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Abstract: This study examines the effect of varying injection rates on wormhole formation
during matrix acidizing using a carbonic acid solution (30% CO: + 70% deionized water).
Injection rates of 0.2, 0.5, and 1 cm*/min were tested, and the resulting wormhole structures
were visualized using CT scanning. Results show that lower injection rates produce single,
more efficient wormholes with minimal branching, while higher rates generate more
branched, less efficient structures. Optimizing the injection rate is key to achieving effective
wormhole formation, which can enhance flow in carbonate reservoirs.
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1. INTRODUCTION

Recent advancements in CO, utilization have expanded its potential beyond
traditional applications like enhanced oil recovery (EOR) and carbon capture and
storage (CCS). One emerging application is using carbonic acid, derived from CO,
and water, as a stimulation fluid for carbonate reservoirs. This method reduces
greenhouse gas emissions and addresses tubular corrosion commonly associated
with hydrochloric acid (HCI) usage. Carbonic acid offers a more sustainable and eco-
friendly alternative for well-stimulation without compromising efficiency
(Almalichy et al., 2024; Al-Yaseri et al., 2023; Ma et al., 2021).

Matrix acidizing, a widely used technique, enhances well productivity by
injecting acid solutions below the formation's fracture pressure to remove formation
damage and create flow channels known as "wormholes" (Alameedy et al., 2023;
Almalichy et al., 2022). While HCI has been the primary acid in use since the 1890s
due to its effectiveness in dissolving carbonate formations, it presents challenges
such as high corrosivity, rapid reaction rates in high-temperature and high-pressure
environments, and the need for costly corrosion inhibitors (Chacon and Pournik,
2022). As a result, alternative acids with slower reaction rates and reduced
corrosivity are being sought (Rodrigues et al., 2021) to stimulate the heterogeneous
carbonate revervoir(Mohammed and Velledits, 2024).

Organic acids, such as methanesulfonic acid (MSA) and acetic acid, are
increasingly considered practical substitutes for conventional acid systems in matrix
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acidizing. MSA is notable for its reduced reactivity relative to hydrochloric acid
(HCl), an attribute assigned to its weakened hydrogen ion (H") activity coefficient
and elevated pKa value. These properties markedly reduce the acid's reaction rate
with carbonate formations, facilitating deeper reservoir penetration. The reduced
reactivity is beneficial for forming efficient wormholes, essential for increasing
permeability and optimizing hydrocarbon flow pathways (Ortega, 2015; Shank and
McCartney, 2013).

Like other weak acids such as formic acid, Acetic acid shows slower reaction
kinetics than stronger acids such as HCl. This reduced reactivity facilitates a
regulated acid-rock interaction, enabling the acid to penetrate deeper into the
formation. The outcome is a more consistent stimulation and the possibility of
enhanced acid infiltration into the reservoir matrix, which is especially advantageous
for reservoirs characterized by significant heterogeneity or complex conditions.
These organic acids provide customized solutions for effective stimulation while
reducing unwanted near-wellbore reactions (Al-Douri et al., 2013; Chang et al.,
2008).

The different retarded acid systems, including gelled acids, in-situ gelled acids,
and emulsified acids, were developed and published as novel means of controlling
acid reactivity for the stimulation of carbonate reservoirs. These are specially
designed to retard the acid-rock reaction rate to improve the depth and uniformity of
acid penetration and minimize the problem of premature acid spending near the
wellbore. Gelled acids are among the most effective techniques. Gelled systems
improve acid placement by reducing fluid loss and providing better coverage in the
formation due to increased acid viscosity(AlOtaibi et al., 2020). This enhanced
viscosity plays a vital role in overcoming problems in heterogeneous-permeability
formations where conventional acid treatments often fail. Conventional acids tend to
bypass into high-permeability zones and avoid areas of low permeability. Gelled
acids can compensate for this deficiency by offering a more uniform distribution of
the acid, with delivery into low-permeability zones that otherwise would not have
been treated. Moreover, the high-viscosity nature of gelled acids prevents leak-off
into the surrounding formation, which maintains the acid strength and allows deeper
and more effective wormholes. Therefore, the gelled acid systems are perfect for
stimulating carbonate reservoirs with dominantly complex rock properties such as
variable porosity and permeability (Ratnakar et al., 2012).

Apart from their role in regulating reactivity and improving distribution, gelled
acids contribute to operational efficiency and economy. Indeed, they require a
smaller volume of acid to achieve similar or improved performances compared with
the conventional acid systems. This, in turn, reduces the overall consumption of
treatment fluids. They can minimize near-wellbore damage and provide even
stimulation across the formation, translating this into higher well productivity and
extended life of the treatment(Lynn and Nasr-El-Din, 2001; Zakaria and Nasr-El-
Din, 2016).

Emulsified acids, comprising finely dispersed hydrochloric acid (HCI) droplets
within a continuous oil phase, effectively regulate acid-rock interactions during
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matrix acidizing operations. The distinctive composition of these emulsions
markedly inhibits the reaction between the acid and the carbonate rock, facilitating
deeper penetration of the acid into the reservoir before the reaction. This regulated
reactivity is essential for enhancing acid distribution and attaining more consistent
stimulation. Surfactants are necessary for preserving the stability of emulsified acids
by facilitating the formation and stabilization of the emulsion structure. Surfactants
effectively control acid release at the rock surface by capturing the acid droplets
within the oil phase. This mechanism decreases acid consumption near the wellbore.
It mitigates premature acid expenditure, thereby facilitating a larger volume of acid
to penetrate deeper into the formation, where it can generate effective wormholes.
(Al-Anazi et al., 1998; Maheshwari et al., 2014).

Besides effectiveness related to the improvement of wormhole formation, several
advantages of emulsified acid are associated with its own nature. The oil phase in
the emulsion may act like a seal, significantly reducing leakoff of the acid into the
formation matrix and preserving the acid for intended reaction zones. This
characteristic is especially welcome in reservoirs with sharp permeability contrasts,
where conventional acid systems often fail to yield balanced stimulation. Emulsified
acids enable more resource efficiency and better treatment outcomes by reducing the
active agent loss to a minimum and optimally applying the acid. Moreover, the
tunable properties of the emulsified acid systems enable modifications in properties
for matching conditions in specific reservoirs. The type of surfactant, formulation of
the oil phase, and acid concentration can be changed in order to optimally develop
the emulsion for various operational conditions. The versatility of emulsified acids
makes them amenable to addressing most of the problems associated with
heterogeneous carbonate formations (Buijse and van Domelen, 1998; Crowe and
Miller, 1974).

Emulsified acids economically provide a means of cost savings through the
reduction of the total amount of acid required for effective stimulation. Their
capability to increase the penetration depth, reduce near-wellbore acid lost, and
improve treatment efficiency gives them long-term production benefits, thus making
them an important component in acidizing today (Adewunmi et al., 2022).

Chelating agents such as ethylenediaminetetraacetic acid (EDTA) and
nitrilotriacetic acid (NTA) have been extensively studied to enhance deep acid
penetration and promote uniform distribution within carbonate formations. These
chemicals form very stable complexes with calcium ions; therefore, they offer very
good control of the acid reaction rate and a drastic reduction of excessive acid
consumption near the well-bore. This controlled reaction mechanism provides a
particular advantage in applications to high-temperature carbonate reservoirs, where
the use of conventional acidizing methods is commonly limited. (Frenier et al., 2000;
Yan et al., 2019).

Foamed acid systems, prepared conventionally by adding nitrogen gas to
hydrochloric acid, represent an innovative and efficient technology in acid reactivity
control for carbonate reservoirs. The entrapment of gas within the acid reduces the
contact between the acid and the rock surface while significantly reducing the overall
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reaction rate. This reactivity control will allow deeper and more efficient wormhole
formation with less excessive acid consumption and, therefore, a more economical
process (Al-Nakhli et al., 2020, 2021). Besides, foamed acids are very effective
against the numerous problems of heterogeneous carbonate formations. The specific
structure of the foamed acids allows for better distribution of the acid in rocks with
different permeabilities, thus ensuring more balanced stimulation of the formation.
This homogeneity enhances the depth of acid penetration, even at low injection rates,
which is of particular help in formations where uneven acid distribution or near-
wellbore spending may reduce the effectiveness of the treatment. Foamed acids,
therefore, besides helping to improve stimulation efficiency, also contribute to well
productivity in the long term (Bernadiner et al., 1992; Cheng et al., 2002; Zerhboub
et al., 1994). This approach has received growing interest in the last decade due to
its promising potential for better optimizing acidizing treatments in heterogeneous
reservoir environments (Cao et al., 2021).

Numerous studies have investigated wormhole formation using strong acids such
as HCL, organic acid, gelled acid, emulsified acid, and chelating acid systems. This
study investigates the use of carbonic acid for carbonate reservoir stimulation,
focusing on the impact of varying injection rates on wormhole formation. A carbonic
acid solution (30% CO2, 70% deionized water) was injected at rates of 0.2, 0.5, and
1 cm?*/min, with the resulting wormhole structures visualized through CT scanning.
Results show that lower injection rates produce more efficient, single wormholes
with minimal branching, while higher rates result in more branched, less effective
structures. Optimizing the injection rate is essential for improving wormbhole
efficiency and enhancing flow in carbonate reservoirs.

2. MATERIALS AND METHODS
2.1. Experimental procedure

The experimental process (Fig. 1) began by measuring porosity using a helium
porosimeter and estimating permeability with Autoscan. The core sample was dried
at 100°C, vacuumed for three hours, and saturated with fresh water at 2000 psi for
24 hours. Core flooding was then performed, and differential pressure (DP) and pore
volume were recorded for breakthrough (PVBT). After flooding, the core was dried,
porosity was re-measured, and a CT scan was used to visualize the wormhole.
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2.2. Investigated samples

Three Indiana limestone core samples (2.5 inches long, 1.5 inches in diameter) were
used in this study. Initial porosity, measured with helium porosimetry (AP-608)
(Table 1). Permeability ranged from 3 to 7 mD. XRD analysis confirmed that the
limestone consists entirely of calcite. Each core was wrapped in a shrink tube to
prevent cross-flow.

Table 1
Core sample characteristics and properties
Core No. IR Porosity | Permeability
(¢cm*/min) (%) (mD)
ILS8 0.2 14.91 3.4
IL12 0.5 15.32 7
IL10 1 15.17 4

2.3. Core flooding

The core flooding experiments involved injecting carbonic acid into Indiana
limestone samples to study their behavior under high pressure and temperature. The
core samples were housed in a Hastelloy core holder, with an ISCO pump controlling
the injection rates of carbonic acid at 0.2, 0.5, and 1 cm*min. Before the
experiments, the core was sealed, loaded, and subjected to 3,500 psi and 2,000 psi
confining and back pressures, respectively. Fresh water was initially injected at
varying flow rates to measure the core's permeability. The process was stopped when
the acid breakthrough occurred.

2.4. Computed tomography scan

CT scanning uses X-rays to create 2D images, forming a 3D model of the rock. It
helps analyze porosity, permeability, and pore structure (Al-Marzougqi, 2018). After
flooding, CT scans visualized wormholes, with their volumes estimated through
software analysis

4. RESULTS

The core flooding experiments showed significant changes in porosity and
permeability across the samples (Fig. 2). Sample IL8, subjected to a 0.2 cm*min
injection rate, had an initial porosity of 14.91%, which increased to 16.01%. The
permeability rose from 3.4 mD to infinity, indicating a substantial increase in fluid
flow capacity. Similarly, Sample IL12, with an injection rate of 0.5 cm?/min, showed
an increase in porosity, from 15.32% to 16.05%, while its permeability increased
from 7 mD to infinity. Sample IL10, injected at a higher rate of 1 cm?/min,
experienced porosity rising from 15.17% to 16.27%, with its permeability reaching
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infinity. This consistent increase in porosity shows that the injection process was
quite effective for pore space enhancement in each of these samples, which can lead
to a substantial increase in fluid flow and permeability. The wormhole formation is
an important factor in enhancing fluid flow pathways in rock samples. The wormhole
formation results derived from core flooding experiments conducted highlight how
variations in injection rates may cause wide differences in the extent of the formation
and the complexities of the formed wormhole networks. Sample 8 had the lowest
injection rate of 0.2 cm?*/min and presented a wormhole volume fraction of 0.74%,
indicating a more concentrated network that is less branched.

Inlet face after core flooding

5er

IR= 0.2 cm?/min IR= 0.5 cm®/min IR= 1 cm?®/min
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Figure 2

Wormhole of single core flooding experiments, (4) ILS (B) IL12 (C) IL10
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Sample 10 was treated with the highest injection rate of 1 cm?*/min and developed
the most in wormhole extent, with a volume fraction of 1.65%. It was characterized
by highly branched wormholes all over the core, indicating aggressive fluid
penetration. Sample 12, with the middle range injection rate of 0.5 cm?*/min, showed
a moderately higher wormhole volume fraction of 1.08% with a relatively well-
balanced distribution in the wormhole network. These changes represent that with
the increase in injection rates, more complicated and highly expanded wormhole
structures could be developed, which also coincides with the change rule of
permeability and porosity.

5. DISCUSSION AND CONCLUSIONS

The obtained results of core flooding experiments are revealing and mightily
informative about the effect of carbonic acid injection into Indiana limestone under
high-pressure-high-temperature conditions. The experiments carried out lead to the
interpretation that the injection rate largely influences the injected core samples in
porosity, permeability, and hence in wormhole formation. Higher injection rates,
such as in Sample 10, created incredibly complex and extensive wormhole networks,
thus resulting in large increases in permeability. The infinite permeability values for
all the samples after flooding reflect this increase, showing that the wormholes
greatly enhance the pathways for fluid flow. The porosity increased in all samples,
which directly correlates with the formation of wormholes, contributing to the
overall void space within the rocks. Higher wormhole volume fractions observed for
samples with higher injection rates reinforce this relationship since more aggressive
acid injection promotes more aggressive rock dissolution and wormhole
development.

The experiments have demonstrated that both higher and lower rates of carbonic
acid injection significantly enhance porosity and permeability in Indiana limestone.
However, the lower injection rate resulted in the formation of a more dominant and
less branched wormhole, making it the more favorable injection rate. This will be
important in understanding the behavior of carbonate reservoirs during the acid
flooding process and could guide the optimization strategies in the stimulation of
reservoirs and enhanced oil recovery operations.
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