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a b s t r a c t

Carbonate reservoirs are rich in geothermal and petroleum resources, and matrix acidizing is one of the 
main methods for such reservoir's stimulation. This study systematically reviewed the research progress 
of matrix acidizing technology for carbonate reservoirs. It introduced the development history of 
acidizing technology, judgment method of whether to use matrix acidizing, acid-rock reaction mech
anism and steps, acid system and its optimization methods, the influencing  factors and simulation 
methods of wormhole, acid distribution processes, optimization methods of construction parameters, 
real-time diagnosis and effectiveness evaluation methods of acid treatment. Then, the future devel
opment trend of matrix acidizing for carbonate reservoirs was prospected. Some interesting insights 
were as follows. Firstly, due to the influence  of factors such as closure stress and rock mechanical 
properties, there were significant  differences in the critical permeability values suitable for matrix 
acidizing in different reservoirs. Secondly, compared to strong acids, the reaction between weak acids 
and rocks involved an additional step. Starting from the idea of controlling the steps of acid-rock re
action, a new approach was provided for the development of slow reactive acid fluids  for high tem
perature reservoirs. Thirdly, the dual scale wormhole model had good prospects at the engineering 
scale, and in the future, it should focus on breaking through the three-dimensional radial flow worm
hole extension simulation considering pores, cracks, and caves. Fourthly, uniform acid distribution 
methods included two categories, i.e., mechanical and chemical methods, with four and six sub
categories respectively. Its action areas were in the wellbore and the formation respectively, and the 
mechanical methods were generally more expensive. Fifthly, the acidizing efficiency was highest when 
forming the dominant wormhole, and the displacement should be appropriately increased with the 
increase of injection time during acid treatment. Lastly, it was necessary to focus on establishing 
evaluation criteria for diversion methods and evaluation method for acidizing effects considering 
complex reservoir and diversion acidizing.
© 2026 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This 

is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Geothermal energy represents a clean and renewable resource, 
and carbonate rock reservoirs are abundant in geothermal energy 
resources (Chen et al., 2026a; Liu et al., 2024). In the context of 
carbon peaking and carbon neutrality goals, it has garnered sig
nificant attention from governments and enterprises (Deng et al., 

2025a, 2025b). There are numerous commercially developed 
geothermal projects in carbonate reservoirs worldwide, such as 
Altheim in Austria, St. Gallen in Switzerland, Mauerstetten in 
Germany, as well as Xian County and Xiong'an in China (Al- 
Ghamdi et al., 2025; Arndt et al., 2021; Chen et al., 2025e; 
Kaminskaite-Baranauskiene et al., 2023; Vadiee et al., 2025). 
Furthermore, carbonate reservoirs account for approximately 70% 
of the total petroleum reserves and contribute to roughly 60% of 
petroleum production (Guo et al., 2020; Li et al., 2018; Mou, 2023). 
Evidently, carbonate reservoirs constitute the mainstay of petro
leum reserves and production, presenting vast prospects for 
exploitation. There are numerous renowned carbonate reservoir 
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oil and gas fields  that have undergone commercial development 
worldwide, such as Ghawar oilfield in Saudi Arabia, Burgan oilfield 
in Kuwait, Ahvaz oilfield  in Iran, Sarira oilfield  in Libya, Baghdad 
oilfield  in Iraq, Zohr gas field  in Egypt, Libra oilfields  in Brazil, 
Lloydminster oilfield in Canada, and the Tarim oilfield in China (Liu 
et al., 2025a, 2026a; Abdel-Fattah et al., 2022; Wang et al., 2025a; 
Xue et al., 2019; Zhao et al., 2020c).

During operations such as drilling, completion, cementing, well 
workover, and production, the reservoir is susceptible to damage. 
Hence, reservoir stimulation is highly necessary to improve pe
troleum production and geothermal energy extraction efficiency 
(Chen et al., 2024b, 2025d; Liu et al., 2023b; Xue et al., 2025; Zuo 
et al., 2025, 2026). Acid treatment is a commonly utilized method 
for carbonate reservoirs stimulation and has been successfully 
implemented in various oilfields  worldwide (Chen et al., 2025b; 
Liu et al., 2025c; Yuan et al., 2025). The origins of acidizing tech
nology can be traced back to the U.S. patents granted to Frasch and 
Van Dyke of Standard Oil in 1896 for their acidizing methods. Since 
then, acidizing technology has garnered attention from both aca
demic and industrial circles. In 1979, Williams et al. authored the 
seminal book titled “Acidizing Fundamentals”, which was the first 
specialized monograph on reservoir acidizing. Subsequently, 
numerous scholars conducted systematic and in-depth research 
on acidizing technology, which has been widely applied in car
bonate reservoir formations (Ali et al., 2016; Chen et al., 2024c; Luo 
et al., 2021; Zhao et al., 2020a, 2024).

Based on differences in processing objects, injection pressures, 
and stimulation principles, acid treatments can be categorized into 
three techniques: acid washing, matrix acidizing, and acid frac
turing. Acid washing primarily targets the wellbore and perfora
tion holes, with the main objective of dissolving blockages within 
it. In contrast, both matrix acidizing and acid fracturing focus on 
the reservoir. During matrix acidizing, the injection pressure is 
maintained below the formation fracture pressure, whereas in acid 
fracturing, the injection pressure is greater than the formation 
fracture pressure.

This study focuses on the theme of matrix acidizing, and its 
working principle is shown in Fig. 1. Due to the complexity of 
formations, varying well types, and the real-time variations 
arising from acid-rock reactions during acid treatment processes, 
the technical selection, design, and post-evaluation of acid 
treatment are intricate systemic challenges. Some scholars had 
reviewed the development of matrix acidizing from different 
perspectives, as shown in Table 1. However, there is currently a 
lack of a systematic review of the entire process of matrix acid
izing, including what characteristics of reservoirs are suitable for 
matrix acidizing, how to select the best acid system from 
numerous acid systems, how to design construction parameters 
(e.g., acid volume and displacement), how to release acid to the 
desired location, how to diagnose the effect in real time during 
acidizing process, and how to evaluate the acidizing effect after 
acidizing treatment.

This study will systematically review the research progress of 
matrix acidizing technology for carbonate reservoirs, covering 
aspects such as the suitability of various carbonate reservoirs for 
matrix acidizing, the mechanisms and processes of acid-rock re
actions, acid systems and its selection, factors influencing  and 
simulation of matrix acidizing, acid distribution techniques, opti
mization of construction parameters, and post-acidizing evalua
tion methods. This study can provide reference for relevant 
practitioners.

2. Selection of acid treatment technique

Currently, the industry generally recognizes that matrix acid
izing should be conducted in high-permeability carbonate reser
voirs, while acid fracturing is more suitable for low-permeability 
carbonate reservoirs. However, regarding the threshold value for 
permeability, there exists considerable variation among the crit
ical values adopted by different oilfield companies. Daneshy et al. 
(1998) suggested 20 mD as a general reference point, albeit 
without providing a scientific rationale for selecting this value in 
their literature. Palharini Schwalbert et al. (2020) proposed that a 
combination of parameters such as reservoir permeability, closure 
stress, and rock mechanical properties could serve as criteria to 
determine whether matrix acidizing or acid fracturing was the 
optimal choice. For a specific reservoir, both rock mechanics and 
closure stress have a critical threshold; if these values were below 
their thresholds, acid fracturing yielded higher productivity 
compared to matrix acidizing. Conversely, when permeability 
exceeded this threshold, matrix acidizing becomes a more favor
able option. Notably, the critical thresholds varied significantly 
among reservoirs with different conditions. Schwalbert (2019)
employed numerical simulation to calculate the dimensionless 
production index (JD) of the reservoir after both matrix acidizing 
and acid fracturing with the same volume of acid fluid. The stim
ulation method corresponding to the maximum JD value was 
selected. The expression for JD was: 

JD =
q=Δp

2πkHh=Bμ
=

Bμ
2πkHh

J (1) 

where JD was the dimensionless production index; q was the 
production; Δp was the production pressure difference; kH was the 
reservoir permeability; h was the reservoir thickness; B was the 
fluid volume coefficient; μ was the fluid viscosity; J was the pro
duction index.

For a detailed introduction to the fully coupled acid fracturing 
model utilized in numerical simulation calculations, please refer to 
the references (Aljawad et al., 2020a, 2020b; Deng et al., 2012; 
Murtada, 2018). This model primarily involved fracture propaga
tion (Murtada, 2018), acid flow in different media (Aljawad et al., 
2020a), acid-rock reaction and acid etching (Aljawad et al., 
2020b), temperature field  variation (Murtada, 2018), and acid- 
fracture conductivity (Deng et al., 2012). The coupled calculation 
process was illustrated in Fig. 2(a). It was noteworthy that this acid 
fracturing model did not account for the influence  of natural 
fractures and was applicable to porous reservoirs. For a compre
hensive explanation of the matrix acidizing model employed in 
numerical simulation calculations, please consult references (Liu 
et al., 2016; Palharini Schwalbert et al., 2020; Schwalbert et al., 
2019; Xue et al., 2018a). This model primarily involved the 
wormhole propagation due to acid dissolution (Liu et al., 2016), 
temperature field  (Xue et al., 2018a), and skin factors variation 
(Schwalbert et al., 2019). The simulation calculation workflow was 
depicted in Fig. 2(b).

Using the aforementioned model, with the basic parameters 
outlined in Table A1 of the Appendix, and considering burial 
depths of 3048.0 m and 914.4 m for Case 1 and Case 2, respectively, 
the calculated JD for acid fracturing and matrix acidizing stimula
tion were shown in Fig. 3. When the reservoir permeability was 
less than 0.1 mD, it became difficult to achieve the optimal injec
tion rate for matrix acidizing, with minimal variation observed in 

X. Chen, Z.-X. Deng, P.-L. Liu et al. Petroleum Science 23 (2026) 6460–6481

6461



the JD (Fig. 3(a)). Once the permeability exceeded 6.0 mD, matrix 
acidizing could effectively eliminate reservoir damage, with the JD 
up to 0.3. When the permeability surpassed 22 mD, matrix acid
izing yielded a greater JD compared to acid fracturing. For such 
reservoirs, the critical permeability threshold was 22 mD. For Case 
2, as shown in Fig. 3(b), the critical permeability threshold was 120 
mD. The difference between Case 2 and Case 1 was attributed to 
varying burial depths. It was evident that the critical permeability 
threshold varied significantly under different reservoir conditions. 
The detailed mechanism of this phenomenon is described in the 
literature (Palharini Schwalbert et al., 2020). Therefore, it was 
essential to calculate and determine which type of carbonate 
reservoir was suitable for matrix acidizing based on reservoir 
conditions.

3. Acid-rock reaction mechanisms

Matrix acidizing involved injecting acid fluids  at pressures 
below the reservoir fracture pressure, where chemical reactions 
occurred between the acid, rocks, and blockage. By analyzing the 
mechanism of acid-rock reactions, methods could be identified to 
address issues such as rapid acid-rock reaction rates and tubing 
corrosion under high temperatures.

The main minerals in carbonate reservoirs were calcite and 
dolomite. The chemical reaction equations for strong acids (e.g., 
hydrochloric acid and sulfuric acid) with calcite (CaCO3) and 
dolomite (CaMg(CO3)2) were as follows: 
{

CaCO3 + 2H+→Ca+ + H2O + CO2
CaMg(CO3)2 + 4H+→Ca+ + Mg+ + 2H2O + 2CO2

(2) 

The reaction product CO2 could form carbonic acid (H2CO3), but 
it did not dissociate in strong acids. When the solution became 
supersaturated with CO2, the CO2 would exist in the gaseous 
phase, and bubbling at the rock surface will accelerate mixing and 

k1 k2 k3 k4 k5

High permeability: k1, k3

Medium permeability: k2, k5

Low permeability: k4
Damage zone

OriginalDamagingAcidizing

Wormhole

Rock

Diverting
agent

Fig. 1. Schematic diagram of diversion acidizing during matrix acidizing treatment.

Table 1 
Summary of matrix acidizing review papers.

Author Year Main work

Chen et al. (2026b) 2026 It reviewed the recent progress in acid 
fracturing under ultra-high 
temperature and high pressure 
(UHTHP) environments, as well as the 
limitations of current acid-rock 
reaction kinetics models for UHTHP 
environments.

Khojastehmehr et al. 
(2025)

2025 The influence of reaction product CO2 

on the kinetics of acid-rock reactions 
was presented.

Urgel-Pinto and 
Alc�azar-Vara (2024)

2024 The qualitative and quantitative 
characterization of carbonate mineral 
dissolution profiles (e.g., wormhole) 
generated during matrix acidizing 
processes using X-ray computed 
microtomography was reviewed.

Baioumy et al. (2024) 2024 A review of case studies on matrix 
acidizing for optimizing acid placement 
in smart completion application was 
presented.

Alameedy et al. (2023) 2023 The influence of matrix acidizing on the 
mechanical properties of carbonate 
rock was presented.

Mohammadi and 
Shahbazi (2023)

2023 The mechanism and solution of acid- 
induced sludge formation during 
matrix acidizing process was reviewed.

Garrouch and Jennings 
(2017)

2017 The selection guidelines for acid fluids 
and additives during matrix acidizing 
treatment of vertical well in carbonate 
reservoirs were presented.

This work The entire process of matrix acidizing is 
reviewed, including formation 
selection, acid system, acid-rock 
reaction kinetics, acidizing numerical 
simulation, construction parameter 
design, acid distribution technology, 
real-time diagnosis, and post acidizing 
evaluation.
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mass transfer (Alhammad et al., 2024; Wang et al., 2025b; Xue 
et al., 2018a). As the reaction products accumulate, the common 
ion effect increasingly inhibited the acid-rock reaction, particu
larly in low-viscosity acid solutions (Belshaw et al., 2024; Ren and 

Xiong, 1989). As shown in Fig. 4, when acid reacted with rock, a 
diffusion boundary layer formed by reaction products existed near 
the rock surface, resulting in a concentration gradient. H+ reach 
the rock surface through both convection and diffusion, and the 
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Fig. 2. Flowchart of numerical simulation. (a) Acid fracturing, and (b) matrix acidizing.
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Fig. 3. Simulation results under different acid treatment technique. (a) Case 1: reservoir depth 3048.0 m, and (b) Case 2: reservoir depth 914.4 m (Palharini Schwalbert et al., 
2020).
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speed at which this occurs was referred to as the mass transfer 
rate. The rate at which acid solution reached the rock surface or the 
rate at which reaction products departed from the rock surface, 
denoted as J, could be expressed as: 

J = Kmt

(
Af − As

)
(3) 

where Kmt was the mass transfer coefficient; Af was the activity of 
the acid solution or product far away from the rock surface; As was 
the activity at the rock surface. The activity was the product of the 
activity coefficient (α) and the concentration (C) of the acid solu
tion or product.

The reaction rate R of the acid-rock surface interaction could be 
expressed as: 

R = KrCn
s (4) 

where Kr was the reaction rate constant; Cs was the concentration 
of the acid solution at the rock surface; n was the order of the 
reaction.

Unlike strong acids, weak acids (e.g., formic acid, citric acid, 
etc.) undergone slow dissociation, with the dissociation process 
being: 

HA⇌H+ + A− (5) 

where A− was the ligand, e.g., HCOO− and CH3COO− . The products 
Ca2+ and Mg2+ would form weak acid salts with the ligand A− . The 
product CO2 reacted with water to form carbonic acid, influencing 
the dissociation of weak acids.

The reaction between weak acids and rocks differed from that 
of strong acids, proceeding through four stages (Fig. 4) (Du et al., 
2026; Li et al., 2024b; Mouallem et al., 2025): (1) dissociation to 
release active H+; (2) transport of H+ towards the rock surface; (3) 
chemical reaction between the adsorbed H+ on the rock surface 
and the carbonate mineral present there; and (4) transport of the 
reaction products from the rock surface. Since strong acids un
dergone complete dissociation, stage (1) could be accomplished 
within an extremely short period of time and could be neglected 
(Li, 2023). If one of the four stages was significantly slower than 
the other three, then the slowest stage would dominate the overall 
reaction, and it could be approximated as the rate-determining 
step for the overall reaction rate. For strong acids, the acid- 

calcite reaction was controlled by mass transfer at temperatures 
above 25 ◦C (i.e., stage 2 above), while the acid-dolomite reaction 
was controlled by surface reactions at temperatures below 100 ◦C 
(i.e., stage 3 above) (Ali et al., 2016). Therefore, by controlling any 
of the aforementioned four processes, particularly the slowest one, 
acid-rock reaction rate could be delayed to a certain extent, 
addressing the challenges posed by high temperatures. By con
trolling process (1) and reducing the concentration of H+ within 
the wellbore, the corrosion challenge faced by tubular strings at 
high temperatures could be mitigated.

4. Acid system and selection

Acid fluid served as a crucial material in matrix acidizing. Based 
on differences in acid types and primary mechanisms of action, 
acid fluids  could be classified  into conventional acids (e.g., hy
drochloric acid), retarded acids (e.g., gelled acid, cross-linked acid, 
self-generating acid, and isolation membrane acid), and diverting 
acids (e.g., self-diverting acid, emulsified acid, and foam acid), as 
shown in Table 2. It was important to note that some diverting 
acids also possessed retarded effects.

By adding a gelling agent or cross-linking agent to a hydro
chloric acid system, gelled acid or cross-linked acid could be 
formulated (Chen et al., 2025a). These systems exhibited higher 
viscosity compared to conventional acids, and their retardation 
mechanism involved reducing the acid-rock reaction rate by 
increasing the mass transfer resistance of stages (2) and (4) dis
cussed in the previous section (Fig. 5(a)). Gomaa and Nasr-El-Din 
(2015), Xu et al. (2017), Wang et al. (2018), and Gong et al. 
(2020) reviewed the development history and primary materials 
of this type of acid fluid.  Compared to conventional acids, the 
retardation mechanism of self-generating acid involved an addi
tional stage (1), namely the slow release of H+. Depending on the 
type of self-generating acid fluid,  self-generating acids could be 
further subdivided into self-generating hydrochloric acid, self- 
generating organic acid, and composite self-generating acids. Du 
et al. (2024), Liu et al. (2025b), and Zhang et al. (2023) systemat
ically reviewed the advancements, acid-generating mechanisms, 
and performance characteristics of various self-generating acids. 
By forming an adsorptive film  on the rock surface, the isolation 
membrane acid isolated the acid solution from direct contact with 
the rock face (Fig. 5(a)), which increased the mass transfer 

y

x

Carbonate rock

Diffusion boundary layer

High concentration acid

Liquid-solid surface reaction: acid + rock → product

Cs
acid Cs

product

Cf
acid Cf

product

dCH+

dy
dCCa2a+

dyHA

H+

①

② ④

③

H+ + CaCO3 → Ca2+ + CO2 + H2O
H+ + CaMg(CO3)2 → Ca2+ + Mg2+ + CO2 + H2O

Fig. 4. Schematic diagram of acid-rock multiphase reaction mechanism and processes.
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Table 2 
Summary of characteristics of different acid systems.

Name Application 
temperature

Retarded mechanism Diversion mechanism Advantage Disadvantage

Gelled acid (Al- 
Shargabi et al., 2023; 
Wang et al., 2018)

<176 ◦C Increasing the H+ mass 
transfer resistance

\ Retarded reaction rate High corrosion; increased 
friction resistance

Cross-linked acid 
(Gong et al., 2020; 
Xu et al., 2017)

<180 ◦C Increasing the H+ mass 
transfer resistance

\ Retarded reaction rate Excessive gel-breaking 
residues; high corrosion; 
increased friction 
resistance

Self-generating acid 
(Du et al., 2024; Liu 
et al., 2025b; Zhang 
et al., 2023)

70–371 ◦C Delay the release rate of H+ \ Retarded reaction rate; 
relatively low corrosion

Low acidity from ester 
hydrolysis; high toxicity of 
raw materials yielding acid 
via nucleophilic 
substitution (e.g., 
formaldehyde)

Isolation membrane 
acid (Gou et al., 
2024; Shen et al., 
2023; Zakaria et al., 
2022)

≤149 ◦C Reducing the contact area 
between acid and rock, 
increasing the H+ mass 
transfer resistance

\ Retarded reaction rate; low 
friction resistance

Changed the wettability of 
rock; not resistant to 
ultra–high temperatures; 
high corrosion

Self-diverting acid (Du 
et al., 2025; Al- 
Shargabi et al., 2023)

≤160 ◦C Increased H+ transport 
resistance caused by 
viscosity rise

Changed in flow 
resistance caused by 
viscosity variations

Automatic viscosity 
change; retarded reaction 
rate; minor reservoir 
damage

Not resistant to ultra–high 
temperatures; low to 
medium reservoir 
permeability difference; 
high corrosion

Emulsified acid 
(Carvalho et al., 
2019; Al-Shargabi 
et al., 2023; Yousufi 
et al., 2024)

≤150 ◦C Acid is wrapped in oil, 
which hinders the diffusion 
and migration of H+

Different wettability of 
rock surfaces in oil and 
water channels

Low corrosion, low 
filtration loss, retarded 
reaction rate

High concentration 
emulsifier; low stability 
under high temperature, 
pH, and salinity

Foam acid (Jiang et al., 
2025; Al-Shargabi 
et al., 2023)

≤90 ◦C Reducing the contact area 
between acid and rock, 
increasing the apparent 
viscosity

Jamin effect Retarded reaction rate, 
promoting fluid backflow, 
minor reservoir damage

Not resistant to high 
temperatures

y

x
Liquid-solid surface reaction: acid + rock → product

Carbonate rock: CaCO3 and CaMg(CO3)2
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Fig. 5. Schematic diagram of the mechanism of acid action. (a) The retarded mechanism of retarded acids, and (b) the viscosity change mechanism of VES acid (Zhao et al., 2020b).
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resistance in stage (2) and reduced the acid-rock reaction area in 
stage (3) (Gou et al., 2024).

By incorporating viscoelastic surfactants (VES) into a hydro
chloric acid system, a self-diverting acid (VES acid) was formu
lated, which exhibited low initial viscosity. However, as the acid- 
rock reaction progresses, it generated Ca2+ and Mg2+ and resul
ted in an increase in pH, triggering the VES acid system to auto
matically increase in viscosity. It was noteworthy that while the 
viscosity change of self-diverting acid conferred a certain degree of 
retardation, this was not its primary objective; diversion remained 
its main function. Upon the conclusion of the acidizing process, the 
high viscosity VES acid automatically degraded into a low viscosity 
solution for backflow at reservoir temperature or upon contact 
with hydrocarbons (Chen et al., 2024a; Liu et al., 2023a; Wilson, 
2016; Zhao et al., 2020b), as shown in Fig. 5(b). The mechanism 
of diversion acidizing of VES acid as follows: initially, based on the 
principle of minimum flow  resistance, most of the acid fluid 
entered the high-permeability zones. The acid-rock reactions in 
these zones caused the viscosity of the acid fluid  system to in
crease, which in turn raised the resistance for subsequent acid 
fluid to flow back into these areas. This forced the subsequent acid 
fluid  to divert into low-permeability zones or unacidized areas, 
thereby achieving uniform acidizing throughout the entire well
bore and formation. Emulsified acid, formulated from acid, oil, and 
emulsifier, took advantage of the wettability differences between 
oil and water flow channels, enabling more acid fluid to enter the 
oil channels for diversion acidizing. Du et al. (2025), Yousufi et al. 
(2024), Jiang et al. (2025), Al-Shargabi et al. (2023), and Zhao et al. 
(2020b) systematically reviewed the research progress of VES acid, 
emulsified acid, and foam acid.

There were numerous acid fluid systems available, and select
ing the appropriate one was crucial for the success of matrix 
acidizing. When selecting an optimal acid fluid, the following as
pects could be considered (Fig. 6) (Ali et al., 2016; Economides 
et al., 2015; Economides and Nolte, 2002; Garrouch and 
Jennings, 2017; Leonard, 2008; Li, 2023; Liu et al., 2025d; Mou, 

2023; Nan et al., 2025): (1) based on the reservoir characteris
tics, identify the key issues that need attention when selecting an 
acid fluid  for matrix acidizing, such as diversion in long well in
tervals, acid corrosion and acid-rock reaction rate at high tem
perature; (2) the ability of the acid fluid  to remove reservoir 
plugging and reservoir minerals; (3) the capacity of the acid fluid 
to create wormholes in carbonate reservoirs; (4) the damage to the 
reservoir caused by residual acid.

5. Influencing factors and simulation methods of matrix 
acidizing

The primary means of removing the skin factor in carbonate 
reservoir matrix acidizing involved dissolving the plugging mate
rials and reservoir minerals or creating acid-etched wormholes to 
bypass the damaged zones. During matrix acidizing, it was 
generally desirable to create elongated wormholes in reservoir, i.e., 
the dominant wormhole in Fig. 7(b), which could reduce the 
reservoir skin factor from a positive number to zero, or even to a 
negative value (Yang et al., 2020).

Numerous factors influenced  the formation of wormholes, 
encompassing geological factors (e.g., pore-fracture-vug struc
tures, reservoir heterogeneity, pressure, mineral composition, and 
temperature), and engineering factors (e.g., injection rate, injec
tion temperature, acid concentration, and acid type) (Li et al., 
2024c; Liu et al., 2017b; Mo et al., 2025; Xie et al., 2023). The 
breakthrough volume (PVBt) referred to the number of times the 
pore volume of the acid solution required to break through the 
core. The influence of acid concentration and injection rate on PVBt 
was shown in Fig. 7. As the acid concentration increased, PVBt 
initially decreased rapidly and then more gradually, with a higher 
injection rate required to achieve the corresponding minimum 
PVBt. As the injection rate increased, PVBt first decreased and then 
increased, during which five typical dissolution patterns emerged 
(Fig. 7(b)). Among them, the dominant wormhole pattern was the 
highest acidification  efficiency. Injecting acid into a high- 
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Fig. 6. The decision flowchart for acid system selection.
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temperature reservoir at a lower injection temperature could 
result in longer wormholes, facilitating deeper penetration (dos 
Santos Lucas et al., 2023). The impact of temperature on PVBt 
varied significantly for different types of acid fluids, and it could 
either increase (e.g., hydrochloric acid) or decrease (e.g., EDTA 
chelating acids) (Ali et al., 2016). Pressure influenced  the phase 
state and solubility of CO2 produced during the acid-rock reaction, 
thereby affecting the reaction rate. Compared to low pressure, the 
extension rate of acid-etched wormholes was faster at high pres
sure (Xue et al., 2018a). The pore-fracture-vug structures and 
reservoir heterogeneity not only influenced  the morphology of 
wormholes but also affected the magnitude of PVBt, as shown in 
Fig. 8. The flow  of acid followed the principle of minimal flow 
resistance, and the presence of pores, fractures, and cavities 

altered the acid flow  field  and the reactive surface area, funda
mentally changing the local Damk€ohler number, which in turn 
determined the resulting dissolution patterns. Therefore, when 
simulating wormhole propagation, it was necessary to not only 
study the influence  of engineering factors but also take into ac
count geological factors.

Fracture-cavity carbonate reservoirs were characterized by 
strong structural heterogeneity, where natural fractures and 
dissolution vugs or cavities constituted the primary flow  path
ways, while the rock matrix commonly exhibited relatively low 
permeability. Extensive experimental and numerical studies have 
demonstrated that the presence of fractures, vugs, and cavities 
fundamentally altered fluid  flow  geometry, acid transport 
behavior, and acid-rock interaction mechanisms during matrix 
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Fig. 7. The influence of injection rate and acid concentration. (a) PVBt (dos Santos Lucas et al., 2023), and (b) dissolution patterns.
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Fig. 8. The influence of pore-fracture-vug structure and reservoir heterogeneity. (a) CT scan before and after acid injection, (b) marking of connected spaces before and after acid 
injection (Izgec et al., 2010), and (c) wormhole propagation under different geological conditions (Liu et al., 2023c).
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acidizing (Ali et al., 2020; Chen et al., 2026c; Lei et al., 2019; Liu 
et al., 2022; Liu et al., 2025e; dos Santos et al., 2025; Wang et al., 
2014; Zhou et al., 2022b). As a result, acid injection in such res
ervoirs was prone to preferential channeling along high- 
conductivity features, leading to early acid breakthrough and 
limited stimulation of the surrounding matrix. Unlike porous 
carbonate reservoirs, where stimulation effectiveness was often 
associated with the initiation and propagation of dominant 
wormholes, matrix acidizing in fracture-cavity systems was 
mainly governed by dissolution along fracture surfaces and cavity 
boundaries. Acid-rock reactions were concentrated on fracture 
walls, and the enlargement or interconnection of existing fractures 
and cavities became the primary mechanism for permeability 
enhancement. Consequently, classical wormhole growth models 
developed for porous reservoirs cannot adequately capture the 
acidizing behavior in fracture–cavity carbonate reservoirs. 
Furthermore, recent studies incorporating thermal–hydrologic– 
chemical or fully coupled thermo-hydro-mechanical-chemical 
processes from Chen et al. (2025c, 2026c), Lei et al. (2019), Zhou 
et al. (2022b), and Liu et al. (2023c) have revealed that reaction 
heat generation, temperature redistribution, and fracture defor
mation can significantly influence acid transport and reaction ki
netics in fracture-cavity systems. These coupled effects further 
increased the complexity of matrix acidizing behavior.

Tight carbonate reservoirs were typically characterized by low 
porosity and ultra-low permeability, with pore structures domi
nated by micro-pores. In such reservoirs, matrix acidizing was 
strongly constrained by limited pore connectivity, high threshold 
pressure gradients, and short effective acid penetration distances 
(Andriamihaja et al., 2019; Liu et al., 2026b; Palharini Schwalbert 
et al., 2020). The initiation and stable propagation of wormholes 
in tight carbonate rocks were significantly more difficult to achieve 
(Ali and Ziauddin, 2020; Ali and Nasr-El-Din, 2020). Acid tended to 
be rapidly consumed near the wellbore, resulting in localized 
dissolution without the formation of wormhole channels (Cohen 
et al., 2008). For matrix-acidizing treatments, the minimum 
permeability was required to be able to inject at the optimal in
jection rate to propagate efficient  wormholes (Fig. 7(b)). Taking 
Fig. 3(a) as an example, if the permeability was too low, matrix 
acidizing was not efficient because the injection velocity was too 
small. For permeabilities less than 0.1 mD, matrix acidizing cannot 
even remove all the formation damage.

The wormholes propagation models were summarized in 
Table 3. Among them, the numerical simulation models for 
wormholes propagation primarily encompassed the capillary 
model (Xue, 2017), fractal model (Hewen et al., 2017; Zhang, 2015), 
network model (Budek and Szymczak, 2012; Qi et al., 2020; Tansey 
and Balhoff, 2016), continuum medium model (Liu et al., 2017a; 
Nami et al., 2023; Panga et al., 2005), and porous media model 
(Kang et al., 2002; Ma et al., 2017). Firstly, the capillary model 
assumed wormholes to be cylindrical in shape (Fig. 9(a)), which 
did not consider the mass transfer and reaction mechanisms 
within the pores. Secondly, the fractal dimension was employed to 
characterize the complex dissolution morphology of wormholes, 
and the relationship between acid volume and equivalent worm
hole radius (Fig. 9(d)), combined with the Damkohler criterion, 
was utilized to optimize acid volume and injection rate. Thirdly, 
the network model assumed that pores were cylindrical conduits 
within which acid fluid  flowed and reacted (Fig. 9(c)). The acid- 
rock reaction resulted in an enlargement of conduit diameters. 
Generally, the calculated results of this model tended to be on the 
higher side, and the computational load was also relatively heavy. 
Fourthly, the continuum medium model operated at a scale larger 
than that of the network model, reaching the Darcy scale. It relied 
on empirical relationships to represent the microstructural 

Table 3 
Summary of characteristics of different matrix acidizing models.

Model Ref. Characteristic

Semi-analytical 
model

Buijse and Glasbergen 
(2005)

Propose a semi-empirical 
model for radial flow to 
predict the relationship 
between the wormhole 
growth rate and injection 
rate.

Talbot and Gdanski 
(2008)

Propose to use a global 
function to fit experimental 
data on temperature, acid 
concentration, core aspect 
ratio, porosity, and 
permeability together to 
form a main curve and 
predict the optimal 
injection rate.

Baghel and Pravesh 
(2016)

Consider the impact of 
chelating-agent-based 
acidizing fluid and 
compared it with HCl 
system.

Capillary model Wei (2020) Assume wormhole to be 
cylindrical in shape, and 
develop a mathematical 
model considering reaction 
kinetics, acid transfer rate, 
and fluid loss. This 
assumption deviates 
significantly from the 
observed wormhole 
structure in experiments.

Huang et al. (1999), and 
Huang et al. (2000)

Develop a wormhole 
process theory to predict 
the wormhole pattern 
based on acid flux and 
other processing variables.

Fractal model Frick et al. (1994) The complex structure of 
wormholes had self- 
similarity characteristics, 
so fractal geometry was 
used to describe it, and the 
relationship between acid 
injection rate and 
equivalent radius of 
wormholes was derived.

Liu et al. (2012) Calculation of fractal 
dimension of two- 
dimensional acid 
dissolution morphology 
using box dimension 
method.

Network model Fredd and Fogler 
(1998), and Fredd and 
Fogler (1999)

It was a pore-scale model 
composed of nodes 
connected by cylindrical 
pipes called bonds. These 
nodes act pore spaces, and 
bonds represent pore 
throats.

Continuum medium 
model

Panga et al. (2005), Xue 
et al. (2016, 2018b), 
and Xue et al. (2022)

It was the first to introduce 
reaction and mass-transfer 
control variables into the 
continuous medium model, 
which not only had the 
advantages of continuous 
medium model but also 
could accurately reflect 
physical and chemical 
processes such as flow, 
reaction, and local mass 
transfer like network 
model and porous medium 
model. The simulation 
results were consistent 
with experimental results, 
and the simulation 
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changes in pore throats due to acid-rock reactions, which limited 
the model's computational accuracy. Panga et al. (2005) intro
duced reaction and mass transfer control variables into the con
tinuum model, developing the Panga two-scale model (Fig. 9(b)). 
Numerous studies indicated that the simulation results from two- 
scale model were generally consistent with experimental results, 
with simulation accuracy generally exceeding 85% (Aboluhom and 
Aljawad, 2023; Cheng et al., 2020; Ghommem et al., 2015), and 
have reported its application to naturally fractured, vuggy, and 
heterogeneous carbonate reservoirs. The equivalent permeability 
tensor method and Stokes–Brinkman equation had been utilized to 
describe flow  in discontinuous, multi-scale porous media (Liu 
et al., 2026b; Ma et al., 2018; Mou et al., 2024). Although these 
approaches exhibited certain discrepancies compared to actual 
subsurface flow behavior, they can still provide valuable guidance 
for engineering applications and acid treatment design, which has 

also been demonstrated in numerous field applications (Tan et al., 
2016; Yue et al., 2018). Finally, pore media models represented 
interfaces such as the fluid-mineral  boundaries and avoided the 
volume-averaged properties such as porosity, permeability, and 
reaction rates as required in continuum-scale methods. Its 
advantage lay in accurately calculating local reaction rates and 
fluid  compositions, with reported accuracy rates exceeding 93% 
(Alameedy et al., 2023; Jyoti and Haese, 2021). The research scale 
of pore media models was small, capable of accurately describing 
processes such as acid fluid  flow, mass transfer, and reactions 
within pores.

Furthermore, in addition to using the acidizing mechanism 
model mentioned above for numerical simulation prediction, 
some researchers in recent years have begun training artificial 
intelligence or machine learning models with historical acidizing 
data to predict acidizing performance and optimize acid injection 
parameters (Alkathim et al., 2023; Temizel et al., 2021; Wu et al., 
2025; Zhou et al., 2024). Temizel et al. (2021), Wu et al. (2025), 
and Ebadi et al. (2025) reviewed the application of machine 
learning techniques in hydraulic fracturing and acidizing, chemical 
and gas flooding,  as well as water injection scenarios, and dis
cussed the advantages and disadvantages of these machine 
learning methods. Sidaoui et al. (2018) used core type, dimensions, 
porosity, permeability, HCl concentration, temperature, and pres
sure as input parameters to train a machine learning model 
capable of predicting PVBt with 90% accuracy and optimizing in
jection rate. Ebadi et al. (2025) introduced an integrated compu
tational framework for optimizing matrix acidizing processes. The 
framework first  predicted post-treatment outcomes and then 
determined optimal injection volume and rate. In the prediction 
phase, four machine learning algorithms were trained to estimate 
post-acidizing skin factor. Among these models, the ExTree algo
rithm achieved the highest predictive accuracy, reaching 93% for 
skin factor. During the optimization phase, the validated ExTree 
model was coupled with two metaheuristic algorithm to identify 
the optimal injection volume and rate. Hatamizadeh and Sedaee 
(2023) used fluid  saturation, injection rate, temperature, and 
acid concentration as input parameters. By employing a stacking 
method and combining different machine learning with the multi- 
level perceptron algorithm of meta-learning, the prediction ac
curacy of PVBt improved and reached 83%. By combining various 
artificial neural networks and deep learning models with a neural 
network algorithm as the meta-learning model, the PVBt accuracy 
of 90% could be achieved. Hence, it was used in conjunction with a 
genetic algorithm to optimize injection rate and acid concentra
tion. Dargi et al. (2023) utilized permeability, porosity, skin factor, 
calcite content, and injection rate as input parameters. By 
employing three machine learning models, such as artificial neural 
networks, random forests, and XGBoost, along with genetic pro
gramming, they estimated the permeability change after hydro
chloric acidizing in carbonate reservoir and optimized the volume 
of acid injection, achieving a prediction accuracy of 82%.

6. Acid distribution techniques

Due to the influence of inter-layer and intra-layer heterogene
ity, the acid distribution techniques significantly determined the 
effectiveness of matrix acidizing for vertical wells with combined 
production from multiple layers and horizontal wells with long 
intervals (Fig. 1). Based on difference in acid placement methods, 
acid distribution techniques could be classified  into sweeping 
acidizing and diversion acidizing. Furthermore, diversion methods 
could be subdivided into chemical diversion and mechanical 
diversion, as shown in Fig. 10. Mechanical diversion methods 
encompassed packers, bridge plug, ball sealers, coiled tubing, and 

Table 3 (continued )

Model Ref. Characteristic

calculation amount was 
smaller.

Ma et al. (2022), and 
Aboluhom and Aljawad 
(2023)

A wormhole propagation 
model for three- 
dimensional linear flow in 
porous or fracture-vug 
reservoirs.

Aboluhom et al. (2024), 
and Saleh Aljawad 
(2023)

A wormhole propagation 
model for three- 
dimensional radial flow in 
porous or fractured 
reservoirs.

Aljawad et al. (2021), 
and Wang et al. (2023)

The influences of the 
distribution patterns and 
spatial correlations of 
dolomite and calcite 
minerals, porosity and 
permeability, natural 
fracture or vug on two- 
dimensional wormhole 
propagation were 
discussed.

Porous media model B�ekri et al. (1995), and 
Jyoti and Haese (2021)

It could truly describe the 
flow, mass transfer, 
reaction, and chemical 
kinetics in porous media, 
and was the most accurate 
model, but its 
computational workload 
was very large.

Lattice Boltzmann 
(LBM)

Kang et al. (2002) Using the LBM to simulate 
the convection, diffusion, 
and reaction of fluids in 
porous media, i.e. the 
dissolution of carbonate 
rock in 0.5M HCl and 0.5M 
HAc.

Kashani et al. (2024), 
and Ma et al. (2017)

LBM was a mesoscopic 
scale method, and non- 
equilibrium extrapolation 
was used to handle 
reaction boundaries. The 
acid dissolution patterns of 
two-dimensional single 
pore and double pore 
media were studied.

PHREEQC Parkhurst and Appelo 
(2025)

PHREEQC was an open- 
source package developed 
by the United States 
Geological Survey for the 
study of aqueous solution 
geochemistry.
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hydraulic jetting, etc., while chemical diversion methods included 
chemical particulates, fibers, foamed acids, emulsified acids, self- 
diverting acids, and phase-change liquid diverting agent (Chen 
et al., 2021a, 2021b, 2023, 2024a; Du et al., 2023; Liu et al., 

2025c; Ndonhong et al., 2018; Sun et al., 2024; Zhao et al., 
2020b). Mechanical diversion primarily functioned within the 
wellbore, whereas chemical diversion primarily operated within 
the reservoir.
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Fig. 9. Schematic diagrams of several typical wormhole propagation models. (a) Wellbore and wormhole system (capillary model) (Huang et al., 1999). (b) Two-scale model 
(continuum medium model) (Panga et al., 2005). (c) Network with line inputs and outputs, a pore and reactions at its surface (network model) (Budek and Szymczak, 2012), and 
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The diversion mechanism of packer was physically isolating 
different layers or sections, and this technology was mature. 
However, the process of inserting, sealing, unsealing, and recycling 
the packer was time-consuming and costly. The diverting mech
anism of ball sealer was sealing off the perforation holes. It placed 
relatively high demands on the string size, injection rate, and well 
deviation, and it was suitable for perforated completions. The 
coiled tubing diversion mechanism was injecting acid into specific 
locations by controlling the coiled tubing dragging speed and 
dwell time. However, it was limited by the small size of the coiled 
tubing, low displacement capacity, and restricted depth of inser
tion. Mao et al. (2018) and Bist et al. (2024) had elaborated on the 
characteristics and applicable scope of mechanical diversion 
technology. The diversion mechanism of chemical particulates, 
fibers,  self-diverting acids, phase-change liquid diverting agent, 
foamed acids, and emulsified  acids were the formation of filter 
cakes, filter  screens, viscosity changes, temporary plugging by 
volume, wettability difference, phase permeability adjustments, 
and the Jamin effect, respectively (Table 2). Zhou et al. (2022a, 
2025), Chen et al. (2024a), and Zhao et al. (2020b) had systemat
ically reviewed and elaborated on the materials, characteristics, 
and applicable conditions of chemical diversion technology, as 
shown in Table 4.

In extremely heterogeneous reservoirs, mechanical diversion 
techniques such as packer and bridge plug could only isolate 
relatively long intervals macroscopically and were ineffective in 
cases where permeability varies drastically within a single inter
val. These tools were also prone to sticking or encountering 
obstruction in open-hole or deformed wellbores, and face high 
risks of seal failure under ultra-high temperatures (Bist et al., 
2024; Mao et al., 2018). The diversion effectiveness of chemical 
particulate and fiber was highly dependent on the match between 
their size and the pore or fracture size in the formation. In reser
voirs with extremely wide pore-throat size distributions, it was 
difficult to select a single size or a mixture of particulates or fibers 
to achieve comprehensive and effective temporary plugging (Chen 
et al., 2024a; Zhao et al., 2020b; Zhou et al., 2025). In high- 
temperature (>90 ◦C), high-salinity (>41 × 104 mg/L) environ
ments or in the presence of crude oil, foam structures were easily 
destabilized, leading to a sharp decline in foam stability (Gao et al., 
2026; Kong et al., 2023; Li et al., 2024a; Li and Zheng, 2023). Under 
high pressure, gases in the foam could dissolve extensively into the 
crude oil or acid, causing foam collapse. Emulsified acid was prone 
to premature demulsification under high-temperature (>150 ◦C) 
or high-shear conditions (AL-Dogail et al., 2023; Zakaria and Nasr- 
El-Din, 2016). In formations with low carbonate content, strong 
buffering capacity, or in vugs and fractures, self-diverting acid 
might be diluted, and the concentration of reaction products (e.g., 
Ca2+, Mg2+) might remain too low or the pH might rise too slowly 
to reach the threshold required to trigger viscosity changes, 
resulting in delayed or failed diversion (Du et al., 2025; Al- 
Shargabi et al., 2023). In extremely heterogeneous reservoirs 
with characterized by large permeability difference multiple 
(>9.1) and extremely wide pore-throat or fracture size distribu
tions (e.g., from microns to centimeters), chemical diversion 
techniques such as self-diverting acid, emulsified acid, and foamed 
acid were difficult  to establish effective temporary plugging (Liu 
et al., 2015; Zhang et al., 2019; Zheng et al., 2024; Zhou et al., 2011).

7. Optimization of construction parameters

By optimizing the injection rate, a larger stimulation range 
could be achieved with a certain amount of acid, or the minimum 
amount of acid could be used to achieve the same stimulation 
effect, thereby improving acidizing efficiency  and reducing 

acidizing costs. As shown in Fig. 7(b), the acidizing efficiency was 
highest when the dominant wormhole was formed.

There were two primary methods for optimizing construction 
parameters: experimental and numerical simulation. Indoor 
physical simulation experiments were mostly characterized by 
linear flow, which differed to some extent from the actual radial 
flow in underground reservoirs. Alternatively, numerical simula
tion models for wormhole propagation could be utilized for pre
diction. By plotting a graph of injection rate versus PVBt, as shown 
in Fig. 7(a), the optimal injection rate corresponded to the inflec
tion point on the curve. The criteria for determining the optimal 
injection rate included those proposed by Fredd & Fogler, Talbot & 
Gdanski, Panga, and Gong & El-Rabaa (Panga et al., 2005; Talbot 
and Gdanski, 2008). Akanni and Nasr-El-Din (2015) reviewed the 
principles, expressions, and applicable conditions of these criteria 
and considered the Talbot & Gdanski and Panga criteria to be 
highly accurate and universally applicable. In particular, the Talbot 
& Gdanski criterion was suitable for reactions between limestone 
and HCl. Based on the acidizing objectives for carbonate reservoir 
matrices, a skin factor reduction to − 3 was often targeted in field 
operations. By combining the wormhole model with the skin 
factor model, the acid volume required at the optimal injection 
rate could be calculated. Additionally, empirical formulas could 
also be used for rough estimations: 

Vacid =ϕhπ
(

r2
wh − r2

w

)
PVBt (6) 

where Vacid was the acid volume; ϕ was formation porosity; h was 
the layer thickness; rwh was the acidized radius; rw was the 
wellbore radius. When using the aforementioned equation for 
calculation, the effective action time of the acid should be deter
mined based on the acid-rock reaction rate to guide the selection 
of acid volume.

Some studies indicated that PVBt during matrix acidizing of 
pore-vug carbonate reservoirs was 1 to 2 orders of magnitude 
lower than that of porous reservoirs (Ali et al., 2016; Buijse, 2000; 
Fan et al., 2021; Izgec et al., 2008). The magnitude of PVBt was 
inversely proportional to the proportion of vugs in the total pore 
volume. Experimental results confirmed  the existence of an 
optimal injection rate for the reaction between HCl and carbonate 
rocks. However, further research was needed to determine 
whether similar characteristics exist for self-generating acids. 
There was an order-of-magnitude difference between the optimal 
injection rates obtained from linear flow results and those from 
radial flow results (Liu et al., 2015; Xue, 2017). Moreover, in radial 
flow, there was no constant optimal injection rate, which 
increased with the depth of wormhole (Xue et al., 2016, 2017). 
Therefore, during field  acidizing operations, the injection rate 
should be appropriately increased as the acidizing time 
progresses.

8. Real-time diagnosis and effectiveness evaluation

Due to its low cost and high economic return, matrix acidizing 
was highly favored by enterprises. Consequently, additional 
monitoring methods, which would increase costs, were often not 
employed to evaluate the effectiveness of matrix acidizing treat
ment. Instead, by integrating geological and reservoir character
istic parameters, acidizing pump injection data could be utilized 
for real-time diagnostics or post-acidizing effectiveness assess
ments, thereby guiding the design of acidizing treatments (Cruz- 
Maya et al., 2011).

Based on the principle of steady-state radial flow, Paccaloni and 
Tambini (1993) presented a method for real-time calculation of the 
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Table 4 
Summary of characteristics of diversion methods.

Diversion methods Application 
position

Application 
temperature, 
◦C

Diversion 
mechanism

Typical composition Schematic diagram Ref.

Mechanical 
diversion

Packer Inside the 
wellbore

≤200 ◦C Segmented 
acidizing

Polymer of 
tetrafluoroethylene 
and propylene

Casing Top Middle Bottom
Packer rubber

Center pipe Calking ring

Lan et al. 
(2019)

Bridge plug ≤177 ◦C Cast iron; 
magnesium 
aluminum alloy

Soluble bridge plug in a solution with a Cl  concentration of 5000 mg/L at 80 °C

Original 24 h 72 h 168 h

Zhang et al. 
(2024)

Coiled tubing and 
hydraulic jetting

\ Fixed-point 
jetting

Low-carbon 
alloy steel; 
special alloy steel

Coiled tubing drag acidizing Wehunt et al. 
(2019)

Ball sealer Perforation 
tunnel

≤180 ◦C Plugging Soluble 
alloys; resins

Perforation tunnel

Wellbore Guo et al. 
(2023)
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Chemical 
diversion

Chemical 
particulate

Within formation 
and fracture near 
the wellbore

≤149 ◦C Filter cake Calcium carbonate; 
paraffin; rosin; resin

D

d = 1/3D

D

d = 1/2D

Rock

Zhao et al. (2020b)

Fiber ≤160 ◦C Filter screen Polyester fiber; 
polylactic acid fiber; 
polypropylene fiber

v1

Rough wall captures fibers
Differential pressure forms

the dense filter cake

v3 ≈ 0Compacting

Chen et al. (2024a)

Foamed acid Within 
reservoirs and 
fractures

≤90 ◦C Jamin effect Acid and surfactant

200 μm 1 mm

Kong et al. (2023), and 
Jiang et al. (2025)

Emulsified acid ≤150 ◦C Wettability 
difference

Oil, surfactants, 
and acids

Original 90 °C

120 °C 160 °CHeating at 120 °C for 24 h

AL-Dogail et al. 
(2023)

(continued on next page)
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skin factor using injection pressure and rate. This method was 
convenient to use, but it neglected transient flow  effects and 
tended to overestimate the skin factor. Considering single-phase 
liquid flow, Ali et al. (2016) described the relationship between 
injection pressure, injection rate, and time for an injection well 
using transient flow equations: 
⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

Pwi − Pi
q

= m log(t) + b

m =
162:6Bμ

kh

b = m
[

log
(

k
ϕμctr2

w

)

− 3:23 + 0:87S
]

(7) 

where Pwi was the bottom-hole pressure; Pi was the formation 
pressure; q was the injection rate; t was the injection time; B was 
the formation volume factor; μ was the fluid viscosity; k was the 
formation permeability; ct was the total compressibility; S was the 
skin factor. When the injection rate remained constant, a Pwi – 
log(t) curve could be plotted to obtain the slope m and intercept b. 
By rearranging the above equation, the skin factor S could be 
calculated: 

S=
1

0:87

[
b
m

− log
(

k
ϕμctrw

2

)

+3:23
]

(8) 

During acidizing operations, the injection rate would vary. 
Based on the superposition principle, the pressure responses un
der different injection rates could be superimposed, transforming 
Eq. (7) into: 

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Pwi − Pi
q

= mΔtsup + b

Δtsup =
∑N

j=1

qj − qj− 1

qN
log

(
tN − tj− 1

)

S =
1

0:87

[
b
m

− Δtsup + 3:23
]

(9) 

When the reservoir was a gas reservoir, the aforementioned 
equations were no longer applicable. However, the underlying 
principle remained the same, and the transient flow equation for 
gas reservoirs should be used instead (Li, 2023; Mou, 2023). When 
there was a difference in viscosity between the injected acid so
lution and the reservoir fluid,  the viscosity ratio could affect the 
pressure response, leading to an overestimation or underestima
tion of the skin factor, especially in gas wells.

However, the aforementioned methods have limitations when 
applied to multi-zone or long horizontal well during diversion 
acidizing treatments. Some researchers have integrated a worm
hole propagation model into a real-time computation framework. 
Starting from initial reservoir parameters and the treatment 
design, the framework continuously receives real-time injection 
rate and pressure data during the operation. It then employed an 
inversion algorithm to dynamically adjust key parameters, such as 
wormhole length and conductivity, and zonal skin factors, so that 
the model's predicted pressure response matches the measured 
pressure response (Li et al., 2008; Reznikov et al., 2024; Yuan et al., 
2015; Zhou et al., 2012). Furui et al. (2012) integrated the wellbore 
flow, the reservoir transient flow, and the wormhole propagation 
model. The wellbore flow  model was based on steady-state, 1D, 
pressure-based nodal method. The wormhole propagation in the 
formation was calculated based on the modified Buijse-Glasbergen 
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correlation and upscaling model developed. The resultant 
wormholing skin factor was calculated by simulating and updating 
the changing well injectivity along the entire injection interval at 
every timestep. Reznikov et al. (2024) devised a computationally 
effective technique for interpretation of fluid injection in a well
bore interval with multiple geological layers based on the bottom- 
hole pressure measurements. The permeability, porosity and 
compressibility in each layer were initially setup, while the skin 
factor and partitioning of injected fluids among the zones during 
the injection are found as a solution of the problem. The problem 
took into account Darcy flow and chemical interactions between 
the injected acids, diverter fluids  and reservoir rock typical in 
modern matrix acidizing treatments. Using the synchronously 
recorded injection rate and bottom-hole pressure, the skin factor 
changes in each layer and actual fluid placement into the reservoir 
during different pumping jobs was evaluated. Nozaki and Hill 
(2010) developed an acid-placement model for acid injection 
into vertically extensive gas wells in heterogeneous carbonate 
reservoirs that included gravity segregation in the wellbore, vis
cosity contrast, relative permeability effects, and a wormhole 
model. The effects of all these factors on the local injectivity during 
acid injection are incorporated into a dynamic-skin-factor model. 
For multi-zone or long horizontal completions, the zonal skin 
factors obtained through numerical simulation could effectively 
characterize the stimulation effectiveness of isolated intervals in 
such complex scenarios (Lu et al., 2025; Xue et al., 2018b, 2022), as 
shown in Fig. 11.

9. Discussion and summary

Based on the findings  from literature research and our work 
experience, there were several aspects of matrix acidizing in car
bonate reservoirs that warrant further in-depth study.

For determining which carbonate reservoirs were suitable for 
matrix acidizing, a comprehensive evaluation method included 
the following. Firstly, under the same volume of acid fluid usage, 
the reservoir productivity after matrix acidizing and acid 

fracturing should be calculated separately, with the stimulation 
method corresponding to the highest productivity being preferred. 
Then, if acid fracturing was selected, it was necessary to assess 
whether the acid-etched fractures would propagate into unnec
essary areas, such as causing pressure breakthrough or commu
nicating with water zones. Finally, acid fracturing placed higher 
demands on tubular strings and pumping equipment, and required 
a larger construction site. Therefore, the optimal choice should be 
made based on economic considerations and the actual conditions 
of the oilfield.

The research on acid-rock reaction mechanisms was relatively 
thorough, but the research on how to accurately determine the 
kinetics of acid rock reaction and theoretical calculation of kinetic 
parameters was relatively weak. Currently, the commonly used 
method was the rotating disk experiment, but its calculation for
mula assumed theoretical conditions such as an activity coefficient 
α = 1, constant fluid viscosity, and mass transfer controlled reac
tion (Cs = 0) (Ivanishin et al., 2021; Kotb et al., 2021; Song and Lee, 
2023; Yoo et al., 2019).

Acid fluids  thickened through methods such as the use of 
vegetable gums, polymers, and surfactants commonly suffer from 
chain scission or carbonization failure at high temperatures. For 
instance, self-diverting acids generally had a temperature toler
ance within 150 ◦C and were not suitable for reservoirs with 
excessively high permeability contrasts (Du et al., 2025; Al- 
Shargabi et al., 2023; Zhao et al., 2020b). Zwitter-ionic surfac
tants (primarily betaines) could increase the viscosity of acid fluids 
to a greater extent than cationic surfactants (primarily quaternary 
ammonium salts), but its cost was higher. Due to factors such as 
stringent environmental protection requirements, volatile inter
national oil prices, and complex reservoir conditions, the devel
opment of acid fluids  with characteristics such as low cost, 
environmental friendliness, high temperature resistance, good 
retardation, low corrosion, and effective etching pores (such as 
wormhole acids) was an inevitable trend for future development.

To address the impact of fluid  flow  patterns and core di
mensions on wormhole propagation during laboratory physical 
simulations, radial flow should be adopted whenever possible. The 
core length should be no less than 152 mm, with an aspect ratio 
greater than 0.4. Additionally, the pressure inside the core should 
be as close as possible to the reservoir pressure, and at a minimum, 
not lower than 7 MPa. Most numerical simulation models for 
wormhole propagation focused on two-dimensional linear flow, 
radial flow, or three-dimensional linear flow. The next step was to 
develop a wormhole propagation model that considered three- 
dimensional radial flow and pore-fracture-vug structures, which 
involved acid fluid flow at different scales and multi-field coupling 
of thermodynamics, hydraulics, and chemistry (i.e., THC coupling) 
processes. Furthermore, the impact of acid additives on acidizing 
needed to be incorporated into the model, as their influence could 
not be ignored (Rabie and Nasr-El-Din, 2015; Taylor et al., 2004; 
Zuo et al., 2024). While artificial intelligence or machine learning 
models offer significantly  faster predictions for acidizing out
comes, their training were highly dependent on large volumes of 
high-quality historical data. These models perform well within the 
distribution of their training data, but when faced with novel 
scenarios not adequately represented in the training set, their 
predictive performance could sharply decline or even fail, 
reflecting  limitations in model generalization (Al-Fakih et al., 
2024; AlGaiar et al., 2024; Temizel et al., 2021; Wu et al., 2025; 
Zhou et al., 2024).

The exploitation of deep and high-temperature carbonate 
reservoir resources was an inevitable trend in the future. Efforts 
should be made to further enhance the depth capabilities of coiled 
tubing and strengthen collaborative research between coiled 
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tubing and technologies such as chemical diversion and hydraulic 
jetting. Additionally, there was a need to develop new types of 
chemical diversion agents (also known as temporary plugging 
agents or diverting agents) that were easy to inject, high- 
temperature resistant, low-cost, possess high temporary plug
ging strength, cause minimal reservoir damage, and are environ
mentally friendly. Furthermore, the market demand for diversion 
agents has been increasing annually. However, the industry 
currently lacked evaluation standards and usage guidelines for 
diversion agents. There was also a lack of unified understanding 
regarding the assessment of diversion effectiveness, temporary 
plugging effect, or temporary plugging strength. Therefore, further 
research in this area was needed.

The size of experimental rock samples and flow patterns had 
significant impacts on the optimal injection rate. However, it was 
difficult to obtain large-sized rock samples underground. The ac
curacy of experimental results obtained by using large-sized 
outcrop rock samples as substitutes for underground rock sam
ples still needed further verification.  Therefore, radial flow  ex
periments should be conducted whenever possible. A 
comprehensive approach for optimizing construction parameters 
included the following. Firstly, after comprehensively considering 
factors such as string dimensions, acidizing depth, wellhead 
pressure limitations, ground equipment capabilities, and fluid 
intake capacity of formation, the upper limit of injection rate was 
determined under the condition of not fracturing the formation. 
Secondly, the injection rate corresponding to the minimum PVBt 
was determined based on radial flow acidizing experiments using 
large-scale rock samples or wormhole propagation models. Af
terwards, based on the degree and distribution of reservoir dam
age, the required acid volume to achieve the reservoir stimulation 
objectives was calculated using empirical formulas or coupled 
models integrating wormhole propagation and skin factor 
changes. Finally, utilizing the wormhole propagation model, the 
injection rate at different time points was determined to ensure 
that the acid fluid  velocity at the wormhole tip consistently 
maintains the optimal velocity obtained in the second step.

For vertical wells with multi-layer commingled production and 
horizontal wells with long intervals, it was challenging to calculate 
the changes in skin factor for each layer or interval and assessed 
the acidizing effectiveness solely based on the pumping data 
during diversion acidizing operations. Comprehensive evaluation 
could be conducted by combining pre-acidizing and post-acidizing 
well logging, production (e.g., oil and gas) or injection (e.g., acid) 
profiling  tests, and downhole temperature and pressure 
monitoring.

10. Conclusions

Matrix acidizing was a crucial means for carbonate reservoir 
stimulation, and developing a scientific method for selecting the 
appropriate reservoirs was a prerequisite for the success of matrix 
acidizing. By revealing the mechanism of acid-rock reactions, it 
could gain insights into how to slow down the acid-rock reaction 
rate from the perspectives of both process technology and acid 

fluid  systems, in order to address the challenges posed by high 
temperatures. The creation of wormholes was pivotal in bypassing 
damage zones and establishing flow  pathways for oil, gas, or 
geothermal fluid. By aligning process optimization with reservoir 
characteristics and acid fluid  properties to form dominant 
wormholes, it was the key to achieving successful and efficient 
matrix acidizing. A thorough analysis of pump injection data 
during the acidizing operation, combined with other auxiliary 
methods, served as an important means to evaluate the effec
tiveness of matrix acidizing and guide subsequent acidizing 
designs.
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Table A1.
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