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Abstract: The homogeneous acid etching of conventional acid in porous heterogeneous carbonate
reservoirs leads to a large amount of consumption in the near-wellbore area, which makes the
acidification effect often not ideal. In order to improve the acidizing effect of porous heterogeneous
carbonate reservoirs, viscous acid is used to increase the stimulation of the target block in this
paper. Through systematic experiments, the adaptability of the viscous acid in the four layers of
the M reservoir in the target block was evaluated, and the MD and ME layers suitable for acidizing
stimulation were determined in combination with physical property analysis. Finally, based on the
geological characteristics and experimental data of the preferred layers, a two-scale acid wormhole
growth radial model was established, and the construction parameters of acidizing stimulation
were optimized. The results show that (1) The preferred viscous acid system has a dissolution
rate of more than 95% for the rock powder in the four layers. When the matrix permeability is
high, the effect of the acid wormhole is obvious and the permeability increase is higher. (2) The
steel sheet corrosion and residual acid damage experiments showed that the acid system was not
corrosive to the wellbore, and the reservoir damage rate of the residual acid after the reaction was low.
(3) Based on the relationship between reservoir porosity and permeability and the position of edge
and bottom water, the MD and ME layers with more potential for acidizing stimulation are selected.
(4) The results of the numerical simulation show that the optimal acid pump rate of the MD and ME
layers is 1.4 bpm and 1.0 bpm, and the acidizing fluid volume is 255 bbl, which can form effective
acid wormholes, and the range of reservoir permeability transformation is the largest. The field
application results show that the optimization scheme effectively improves the production of oil
wells, verifies the practicability of the scheme, and provides a reference for the process optimization
of viscous acid in the same type of porous heterogeneous carbonate reservoir stimulation.

Keywords: porous heterogeneity; carbonate reservoir; viscous acid; acidizing layer selection; acidiz-
ing simulation

1. Introduction

Carbonate rock is an important field for increasing oil and gas reserves and produc-
tion [1–3]. However, due to its common characteristics of low permeability, high geothermal
temperature, deep burial, and low natural production rate, although its development po-
tential is huge, it also brings many challenges and difficulties to development work [4–6].
Compared with conventional reservoirs, carbonate reservoirs are characterized by poor
overall physical properties, low porosity and permeability, narrow throats, poor connec-
tivity, and strong heterogeneity [7]. In order to achieve sustained high/stable production,
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reservoir reconstruction measures need to be taken. Matrix acidification is an important
measure for the stimulation of carbonate reservoirs [8,9]. Compared with acid fracturing,
matrix acidification construction has obvious advantages in equipment requirements, use,
construction costs, and related risks [10,11]. Compared with hydraulic fracturing measures,
matrix acidification is more suitable for carbonate reservoir characteristics and rock mineral
characteristics [12,13].

The M reservoir in the target block is a porous heterogeneous carbonate reservoir. The
reservoir is vertically divided into four units: MB, MC, MD, and ME, in which the ME layer
is close to the edge and bottom water. The M reservoir has medium-low porosity (4~24%)
and low permeability (0.01~100 mD) and has high horizontal and vertical heterogeneity.
The content of calcite in reservoir minerals is more than 96%, mixed with a small amount
of clay minerals. The casting thin sections and SEM show that the pores are mainly moldic
pores and intergranular pores, mixed with dissolution pores and a small number of micro-
fractures. For such carbonate reservoirs, connectivity can be improved by communicating
reservoir pores, thereby improving reservoir porosity and permeability characteristics to
increase oil well production. The geometric shape, radius, distribution, and connectivity
of pore throats in carbonate reservoirs are key factors affecting the reservoir space and
seepage characteristics of reservoir rocks [14]. On the one hand, the acidification process
can reduce the damage of solid particles, cement, etc., to the porous media of the reservoir.
The main reservoir cements in the M reservoir are clay minerals, such as illite and kaolinite,
as well as carbonate minerals and broken quartz. The acid can react with these rocks and
minerals to dissolve and dredge the pores and throats of the reservoir, which can effectively
improve the effect of reservoir stimulation. On the other hand, for porous heterogeneous
carbonate rocks, when acidizing is carried out, due to the different sizes and shapes of
reservoir rock pores, the acid injected into porous carbonate formations tends to flow in
the pore-throat network and preferentially enters larger pores. The acid fluid reacts with
the minerals in the pore throat wall and dissolves the minerals so that the pore throat is
expanded and the acid fluid flows through the pore more easily. When the growth rate of
large holes is much larger than that of small holes and gaps, a considerable amount of acid
will flow into these large holes. Due to the flow-dissolution–flow cycle, wormholes will
soon form along the acid path to form high-conductivity channels.

The research on the reaction between acid and carbonate rock can be traced back
to 1895 when Standard Petroleum Company used hydrochloric acid to treat an oil well
in the Lima area, Ohio [15]. The study of early rock acid etching focuses on the change
law and influencing factors of the macro-reaction rate with the reaction environment. At
present, scholars mostly use theoretical analysis, laboratory experiments, and numerical
simulation. A lot of research has been carried out on acid-rock reactions. The main
research contents include acid etching mechanism analysis, acid system development and
performance evaluation, acid-rock reaction kinetic parameter determination, acid etching
wormhole growth law exploration, acidification/acid fracturing model establishment, and
acid etching morphology feature description [16,17]. At present, experimental methods,
such as a rotating disk and flat plate flow, are still in use, but the research focus is gradually
inclined to acid system development and process optimization. In order to better apply to
actual production, it is necessary to improve the on-site construction system in combination
with the reservoir’s physical properties.

In the process of acidizing stimulation of the carbonate reservoir, a reaction between
the acid and reservoir that is too fast will lead to an uneven distribution of acid and a large
amount of acid being consumed in the near-wellbore area, unable to communicate with
the deep reservoir, and even lead to the collapse of the reservoir near the well. In this
study, the acid used in the acidification of porous carbonate reservoirs is viscous acid. The
viscous acid system uses a gelling agent to increase the viscosity of acidizing fluid, which
can reduce the loss of acidizing fluid in the process of reservoir stimulation, reduce the
mass transfer rate of H+, and then reduce the acid-rock reaction rate [18], extend the acid
etching distance, and achieve a wider range of acidification.
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The gelling agent of the viscous acid system usually uses an iron-based crosslinking
agent. Yeager and Shuchart [19] discussed an in situ gelling acid based on an iron crosslink-
ing agent, which forms a gel at a pH of about 2. However, iron may precipitate in the
formation and cause damage. The presence of ferric iron can enhance sludge formation
with heavy oil and also increase the corrosion rate. AlOtaibi [20] developed a non-iron-
based crosslinking agent suitable for in situ high-strength gelled acid systems of 5~20 wt
% HCl acidizing fluid. Through core displacement experiments and corrosion tests, it is
shown that the gelled acid system is stable at a temperature of 275 ◦C, can form wormholes,
and will not cause significant damage to the formation. Kalgaonkar [21] developed a
gelling acid system based on new nanoparticles, which can work with up to 28% HCl
at 300 ◦C, and the gelation phenomenon of the system is controlled by pH. Studies have
shown that optimizing the acid system suitable for reservoir characteristics is an important
prerequisite for successful acidification. Based on the above analysis, the adaptability
evaluation experiment under reservoir conditions was carried out for the preferred viscous
acid formula, and the process parameters of viscous acid in the acidizing stimulation of
porous carbonate rocks were simulated and optimized. The combination of experiment and
simulation provides an optimized reference for the reservoir stimulation of heterogeneous
porous reservoirs.

2. Experimental Scheme for Adaptability Evaluation of Viscous Acid in the
Target Reservoir

The relationship between porosity and permeability of the M reservoir shows that
in the area where micro-fractures exist, the reservoir matrix is relatively dense, while
the connectivity between the pore development areas is poor, resulting in low reservoir
permeability, as shown in Figure 1a. According to the different permeability distribution
ratios of the four layers in Figure 1b, the permeability distribution of the MD and ME layers
is relatively homogeneous, and the porosity deviation ratio of the MB and MC layers is
higher, but the overall permeability is generally poor.
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Figure 1. The statistical results of porosity and permeability distribution in different layers of the
M reservoir. (a) Statistical point diagram of the relationship between porosity and permeability of the
M reservoir; (b) statistical histograms of different permeability distribution ratios of the four layers.

The main mineral components of carbonate rocks are CaCO3 and Ca(Mg)CO3, which
are easily reacted with hydrochloric acid [22]. Therefore, when using acidification technol-
ogy, hydrochloric acid is often used as the acid system of the main acid [23,24]. Hydrochloric
acid can be completely ionized into hydrogen ions (H+) and chloride ions (Cl−) in an aque-
ous solution, and it is very suitable for the acidification of carbonate rocks due to its low
cost and strong corrosion ability with regard to the formation [25]. Combined with the
acidizing well data and reservoir characteristics of the M reservoir, the formula of the
viscous acid system was selected as 20 wt% HCl + 0.6% ADJ-1 gelling agent + 1.0~1.5%
ADH-1 corrosion inhibitor + 1.5% ADT-1 multi-function additive. Through a series of
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acid performance test experiments, the adaptability of the acid formula in the acidification
process of each layer of the M porous carbonate reservoir is evaluated. The gelling agent
used in this paper is a copolymer of acrylamide and dimethylami-noethyl methacrylate.
This crosslinked acrylamide polymer has good shear stability and clay stability as a gelling
agent. The relative molecular mass of the polymer is (1~6) × 106. Methylenebisacrylamide
(concentration of less than 250 mg/L) was used as a crosslinking agent to thicken the
hydrochloric acid, which can be compatible with various additives.

The acid performance test includes a basic performance test and an important index
performance test. The basic performance experiments mainly include particle dissolution
and acid corrosion steel sheet tests. Important indicators of the performance experiments
include acid-rock reaction kinetics, acid flow, residual acid damage tests, and acid rheology
experiments. The reservoir temperature is 203 ◦F, and the pressure is 3100 psi.

2.1. Particle Dissolution Experiment

The experimental steps were as follows: the rock sample was crushed, put into the
drying box, dried at 221 ◦C until the weight was unchanged, and then weighed and
recorded. The 1 g rock sample was placed in 20 mL acidizing fluid in a 203 ◦F water bath
for 2 h. It was filtered with constant weight filter paper, dried to constant weight, weighed,
and recorded; then, the dissolution rate was calculated.

2.2. Steel Sheet Corrosion Experiment

The corrosion inhibition effect of the corrosion inhibitor added in the acidizing fluid
formula was studied, and the corrosion inhibition rate of the material was characterized by
the corrosion rate of the steel sheet.

The experimental procedure was as follows: the amount of acidizing fluid per square
centimeter of the surface area of the hanging piece was 20 cm3, and the prepared quanti-
tative acidizing fluid was poured into a high-pressure reactor to maintain a pressure of
12 MPa. The temperature was increased to 90 ◦C at 3 ◦C/min~4 ◦C/min, the reaction was
carried out for 4 h under normal pressure, and the corrosion was observed. The hanging
piece was cleaned and weighed. The corrosion rate calculation equation is as follows:

v1 =
106∆mi
Ai × ∆t

, (1)

In the equation, v1 is the single sheet corrosion rate, g/(m2·h); ∆t is the reaction time,
h; ∆mi is the hanging piece corrosion loss, g; and Ai is the hanging piece surface area, mm2.

2.3. Acid-Rock Reaction Kinetics Experiment

Acid-rock reaction kinetics describes the speed of chemical reaction after contact with
various reaction substances. Acid-rock reaction kinetics can quantitatively describe the
acid-rock reaction speed at different times and different acid concentrations in the acid-
rock reaction process, determine the penetration distance of the acid, and then use it for
acidification design optimization and acid system optimization. The experimental steps
of acid-rock reaction kinetics include (1) rock plate preparation; (2) equipment heating;
(3) acid-rock reaction experiment; and (4) the titration of residual acid concentration.

The calculation of the dynamic reaction rate of the acid rock is as follows:

J = 10−3
[

C0 − C1

t1 − t2

]
V
S

, (2)

where, J is the acid-rock dynamic reaction rate, mol/(cm2 × s); V is the volume of acid
involved in the reaction, mL; t1 is the acid-rock reaction start time, s; t2 is the acid-rock
reaction end time, s; and S is the acid-rock reaction contact area, cm2.
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2.4. Acid Flow and Wormhole Formation Experiment

The acid flow experiment mainly adopts the method of core displacement. At a
constant acid injection rate, the acid breakthrough PV and the core permeability before
and after acid injection are counted. The CT scanner is used to analyze the wormhole
morphology formed inside the core before and after the acid flow. Under the effect of
dynamic acid injection, the effect of acid on reservoir stimulation is simulated.

2.5. Residual Acid Damage Experiment

In order to avoid secondary pollution to the formation caused by acidification mea-
sures, this paper carried out a test on the damage rate of residual acid to reservoir perme-
ability after the acid-rock reaction. The injection sequence of fluid is formation water +
residual acid + formation water. The degree of damage of residual acid to formation was
analyzed by comparing the decrease in core permeability measured by formation water
before and after residual acid injection.

3. Viscous Acid Performance Test Results and Analysis
3.1. Basic Performance of Acid Liquid Test Results and Analysis

According to the test results, after 2 h of reaction, the dissolution rate of viscous acid
and rock powder in four layers is more than 95%. The dissolution rate of viscous acid in
the carbonate reservoir in the target block is high, and the residue content is low. There
is no problem that the target block cannot be dissolved by using this vicous acid formula
for acidification stimulation. The selected acid formula is suitable for the stimulation of
the M carbonate reservoir. The results of the corrosion test of the steel sheet show that the
corrosion rate of the viscous acid on the casing of T-95 and C-110 is between 1.2286 and
1.4146 g/(m2·h), which is much lower than 5.00 g/(m2·h). The corrosion resistance of the
viscous acid corrosion inhibitor is remarkable, which ensures construction safety.

3.2. Important Indicators of the Performance Test Results and Analysis
3.2.1. Acid-Rock Reaction Kinetics Experimental Results

Acid-rock reaction kinetics is a description of the chemical reaction rate after the
contact of various reaction substances. Acid-rock reaction kinetics can quantitatively
describe the acid-rock reaction rate at different times and different acid concentrations
in the acid-rock reaction process to determine the acid dissolution time and penetration
distance. Accurately provide kinetic parameters, such as the reaction rate constant, reaction
order, reaction activation energy, and the H+ effective mass transfer coefficient, and then
use them for acidification design optimization and acid system optimization. The test
results show that the acid-rock reaction rates of the MB, MC, MD, and ME reservoirs
are 1.7434 × 10−5 mol/cm2·s, 3.6652 × 10−5 mol/cm2·s, 2.8245 × 10−5 mol/cm2·s, and
2.9781 × 10−5 mol/cm2·s, respectively, as shown in the following Figure 2.
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The linear regression of the acid-rock reaction rate and acid concentration is carried
out, and the results are shown in Table 1. The reaction rate constant K is a kinetic parameter
that reflects the speed of the reaction rate and the difficulty of the reaction. With the increase
in formation depth (temperature), the reaction rate constant increases continuously, and
the corresponding reaction rate also accelerates. However, due to the small difference in
temperature of each layer, the rate increase is not obvious. The reaction order m reflects
the influence of reactant concentration on the reaction rate. With the increase in formation
depth, the influence of temperature on the difficulty of the acid-rock reaction gradually
increases, while the influence of concentration on the difficulty of the acid-rock reaction
gradually decreases. The activation energy of the reaction refers to the difference between
the average energy of the activated molecule and the average energy of the reactant
molecule. Its size can reflect the speed of the reaction and the difficulty of the reaction. The
experimental results show that the reaction activation energy Ea of 20% hydrochloric acid
and a natural core is 4350.7 J/mol.

Table 1. Acid-rock reaction kinetic equation and reaction activation energy test results.

Layer Reaction Rate
Constant K Reaction Order m Reaction Kinetics

Equations

Reaction Activation
Energy Ea

(J/mol)

MB 6.78 × 10−8 3.98 J = 6.78 × 10−8 C3.98

4350.7
MC 6.72 × 10−8 3.96 J = 6.72 × 10−8 C3.96

MD 6.68 × 10−8 3.95 J = 6.68 × 10−8 C3.95

ME 6.66 × 10−8 3.94 J = 6.66 × 10−8 C3.94

3.2.2. Acid-Rock Reaction Heterogeneous Acid Etching Degree Analysis

The end faces of the core samples of the four layers after the reaction with the viscous
acid were scanned, and the degree of heterogeneous acid etching of the acid-rock reaction
was statistically analyzed to determine the effect of the acidizing fluid on different layers.
Figure 3 is the CT scanning topography after the acid-rock reaction. The results show that
the acid etching of the core end face of the MB layer is more homogeneous, followed by
the MD layer, and the degree of heterogeneous acid etching of the MC and ME layers is
stronger. Combined with the dissolution rate, porosity, and permeability density, it can be
seen that the dissolution rate of the MB layer is the smallest, the core is relatively dense, and
the dissolution process belongs to a relatively homogeneous end-face dissolution process.
The dissolution rate of the MC and ME layers is faster and belongs to medium porosity and
low permeability, and the dissolution end face is uneven. Through comprehensive analysis,
it can be seen that the degree of difficulty and effect of acidification in the four layers are
as follows: MB > MD > MC ≈ ME, but the overall performance shows a certain degree of
heterogeneous acid etching.
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At the same time, the 3D scanning experimental device was used to scan the end face
of the core after the reaction, and the degree of heterogeneous acid etching of the reservoir
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core by the viscous acid was quantitatively analyzed. The results are shown in Figure 4.
It can be found that the core corrosion depth of the MB layer is concentrated between
1.83 mm and 3.74 mm, which accounts for 68.56%. The core corrosion depth distribution of
the MC layer has a large span, with a maximum of 17.88 mm, and the relatively concentrated
area is between 1.94 mm and 3.96 mm, accounting for 51.90% of the depth range. The core
corrosion depth of the MD layer is concentrated between 1.82 mm and 3.73 mm, accounting
for 68.15%. In the core of the ME layer, the corrosion depth distribution span is large, and
the maximum can reach 17.88 mm. The relatively concentrated area is between 2.6 mm
and 6.67 mm, and the depth range accounts for 72.84%. The experimental results of CT
scanning were further verified.
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3.2.3. Acid Flow Experimental Results

In the process of acidizing construction, the acid liquid is injected into the formation
through the wellbore under the condition that the fracture pressure of the reservoir is lower
so that it reacts with the rock in the formation so as to improve the porosity and perme-
ability of the formation and achieve the effect of removing pollution. Under appropriate
injection conditions, the formation will form some narrow dominant channels with high
conductivity, called wormholes. The wormhole can pass through the pollution zone around
the wellbore and become a high-permeability channel connecting the wellbore and the
formation, thus greatly reducing the resistance of the oil and gas flow to the wellbore. The
formation of the acid wormhole is the most ideal result of the acidification process, which
can improve the conductivity of the reservoir with the least amount of acid consumption.
As shown in Table 2 and Figure 5, by comparing the number of acid breakthrough PV
and liquid permeability before and after acid etching in the four layers of MB, MC, MD,
and ME, it can be seen that MB with a low initial permeability cannot form effective acid
wormholes. The cores of the MC, MD, and ME layers can form wormholes by acidification,
and the larger the initial permeability, the larger the wormholes and the higher the perme-
ability after acidification (such as the core of the MC layer, from 0.233 mD to 97.02 mD).
According to the initial permeability, the size of the wormholes formed in the four layers is
MC > ME > MD >> MB, as shown in Figure 6.
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Table 2. The changes of permeability and breakthrough PV number before and after acid etching in
different layers.

Layer Diameter (cm) Length (cm) Porosity (%)
Initial

Permeability
(mD)

Permeability
After Acid

Etching (mD)

Breakthrough
PV

MB 2.522 2.402 3.17 0.023 / Difficult to
inject

MC 2.518 2.321 18.78 0.233 97.02 7.23
MD 2.512 2.204 13.10 0.095 22.16 7.97
ME 2.519 2.451 10.32 0.110 30.93 7.54
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3.2.4. Residual Acid damage Experimental Results

The experimental results are shown in Table 3, and the damage rate of residual acid
to the core of MB, MC, MD, and ME is low (<5%). They show that the cores of MB, MC,
MD, and ME almost do not cause damage after being invaded by residual acid. They show
that the acidizing fluid has a strong ability to dissolve the reservoir rock, and the products
after the acidification reaction can be basically dissolved in the residual acid, which will
not have a negative impact on formation.

3.2.5. Acid Temperature Resistance and Shear Resistance Experimental Results

In order to further determine the shear resistance of the viscous acid in the reservoir
environment, the temperature resistance and shear resistance of the viscous acid system
at a shear rate of 170 S−1 were tested. The results are shown in Figure 7. The results in
Figure 7a show that the viscosity of the acidizing fluid is stable at 35.45 mPa·s when the
experimental temperature is increased from room temperature to 120 ◦C. The results in
Figure 7b show that when the temperature is constant at 90 ◦C, the viscosity of the acid
is stable at 39.35 mPa·s, which is greater than the lower limit of 18 mPa·s required by the
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construction. It shows that the acidizing fluid has good apparent viscosity, temperature
resistance, and shear resistance, which meets the requirements of acidification construction.

Table 3. Permeability changes before and after residual acid damage in different layers.

Layer Diameter (cm) Length (cm)
Permeability

before Damage
(mD)

Permeability after
Damage (mD) Damage Rate (%)

MB 2.496 2.502 0.033 0.032 3.03
MC 2.487 2.595 7.410 7.130 3.78
MD 2.501 2.522 2.405 2.354 2.12
ME 2.486 2.546 1.076 1.043 3.01
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4. Acidification Construction Target Layer Selection

It can be seen in the third part that in the acid flow experiment, the MB layer core
cannot form an effective acid wormhole, and the reaction rate of the MB layer core with
the acid is much smaller than that of the three layers of MC, MD, and ME (about less than
1 time), and the heterogeneous acid etching degree of the MB layer acid-rock reaction end
face is much lower than that of other layers, indicating that the porosity and permeability
density of the MB reservoir lead to a lower acid-rock reaction rate, and the MB layer cannot
achieve a better stimulation effect through acidification. Furthermore, the porosity and
permeability of the four layers of the X-24 well, which will be acidized, are analyzed, and
the results are shown in Table 4.

Table 4. Description of porosity and permeability in different layers of the M reservoir in the
X-24 well.

Layer Depth (m) Thickness (m) Description of Porosity and Permeability

MB 2807.2 99.7 (1) Permeability is generally poor (78%: 0.01~6.3 mD, 12%: 6.3~54.28 mD).
(2) The proportion of low to moderate porosity is high, followed by medium preference (56%: 2.17~10.48%, 44%: 11.38~26.53%).MC 2906.9 33.9

MD 2940.8 55.4 (1) Permeability is generally poor (84%: 0.08~7.81 mD, 16%: 10.57~25.79 mD).
(2) The proportion of moderately good porosity is in the majority (28%: 2.5~10.4%, 72%: 11.43~30.78%).

ME 2996.2 82.1 (1) Permeability was generally poor (41%: 0.01~7.55 mD, 59%: 17.71~127.61 mD).
(2) Porosity preference was predominant (18%: 3~9.8%, 82%: 16.16~30.78%).

According to Table 4, the porosity of the MD and ME layers is better, but the perme-
ability is generally poor. It is speculated that poor pore–throat connectivity leads to low
permeability, which has the potential for acidification and stimulation. In addition, the ME
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layer is close to the edge and bottom water. Fracturing is easy to communicate with the
edge and bottom water, resulting in water flooding the oil wells. Therefore, the ME layer
only recommends acidification measures to increase production. The porosity deviation
ratio of the MB and MC layers is too high, and there is a risk of difficult acid fluid injection
or poor acidizing effect. Other measures, such as acid fracturing or hydraulic fracturing,
can be tried. Combined with the results of the acidification experiments, the MD layer and
the ME layer were selected for acidification.

5. Acidizing Construction Parameter Optimization Simulation and Application
Effect Analysis

The factors affecting the expansion law of acid wormholes are reservoir parameters and
construction parameters [26]. This acidification simulation mainly considers the influence of
construction parameters on the expansion of acid wormholes in porous carbonate reservoirs.
The acid pump rate and acidizing fluid volume were optimized reasonably.

The expansion of wormholes in the near-wellbore area is shown in Figure 8. The
simulation inlet adopts a constant flow boundary to establish a two-scale acid wormhole
growth radial model. The two-scale continuous model consists of the Darcy-scale model
and the pore-scale model. The Darcy-scale model describes the flow, transport, and reaction
consumption of solute in porous media, as well as the change in porosity with the etching
reaction. The pore-scale model calculates the parameters used in the Darcy-scale model
through empirical formulas, such as the mass transfer coefficient, permeability, pore radius,
and pore-specific surface area with the dissolution process. The two-scale model has
good result accuracy and solution stability at different time steps [27–29]. It is the most
commonly used mathematical model to study the formation of wormholes in reactive
flow. The different etching forms calculated according to it are basically consistent with the
experimental results. However, the two-scale continuous model also has some limitations.
For example, when using radial grids, the injected acid can only flow along the radius
direction or the circumferential direction, so the wormhole can only expand along these
two directions, reducing the randomness of wormhole growth. However, in the simulation
of this study, the accuracy can basically meet the requirements. The field construction
experience shows that the contact surface area between the acid and rock is large, the
acidification time is very short, and the acidification radius is basically maintained at about
1 m. The parameters of the model are taken from the experimental results and the reservoir
field data. The mesh is locally refined near the wellbore to ensure the convergence of the
calculation process. In the process of optimizing the acid pump rate, the acid corrosion
near the wellbore will change with the change in the acid pump rate. With the increase in
simulation time, when the acid etching effect does not change significantly with time after
a certain time, it is considered that the acid dissolution form at this time is the final effect of
acid wormhole expansion under the condition of the acid pump rate.
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5.1. Acid Pump Rate Optimization

The simulation results of the MD and ME layer acid pump rate optimization are shown
in Figure 9. The reservoir permeability change is used to characterize the acid injection
effect. When the acid pump rate is small, the diffusion in the pores plays a leading role, and
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the injected acid can almost react with the rock, resulting in a slow rate of acid dissolution
and an increase in the amount of acid consumed. The acid mainly reacts with the rock at the
injection end, showing a surface dissolution form. Only the permeability of the reservoir
near the wellbore is improved and cannot penetrate the reservoir. When the acid pump rate
is fast, the convection in the pores plays a leading role, and most of the acid liquid enters
the deep reservoir before fully reacting with the rock; the acid wormhole cannot be formed,
and the permeability improvement effect is not obvious. When the speed is moderate, the
acid wormhole can be effectively formed to communicate with the deep reservoir, and the
reservoir’s permeability can be improved to the maximum extent. It is recommended that
the acid pump rate of the MD layer is 1.4 bpm and the acid pump rate of the ME layer
is 1.0 bpm. Under this speed condition, the acid can fully react with the rock and form
acid wormholes.
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5.2. Acidizing Fluid Volume Optimization

The simulation results of acidizing fluid volume optimization for the acidification of
the MD and ME layers are shown in Figure 10, and the change in reservoir permeability is
also used to characterize the effect of acid injection. The acid solution enters the formation
at a constant pump rate for acid etching, which is a commonly used acid injection method
in on-site construction. Under the condition of the selected optimal pump rate, the volume
of acid used increases with the increase in injection time. When the amount of acid is less,
acidification only acts on a small area near the wellbore, and the corrosion morphology is
more homogeneous. With the increase in the volume of acid, the radius of acidification
increases, the contact time between the acid and rock increases, and the etching depth of the
rock increases gradually. Due to the heterogeneity of the reservoir, the acid etching radius
is more obvious in a specific direction, and the acid etching wormhole is gradually formed.
The volume of acid injection continues to increase, the acid wormhole continues to expand,
and the inlet pressure gradually decreases. When the pressure difference between the inlet
and outlet cannot meet the established flow rate, the wormhole will stop expanding. It
is considered that there is a critical value for the volume of acid used to expand the acid
wormhole. The simulation results show that for the MD layer, when the volume of acid
reaches 255 bbl, the morphology of the acid wormhole will no longer change significantly,
and the reasonable volume of acid should be 255 bbl. For the ME layer, when the acidizing
fluid volume reaches 225 bbl, the acidification effect is the best.



Processes 2024, 12, 1443 12 of 15

Processes 2024, 12, x FOR PEER REVIEW 12 of 15 
 

5.2. Acidizing Fluid Volume Optimization 
The simulation results of acidizing fluid volume optimization for the acidification of 

the MD and ME layers are shown in Figure 10, and the change in reservoir permeability 
is also used to characterize the effect of acid injection. The acid solution enters the for-
mation at a constant pump rate for acid etching, which is a commonly used acid injection 
method in on-site construction. Under the condition of the selected optimal pump rate, 
the volume of acid used increases with the increase in injection time. When the amount of 
acid is less, acidification only acts on a small area near the wellbore, and the corrosion 
morphology is more homogeneous. With the increase in the volume of acid, the radius of 
acidification increases, the contact time between the acid and rock increases, and the etch-
ing depth of the rock increases gradually. Due to the heterogeneity of the reservoir, the 
acid etching radius is more obvious in a specific direction, and the acid etching wormhole 
is gradually formed. The volume of acid injection continues to increase, the acid wormhole 
continues to expand, and the inlet pressure gradually decreases. When the pressure dif-
ference between the inlet and outlet cannot meet the established flow rate, the wormhole 
will stop expanding. It is considered that there is a critical value for the volume of acid 
used to expand the acid wormhole. The simulation results show that for the MD layer, 
when the volume of acid reaches 255 bbl, the morphology of the acid wormhole will no 
longer change significantly, and the reasonable volume of acid should be 255 bbl. For the 
ME layer, when the acidizing fluid volume reaches 225 bbl, the acidification effect is the 
best. 

  
(a) (b) 

Figure 10. Changes of acid wormholes in the MD and ME layers under different acidizing fluid 
volumes. (a) MD layer; (b) ME layer. 

The ME layer requires less acidizing fluid volume than the MD layer. The analysis 
shows that the initial porosity of the ME layer is mostly preferred. The larger the initial 
average porosity of the formation, the greater the expansion of the acid in the core; the 
more obvious wormhole morphology can be formed, and the wormhole morphology is 
more complex. This is because the larger the initial average porosity of the formation, the 
less rock the wormhole needs to dissolve to break through the core; the acidizing fluid 
filtration loss and the filtration rate increase, the difficulty of wormhole expansion to the 
surrounding area is reduced, and it is easier to produce wormholes with complex mor-
phology. 

5.3. Acidizing Stimulation Effect Simulation Analysis 
In order to compare the effect of acidification, the cumulative oil production of the 

X-24 well after acidification was simulated and predicted. Using the optimal acid pump 
rate and acidizing fluid volume obtained by the 5.2 simulation, the X-24 well was stimu-
lated to increase production. There may be some problems in the process of dealing with 

Figure 10. Changes of acid wormholes in the MD and ME layers under different acidizing fluid
volumes. (a) MD layer; (b) ME layer.

The ME layer requires less acidizing fluid volume than the MD layer. The analysis
shows that the initial porosity of the ME layer is mostly preferred. The larger the initial
average porosity of the formation, the greater the expansion of the acid in the core; the more
obvious wormhole morphology can be formed, and the wormhole morphology is more
complex. This is because the larger the initial average porosity of the formation, the less
rock the wormhole needs to dissolve to break through the core; the acidizing fluid filtration
loss and the filtration rate increase, the difficulty of wormhole expansion to the surrounding
area is reduced, and it is easier to produce wormholes with complex morphology.

5.3. Acidizing Stimulation Effect Simulation Analysis

In order to compare the effect of acidification, the cumulative oil production of the
X-24 well after acidification was simulated and predicted. Using the optimal acid pump rate
and acidizing fluid volume obtained by the 5.2 simulation, the X-24 well was stimulated
to increase production. There may be some problems in the process of dealing with real
reservoirs. For example, the simulation ignores the influence of fractures that may exist
in the reservoir. However, according to the data of this area, there are few fractures in the
formation, so the influence can be ignored, and the simulation results still have guiding
significance. After acidizing the MD and ME layers in the X-24 well, the predicted daily oil
production is 1000 bbl/d and 600 bbl/d, respectively. As shown in Figure 11, assuming
that the critical economic oil recovery rate is 200 bbl/d, the MD formation will produce
3650 days (1,217,680 bbl). The thickness of the ME reservoir is lower than that of the
MD reservoir, and the formation of ME will last for 1095 days (251,100 bbl) at the critical
economic oil recovery rate of 150 bbl/d. The simulation results show that viscous acid
acidification can significantly increase the production of the X-24 well, which has a gradual
decline in daily production, and obtain a better effect of increasing production.
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6. Conclusions and Suggestions

In this paper, viscous acid is selected as the acid system for the stimulation and recon-
struction of porous heterogeneous carbonate reservoirs with low porosity and permeability,
strong heterogeneity, and poor effect of conventional acidification. Based on the systematic
evaluation of the adaptability of viscous acid in the four layers of the M reservoir in the
target block, combined with the analysis of the reservoir’s physical properties, the MD and
ME layers suitable for acidification stimulation are clarified. Finally, based on the geological
characteristics and experimental data of the preferred layers, a two-scale acid wormhole
growth radial model was established, and the construction parameters of acidification
were optimized. Finally, the effect of acidification stimulation was predicted. The main
conclusions and recommendations are as follows:

1. The dissolution rate of the four layers is more than 95%. The dissolution rate is high,
and the residue content is low. There is no problem that the reservoir cannot be
stimulated by acidification. The experimental results of steel sheet corrosion and
residual acid damage ensure the safety of acidizing construction, and there is no
reservoir damage. The core damage rate of residual acid to the MB, MC, MD, and ME
layers is low (<5%). It shows that the cores of MB, MC, MD, and ME almost do not
cause damage after being invaded by residual acid.

2. The experimental results of acid-rock reaction kinetics show that the reaction rates of
the four reservoirs are 1.7434 × 10−5 mol/cm2·s, 3.6652 × 10−5 mol/cm2·s,
2.8245 × 10−5 mol/cm2·s, and 2.9781 × 10−5 mol/cm2·s, respectively. After acid
etching, the corrosion concavity of the end face of each layer is different, and the
uniformity degree of the four layers is MB, MD, MC, and ME in order from large to
small. The activation energy of the reaction between the acid system and the natural
core is about 4350 J/mol.

3. The results of the acid flow experiments show that MB with low initial permeability
cannot form effective acid wormholes. The cores of the MC, MD, and ME layers can form
wormholes by acidification. The larger the initial permeability, the larger the wormholes
and the higher the permeability after acidification. According to the initial permeability,
the size of the wormholes formed in the four layers is MC > ME > MD >> MB.

4. According to the distribution of reservoir porosity and permeability, the MD and
ME layers are determined as the target layers of viscous acid acidification, and the
acid pump rate and acidizing fluid volume are optimized by numerical simulation
software. The simulation results of the acidizing stimulation effect show that vis-
cous acid acidification can significantly increase the production of the MD and ME
layers in the X-24 well with decreasing daily production and obtain a better stim-
ulation effect. The viscous acid fully meets the needs of the acidizing field and
has a good application prospect in the acidizing operation of porous heterogeneous
carbonate reservoirs.
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Nomenclatures

CT Computerized tomography
3D Three dimensions
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