix acidizing of 

carbonate formations, the topic of the present study, but it also includes 

application of MSA in scale removal (i.e., calcium carbonate, gypsum, 

and iron sulfide) in oil/gas and geothermal water wells. A more detailed 

study of this applications is recommended. 
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