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Abstract: The Hechuan gas field is one of the tight gas reservoirs with the highest formation water
salinity in China. The content of metal ions, such as calcium, magnesium, iron, and barium, is as high
as 20 g/L. Severe scales in near-wellbore reservoir blocks the gas and liquid flow paths, affecting the
normal production of gas wells. The analysis of scale samples shows that the scale compositions in the
Hechuan gas field are complex, which are composed of calcium carbonate, calcium sulfate, barium
sulfate, iron salt, silicate, and other inorganic scales. To dissolve these scales, 14 kinds of laboratory
self-made chelating acids named AST-01 to AST-14, sequentially, were evaluated by the descaling
rate, in which the chelating acid AST-01 was selected with a dissolution rate of 77.7%. Meanwhile,
the optimal concentration and reaction time of AST-01 were investigated, and the concentrations of
the corrosion inhibitor, the iron ion stabilizer, and surfactants were also optimized. Then, a chelating
acid descaling formula was obtained, which was 15~20% of AST-01 chelating acid + 1.5~2.0% of
corrosion inhibitor + 2.5% of iron ion stabilizer + 0.3% of drainage aid. A pilot field trial of this
descaling formula was applied in a Hechuan X1 well. A remarkable result was obtained in that the
shut-in tubing pressure recovery rate was increased by 14 times, the gas production was increased by
10 times, and the gas well resumed to produce continuously again.

Keywords: Hechuan gas field; carbonate and sulfate scales; chelating acid; descaling; high salinity

1. Introduction

The Hechuan Gas Field is located in the central part of the Sichuan Basin. The main
development stratum is the Xujiahe formation, and the reservoir permeability is generally
less than 0.05 mD, which belongs to tight sandstone reservoirs [1]. Almost all gas wells
in the Hechuan gas field produce high salinity formation water, which is on average
183 g/L [2]. The main cations and anions of formation water are K+, Na+, Ca2+, Mg2+, Ba2+,
Fe2+, Fe3+, Al3+, and Zn2+, and S2−, Cl−, SO4

2−, and CO3
2−. The total content of calcium,

magnesium, barium, iron, and other metal ions is more than 20 g/L, which provides a
sufficient source for gas well scaling [3]. Meanwhile, due to the changes in temperature
and pressure conditions when gas and water flow through perforation borehole, downhole
choke valves, gas nozzles, and other downhole tools, the scales are prone to settle and
become thicker and thicker around these flow channels [4–6].

Once scaling begins, the production of gas wells will go through three stages: the
decline of wellhead pressure and production, intermittent production, and well shut-in.
In 2020, it was found that the 28 downhole chokes were seriously blocked after being fished
out from 35 low-pressure gas wells in the Hechuan gas field. Scaling of gas wells further
leads to lower production of gas wells in this tight sandstone gas reservoir. Therefore, there
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is an urgent need to develop an efficient descaling method to ensure the normal production
of gas wells.

At present, the descaling methods mainly include physical and chemical methods [7].
The physical descaling methods, such as mechanical drilling [8], waterjet [9–11], or ultra-
sonic [12,13] are useful in breaking down the scales. However, the application of these
methods is limited by the size of the downhole tubing strings and the location of the
downhole tools [14,15]. On the contrary, the chemical descaling methods [16] are apply-
ing chemical agents to dissolve solid scales [17–19] or using inhibitors to slow down the
formation of scale [20–22] with a simpler process, a lower cost, and a short shut-in time
compared to physical descaling methods [23].

In this study, the chemical descaling method was adopted. Firstly, the scale samples
were analyzed by Energy Dispersive X-ray Spectroscopy (EDS) to speculate the scale
compositions. The result showed that the scales contained calcium carbonate, calcium
sulfate, barium sulfate, iron salts, etc. However, conventional acidic solutions [24,25] such
as hydrochloric acid and mud acid (HF/HCl = 15 wt%/8 wt%) are not suitable as they
cannot dissolve sulfate scales and may cause secondary precipitation. Through a literature
review, it was found that the chelating group [26–30] in the chelating acid [31–34] could
chelate with the metal ions to increase the dissolution rate of the sulfate scales, and the
acid solution also had a significant effect on carbonate scales. Then, we tried 14 kinds of
laboratory self-made chelating acids named AST-01 to AST-14 to show their descaling rate
on Hechuan scale samples, in which chelating acid AST-01 was screened out as the main
acid for the highest descaling rate. Meanwhile, the concentrations of corrosion inhibitor,
iron ion stabilizer, and drainage aid were studied in this paper. At last, a field test was
carried out in a scale plugging gas well and a good result was achieved.

2. Experimental Materials and Methods
2.1. Chemicals and Materials

Chemicals: Chelating acids AST01~AST14 (60 wt%), corrosion inhibitor (octadecyl
trimethyl ammonium bromide 99 wt%), surfactants (fluorocarbon surfactants, nonionic
hydrocarbon surfactants, and small molecular alcohols in a ratio of 1:60:15), and purified
water were made in the laboratory. Absolute ethyl alcohol, kerosene, acetone, bentonite,
cyclohexane, sodium carbonate, ammonium hydroxide, potassium chloride, and iron
(III) chloride hexahydrate were all purchased from Chengdu Kelong Chemical Co., Ltd.,
Chengdu City, China. The sulfosalicylic acid indicator was from Dongguan Wanjiang
Zhaolong Sign Business Department, Dongguan City, China.

Materials: The N80 sheet steel was obtained from the Motian Electronic Instrument
Co., Ltd., Gaoyou City, China. PTFE tape was bought from Hangzhou Lin’an Gaina
Fluoroplastic Co., Ltd., Hangzhou City, China. Six scale samples named sample (a) to
sample (f) were collected from the Hechuan gas field.

2.2. Experimental Instruments

The SHA-C constant temperature water bath was from Changzhou Hengjiu Instru-
ment Manufacturing Co., Ltd., Changzhou City, China. The TG16G centrifuge was from
Changzhou Jintan Jingda Instrument Manufacturing Co., Ltd., Changzhou City, China.
The DHG-914OA oven was from Shanghai Qixin Scientific Instrument Co., Ltd., Shang-
hai City, China. The MP-1002 analytical balance was from Ningbo Yong Hui Instrument
Technology Co., Ltd., Ningbo City, China. The 10 mL pipette gun was from Jinan Oulaibo
Electronic Commerce Co., Ltd., Jinan City, China. The 50 mL high temperature resistant
large-caliber plastic bottle was from Zhejiang Yuhuan Xinhua Plastic Factory, Yuhuan
County, China. The acid burettes, the volumetric flasks, etc. were all from Chengdu Ke-
long Chemical Co., Ltd., Chengdu City, China. X-ray energy spectrometer (X-Max50) was
from Oxford Instruments, Abingdon, United Kingdom. The scanning electron microscope
(Apreo2 C) from Thermo Fisher Scientific Co., Waltham, MA, USA.
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2.3. Experimental Methods
2.3.1. Analysis of Scale Samples

A certain amount of each scale sample was weighted after drying and placed in a
beaker, and then the cyclohexane was added with a solid–liquid ratio of 1:3. After being
stirred thoroughly, the scale samples were centrifuged at 3000 r/min for 2 min to remove
the oil components and dried in an oven at 80 ◦C to constant weight. Repeating the above
steps 3 times, the average quality change of each scale sample was its oil content. The
inorganic composition of the scale sample was estimated by energy spectrum analysis.
The microscopic appearance of the scale sample was dried and sprayed with gold, then
characterized by a scanning electron microscope.

2.3.2. Optimization Experiment of Chelating Acid

The performances of 14 chelating acids were evaluated based on their dissolution rate
in the scale samples. The scale sample and a certain concentration of each chelating acid
diluted with distilled water were filled into a 50 mL plastic centrifuge tube with the solid–
liquid ratio of 1:20, labeled from AST-01 to AST-14, successively, and reacted for several
hours in a water bath at 80 ◦C. Then, the samples were centrifuged at 5000 r/min for 5 min
to separate liquid and solid phases, dried at 80 ◦C to constant weights. The residues were
weighed to calculate the dissolution rate of each chelating acid according to the weight loss
of the scale reaction.

2.3.3. Experimental Methods of Selecting Additive Concentrations

The concentration of the corrosion inhibitor optimized experiment was followed by the
standard procedure of the People’s Republic of China Petroleum and Natural Gas Industry
Standard SY/T 5404-2019 (performance test method and evaluation index of corrosion
inhibitors for acidification). The corrosion inhibition rate was calculated as follows:

K =
106∆mi

Ai∆t
(1)

E = 1− K
K′
× 100% (2)

where K—corrosion rate of test piece with corrosion inhibitor, g/(m2·h); ∆mi—a weight
loss of N80 sheet steel, g; Ai—the surface area of the N80 sheet steel, mm2; ∆t—experiment
time, h; E—inhibition rate, %; and K′—corrosion rate of N80 sheet steel without corrosion
inhibitor, g/(m2·h).

The optimal concentration of iron ion stabilizer experiment was conducted by China
National Petroleum Corporation Enterprise Standard Q/SY TZ 0082-2015 (Technical re-
quirements and test methods for iron ion stabilizers).

N = ρFe3+
Vl
Vs

(3)

where N—the ability to stabilize iron ions, mg/mL; ρFe3+—the content of iron ions in the
iron standard solution, mg/mL; Vl—the volume and dosage of iron ion standard solution,
mL; and Vs—the volume of iron ion stabilizer, mL.

3. Results and Discussion
3.1. Analysis of Scale Samples

The scale samples used in this experiment came from different locations of six gas
wells, among which scale sample (a) was taken from the tubing depth of 2208–2210 m, scale
sample (b) was retrieved from the downhole choke at depth of 1680 m, scale sample (c) was
from the gas tree tubing hanger, scale sample (d) was from the outer wall of the tubing at
1205–1440 m, scale sample (e) was from the perforated well section at 2302–2315 m, and
scale sample (f) was taken from the gas tree needle valve. The appearance and morphology
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of dried samples are shown in Figure 1. Scale samples (a)~(f) are almost black in color,
besides sample (e) with light yellow color. The dispersion of the six samples is also not the
same. Sample (a), (d), and (e) have a good dispersibility, while samples (b), (c), and (f) are
in the form of small clumps.
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Figure 1. Morphology of scale samples from six gas wells.

The oil content analysis result of the six scale samples shown in Figure 2 is also
quite different, in which the oil content in scale sample (c) is the highest, reaching 34.4%,
and sample (f) reaches 23%, while the oil contents of the scale sample (a), (b), (d), and
(e) are very low. The reason for the difference is that the scale samples were obtained from
different well depths. As the scale samples (c) and (f) were obtained near the wellhead, the
condensate oil precipitates from natural gas for the wellhead temperature and pressure are
both lower than the dew point temperature and pressure, so the oil content is much higher.
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The microscopic morphological analysis of scale samples by scanning electron mi-
croscopy is shown in Figure 3. It can be seen that the surfaces of the sample (c) and (f) are
not smooth, and there are many small particles attached to their surfaces. This phenomenon
can be explained when combined with oil content analysis. Due to their higher oil content,
it makes the scale samples adhesive. The higher the oil content, the stronger the adhesion
and the more uneven surface of scales.
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Figure 3. Microscopic morphology of scale samples ((a–f) represents scale sample (a) to sample
(f), respectively).

In Figure 4, the inorganic composition analysis by dot scan EDS shows that the main
elements of all the scale samples are basically the same. Elements C, O, Ca, Ba, Mg, Fe,
and S are relatively higher in the six scale samples, followed by Si, Al, and other elements.
According to the elements of each scale sample, the compositions can be inferred as calcium
carbonate, calcium sulfate, barium sulfate, formation sands, and iron salts, etc. The main
speculated composition of each scale sample is shown in Table 1.

Table 1. The speculated compositions of each scale.

Scale Sample Components

(a) CaCO3, BaSO4, CaSO4, SiO2, Al2O3, and Iron salts
(b) CaCO3, CaSO4, CaF2, MgCO3, SiO2, Al2O3, and Iron salts
(c) SiO2, Al2O3, CaCO3, CaSO4, MgCO3, and Iron salts
(d) BaSO4, CaSO4, CaCO3, MgSO4, SiO2, Al2O3, and Iron salts
(e) MgCO3, CaCO3, BaSO4, CaSO4, SiO2, Al2O3, and Iron salts
(f) CaCO3, Iron salts, CaSO4, and SiO2

3.2. Screening of Chelating Acid

As the compositions of scales are complex, the conventional mud acid is not suitable
for the scales of the Hechuan gas field, as it cannot dissolve the scales such as calcium
sulfate and barium sulfate, and it can also result in secondary precipitation by calcium
fluoride when mud acid reacts with calcium carbonate. Therefore, it is more likely to adopt
chelating acid in the Hechuan gas field. Due to its chelating ability, chelating acid can
form coordination bonds with metal cations to form a soluble cyclic chelate, which breaks
the dissolution balance of insoluble scales and makes them dissolve in the solution. The
chelating acids are multifunctional organic weak acids containing chemical groups such as
polyhydroxyl, polyamine, and polycarboxyl, etc. Fourteen kinds of self-made chelating
acids were obtained by changing the ratio of each chemical group. As shown in Figure 5,
there are two main mechanisms of chelating acid descaling: Firstly, the carboxyl group
in chelating acid can release hydrogen ions step by step, and the hydrogen ions ionized
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by the chelating acid can react with calcium carbonate to generate soluble salts, CO2, and
H2O. With the consumption of hydrogen ions, the pH value of the system increases. When
the pH rises to about 4, the isolated electrons in chelating group such as the hydroxyl
group and amino group begin to form coordination bonds with metal ions such as calcium,
barium, and iron, resulting in chelation, which breaks the dissolution balance of insoluble
scales such as barium sulfate and calcium sulfate to make the insoluble scale gradually
dissolve in the solution.
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From the EDS spectra of the six scale samples, it can be seen that the proportion of
insoluble scales in the scale sample (a) is higher than others that it was chosen to conduct
the screening experiment of 14 chelating acids. The experimental conditions are the same in
that the reaction time is set to 8 h, each acid solution volume is 20 mL with a concentration
of 15%, and the scale sample is 1 g. The results are shown in Figure 6. Each chelating
acid has a certain dissolution ability for scale sample (a), but the dissolution rate varies
greatly, ranging from 15.5 to 77.7%, in which the dissolution effect of chelating acid AST-01
is the best with the dissolution rate of 77.7%, followed by AST-07, AST-14, and AST-13 with
dissolution rates of 61.6, 61.3, and 61%, respectively. The main reason for the differences in
the descaling rate for the 14 kinds of chelating acid is their ability to ionize hydrogen ions
and their ability to chelate different metal ions. As different chelating acids have different
chelating groups, they have different chelating and stabilizing abilities to metal ions such as
calcium, magnesium, barium, and iron. Additionally, some chelating groups are sensitive
to the pH value. Thus, changing the ratio of raw materials for the same scale can achieve a
different descaling effect. Therefore, the chelating acid AST-01 with better performance
was chosen to continue the following experiments.
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3.3. Effect of Acid Concentration on Descaling Performance of AST-01

In the above screening experiment, the acid concentration and reaction time are
fixed, but they may not be the optimal value. In order to find the optimal concentration of
chelating acid AST-01, the effect of scale dissolution performance of different concentrations
on six scale samples was studied. The reaction time is keeping 8 h, the volume of the acid
solution is still 20 mL, and the scale sample is also 1 g. The descaling rates are compared
with concentrations of 5%, 10%, 15%, and 20%.

As shown in Figure 7, each line represents the scale dissolution rate at the same acid
concentration for six scale samples when viewed horizontally. It can be seen that the scale
dissolution rate is different due to the different compositions of each scale. There is a
common feature of the curves that the dissolution rate of scale sample (c) is the lowest, but
the scale sample (f) is the highest, and the other scale samples have little difference in scale
dissolution rate. It can be explained according to the scale components analysis by the
EDS spectrum. In Figure 4, it can be seen that the content of SiO2 in the scale sample (c) is
relatively high, which is difficult to dissolve in other acids except for hydrofluoric acid.
The scale composition of the scale (f) is dominated by CaCO3, which can easily react with
an acid solution, while the content of other insoluble scales is relatively low. When viewed
from the vertical in Figure 6, it can be seen that the dissolution rate of each scale sample
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increases with the increase in chelating acid concentration. However, from the gap between
each line, we can figure out that the average descaling rate quickly increases from 64.9 to
78.5% when the chelating acid concentration increases from 5% to 15%, and the upward
trend becomes slowly when the concentration exceeds 15%. When the concentration of
chelating acid is 20%, the average descaling rate of six scale samples is 82.2%. Compared
with concentration of 15%, the descaling rate only increased by 3.3%, 3.2%, 3.6%, 5.4%,
4.0% and 1.6% for the scale samples (a) to (f), respectively. As the increment in chelating
acid concentration, the number of groups that can chelate with metal ions also increase,
which promotes the dissolution of scales. However, when the concentration increases
to a certain value, the chelation effect will be weakened due to the tolerance effect [35].
Therefore, the optimal concentration of chelating acid should be between 15 and 20%,
according to insoluble scale content.
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3.4. The Effect of Reaction Time on the Descaling Performance of AST-01

The chelating acid is a weak organic acid; it gradually releases hydrogen ions as
the acidification reaction progresses. It has a superior retarding performance compared
with conventional mud acid. In order to find the optimal reaction time of chelating acid
AST-01, the effect of different reaction times on the descaling rates of the six scale samples
was studied. The volume of the acid solution is 20 mL, the scale sample is 1 g, and the
concentration is 15%. The descaling rate of chelating acid is compared with the reaction
time of 4, 6, 8, and 10 h, respectively.

It can be seen from Table 2 that, as the reaction duration increases, the descaling
rate of the six scales increases. When the reaction time is 4h, the dissolution rates of the
six scale samples are all above 60%. The average descaling rate exceeds 80% when the
reaction time is increased to 10 h, which is equivalent to the effect with a concentration
of 20% for the reaction time of 8 h. Therefore, an appropriate increase in the reaction
time is conducive to improving the descaling rate, which is determined by the chelation
reaction mechanism. The contact time between the ring structure in the chelating acid
and the metal ion increases, the formation of chelates can be more easily. Compared with
hydrochloric acid or mud acid, chelating acid has a slower reaction speed, which allows
more unreacted chelating acids to enter the reservoir to dissolve the blockage near the
perforated borehole. In addition, it takes several hours for the acid to enter the formation
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from the injection of the wellhead. When the acid is injected into the wellbore, the acid
liquid column will increase the bottom hole pressure. As natural gas gradually flows into
the wellbore under the pressure difference between formation pressure and bottom hole
pressure, acid solutions will gradually enter into the reservoir. This process takes about
1~2 h in the Hechuan gas field for low formation pressure. Therefore, we recommend a
shut-in time of 10–12 h to ensure that the reaction time of the chelating acid can reach
8–10 h.

Table 2. The effect of reaction duration on the descaling performance of AST-01.

Reaction Time(h)

Dissolution Rate(%) Scale Samples

(a) (b) (c) (d) (e) (f)

4 62.4 61.8 60.6 61.5 63.2 68.4
6 71.3 72.4 69.5 71.5 70.6 75.5
8 77.7 77.2 75.2 78.4 77.8 84.5

10 81.7 81.1 80.3 84.7 83.3 86.8

3.5. Optimization of the Concentration of Corrosion Inhibitor

Although the chelating acid is a weak organic acid, it is corrosive to tubing, casing, gas
well Christmas trees, and ground pipelines. Thus, a certain concentration of the corrosion
inhibitor needs to be added to reduce the corrosion rate of the acid. In this study, octadecyl
trimethyl ammonium bromide, which is a cationic quaternary ammonium salt, is selected
as the corrosion inhibitor, as it is commonly used in the acidification of oil and gas fields.
The corrosion inhibition effects are studied for the corrosion inhibitor concentration is 0%,
0.5%, 0.8%, 1%, 1.5%, and 2.0% for 48 h to choose out the optimal concentration.

As shown in Table 3 and Figure 8, in this experiment, when no corrosion inhibitor is
added in chelating acid AST-01, the corrosion rate is up to 193.2 g/(m2·h), and the N80 steel
sheet is corroded seriously, leaving only a thin piece. With the increase in the corrosion
inhibitor concentration, the corrosion rate of acid solution to the steel sheet is reduced
significantly. This is as the cationic groups of the corrosion inhibitor can be adsorbed
on the steel sheet to form a hydrophobic film; as the area of the adsorbed film becomes
larger and denser, the electrochemical reaction on the metal surface is reduced, thus the
corrosion rate is greatly reduced. When the concentration of the corrosion inhibitor reaches
1%, the corrosion rate is reduced to 1.8 g/(m3·h) and the corrosion inhibition effect is
excellent, with the inhibition efficiency reaching 99.07%. Further increasing the corrosion
inhibitor concentration, the corrosion rate is unchanged. However, in the actual application
process, considering that the fluid accumulation in the wellbore will dilute the effective
concentration of the corrosion inhibitor, it is recommended that the concentration of the
corrosion inhibitor is 1.5~2%.

Table 3. The influence of corrosion inhibitor concentration on the corrosion rate.

The Concentration of
Corrosion Inhibitor

(%)

Corrosion Rate
(g·m−2·h−1)

Corrosion Inhibition Rate
(%)

0 193.2 0
0.5 78.3 59.47
0.8 37.8 80.43
1 1.8 99.07

1.5 1.5 99.22
2 1.3 99.33
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3.6. Performance Evaluation of Iron Ion Stabilizer

The ESD analysis shows that there is a small number of iron scales in the scale samples.
In addition, the tubing will inevitably contact the chelating acid during the descaling
process. The reaction of iron salt and the corrosion of steel will produce iron ions (Fe2+ and
Fe3+). As the acidification reaction proceeds, the pH of the solution rises. When the pH
value of the acid solution reaches 2.2, the Fe3+ ions begin to produce flocculent precipitation
of Fe(OH)3, the dissolved trivalent iron will all precipitate to plug the reservoir and cause
secondary damage when the pH value of the acid solution rises to 3.2. Therefore, it is
necessary to add an iron ion stabilizer with reducing and complexion effects. The iron
reducing agent can reduce Fe3+ to Fe2+. The iron complexion agent can chelate with
Fe2+, which can achieve the purpose of stabilizing iron under the acidic pH value and
prevent iron precipitation. The sodium erythorbate is used as the iron ion stabilizer in this
experiment. The concentrations of 0.5%, 0.8%, 1.0%, 1.5%, 2.0%, and 2.5% are examined.
The experimental result is shown in Table 4.

Table 4. Performance of iron ion stabilizer in different concentration.

The Concentration of Iron Ion Stabilizer
(%)

Stabilizing Ability of Iron Ion
(mg/mL)

0.5 34.86
0.8 44.82
1 66.66

1.5 79.01
2 89.64

2.5 93.83

With the increase concentration of the iron ion stabilizer, the ability to stabilize iron
ion solution is gradually increased. The iron ion stabilization ability increases significantly
when the iron ion stabilizer concentration exceeds 0.8%. The stable capacity reaches more
than 80 mg/mL after the concentration exceeds 1.5%. When the concentration is 2.5%, the
iron ion stabilization capacity of the solution is 93.83 mg/mL, which meets the requirements
of the China National Petroleum Corporation Enterprise Standard Q/SY TZ 0082-2015.
Therefore, the recommended dosage of iron ions stabilizer is 2.5%.
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3.7. Optimal Concentration of Drainage Aid

After the gas well scale blockage is removed, the residual acid and dissolved scales
need to be drained out of the wellbore. In order to effectively increase the degree of residual
acid flow back and avoid secondary damage such as reservoir water block caused by the
liquid phase, it is necessary to reduce the surface tension and interfacial tension of the acid
solution. The drainage aid is prepared by combining fluorocarbon surfactants, nonionic
hydrocarbon surfactants, and small molecular alcohols in a ratio of 1:60:15, and diluted by
formation water to test the surface tension and interfacial tension with concentrations of
500 ppm, 1000 ppm, 2000 ppm, and 3000 ppm, respectively. The experimental results are
as follows.

According to the data analysis in Figure 9, the surface tension and interfacial tension
show a downward trend as the concentration of the discharge aiding agent increases. When
the concentration is 500 ppm, the surface tension is 42.09 mN/m and the interfacial tension
is 6.97 mN/m. When the concentration is increased to 3000 ppm, the surface tension
drops to 22.64 mN/m, which is less than 30mN/m, and the interfacial tension drops to
1.61 mN/m, which is less than 2mN/m, meeting the requirements of “SY/T 5755-2016
Method for Performance Evaluation of Drainage Aid for Fracturing and Acidification” that
the surface tension should be less than 30 mN/m, and interfacial tension should be less
than 2mN/m for a qualified drainage aid product.
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4. Field Test of the Chelating Acid System in Hechuan Gas Field

Through the above laboratory experiments, we have obtained the chelating acid
descaling system suitable for Hechuan gas field, which is 15~20% of AST-01 chelating acid
+ 1.5~2.0% of corrosion inhibitor + 2.5% of iron ion stabilizer + 0.3% of drainage aid. It was
applied to a pilot field test in the Hechuan X1 well. In order to facilitate the analysis of the
test results, a storage, electronic pressure gauge was installed to continuously monitor the
shut-in tubing pressure before and after the field test. The frequency of pressure recording
is to record a set of data every 3 min.

Before the plugging test, the gas well could not produce continuously due to those
scales analyzed above blocking the gas flow channels such as the perforated borehole.
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Generally, the tubing pressure drops to balance with the export pressure when the well
is opened to produce for 4 h, resulting in a forced shut-in. The gas production is only
1000 m3. The average tubing pressure recovery rate after shut-in is 0.16 MPa/h, and the
tubing pressure and casing pressure can be restored up to 9.6 MPa, but the shut-in time
required is nearly 32.8 h, indicating that scale plugging has led to long-term inefficient
production of this well.

As the highest shut-in wellhead pressure is only 9.6 MPa, it indicates that the formation
energy of this well is not high enough. If the injection volume of the chelating acid solution
is too large, it will inevitably produce a well-killing effect, and it is unable to flow back
relying on the reservoir pressure. Meanwhile, due to the low production of tight reservoir
gas wells, the cost of using manual assisting techniques such as gas lift has a poor economic
benefit. In response to this practical problem, we proposed a low-dose and multi-round
scale-removing process, which is a gradual process to dissolve the scales that blocked
perforation boreholes and other parts by increasing the number of injections and flow back
process, reducing the single dosage of the chelating acid solution.

The field test results are shown in Figures 10 and 11. A total of three decaling opera-
tions were carried out in this well. In the first-round scale-removing process, we designed
the chelating acid system with an injection volume of 400 L. After shutting in for 10 hours,
the flowback operation was implemented. When the tubing pressure dropped to 4.7 MPa,
the residual acid began to flow back to the surface. The initial water sample is dark black.
It can be seen that black suspended scales of small particles in the flowback fluid after
leaving it for 24 h. The production of the well lasted only 1.5 h; the tubing pressure dropped
to the outgoing pressure, and the water sample was clear, indicating that the residual acid
had been flowing back completed and the well is shut-in. At this time, the average tubing
pressure recovery rate was 0.17 MPa/h, the shut-in time needs 32.4 h for tubing and casing
pressure recovering to 9.6 MPa, which is not much different from that before descaling. This
shows that the amount of acid used this time is not enough to solve the scaling problem of
near-well reservoirs. Therefore, we need to carry out the next round of descaling.

Energies 2021, 14, x FOR PEER REVIEW 13 of 17 
 

 

opened to produce for 4 h, resulting in a forced shut-in. The gas production is only 1000 
m3. The average tubing pressure recovery rate after shut-in is 0.16 MPa/h, and the tubing 
pressure and casing pressure can be restored up to 9.6 MPa, but the shut-in time required 
is nearly 32.8 h, indicating that scale plugging has led to long-term inefficient production 
of this well. 

As the highest shut-in wellhead pressure is only 9.6 MPa, it indicates that the 
formation energy of this well is not high enough. If the injection volume of the chelating 
acid solution is too large, it will inevitably produce a well-killing effect, and it is unable to 
flow back relying on the reservoir pressure. Meanwhile, due to the low production of tight 
reservoir gas wells, the cost of using manual assisting techniques such as gas lift has a 
poor economic benefit. In response to this practical problem, we proposed a low-dose and 
multi-round scale-removing process, which is a gradual process to dissolve the scales that 
blocked perforation boreholes and other parts by increasing the number of injections and 
flow back process, reducing the single dosage of the chelating acid solution. 

The field test results are shown in Figures 10 and 11. A total of three decaling 
operations were carried out in this well. In the first-round scale-removing process, we 
designed the chelating acid system with an injection volume of 400 L. After shutting in for 
10 hours, the flowback operation was implemented. When the tubing pressure dropped 
to 4.7 MPa, the residual acid began to flow back to the surface. The initial water sample is 
dark black. It can be seen that black suspended scales of small particles in the flowback 
fluid after leaving it for 24 h. The production of the well lasted only 1.5 h; the tubing 
pressure dropped to the outgoing pressure, and the water sample was clear, indicating 
that the residual acid had been flowing back completed and the well is shut-in. At this 
time, the average tubing pressure recovery rate was 0.17 MPa/h, the shut-in time needs 
32.4 h for tubing and casing pressure recovering to 9.6 MPa, which is not much different 
from that before descaling. This shows that the amount of acid used this time is not 
enough to solve the scaling problem of near-well reservoirs. Therefore, we need to carry 
out the next round of descaling. 

0 500 1000 1500 2000 2500 3000
4

6

8

10

 Before descaling
 The first round of descaling
 The second round of descaling
 The third round of descaling

Tu
bi

ng
 p

re
ss

ur
e 

(M
Pa

)

Time (minutes)

Continuous production

 
Figure 10. The real-time shut-in and production tubing pressure changes before and after descaling. Figure 10. The real-time shut-in and production tubing pressure changes before and after descaling.



Energies 2021, 14, 7959 13 of 16
Energies 2021, 14, x FOR PEER REVIEW 14 of 17 
 

 

 
Figure 11. The water samples flowback liquids of three times descaling (1-1: The initial flowback 
water sample when the downhole fluid began to flow out from the wellhead for the first round 
descaling; 1-2: Subsequent non-scale flowback water sample for the first round descaling; 2-1: The 
initial flowback water sample when the downhole fluid began to flow out from the wellhead for the 
second round descaling; 2-2: The water sample when the volume of flowback fluid was about 300 L 
for the second round descaling; 2-3: The water sample when the volume of flowback fluid was about 
600 L for the second round descaling; 3-1: The initial flowback water sample when the downhole 
fluid began to flow out from the wellhead for the third round descaling; 3-2: The water sample when 
the volume of flowback fluid was about 400 L for the third round descaling; 3-3: The water sample 
when the volume of flowback fluid was about 800 L for the third round descaling). 

When the shut-in tubing pressure and casing pressure was restored to 9.6 MPa, we 
did the second round of descaling operation. At this time, we increased the injection 
volume of the chelating acid from 400 L to 600 L, and maintained the shut-in reaction time 
also being 10 h. The tubing pressure dropped rapidly after the well was opened. When 
the oil pressure dropped to 4.4 MPa, a large amount of fluid began to flow out of the 
ground. It was found that the color of the flowback liquid was darker than that of the first 
round, which was mainly due to the increase in the amount of acid solution, which 
increased the amount of dissolved scale. The tubing pressure dropped to the export 
pressure after 1h of production. However, the shut-in tubing pressure recovery rate has 
been increased to 0.25 MPa/h, which can be restored to 9.6 MPa in 22.5 h. The shut-in time 
is reduced by 10.7 h compared with the first round. It shows that part of the scale in the 
near-well reservoir is gradually being dissolved, and the gas flow path has been 
improved, but the gas well still cannot resume continuous and stable production. 

For this reason, we carried out the third round of descaling operations. We increased 
the amount of chelating acid to 800 L, and the shut-in reaction time remained unchanged. 
The fluids began to flow back when the tubing pressure dropped to 4.2 MPa after the well 
is opened. The initial water sample is dark black, which is close to the color of the second 
round of descaling, but soon later the fluid sample color became clean. The tubing 
pressure can still be about 0.2 MPa higher than the output pressure after 2 h of production, 
and the production can be continued. However, in order to test the shut-in pressure 
recovery rate, a shut-in operation was performed. The tubing pressure quickly recovered 
to 9.7 MPa at a rate of 2.4 MPa/h, and the shut-in time was only 2.3 h. The pressure 
recovery rate was increased by 14 times and the shut-in time was shortened by 30.5 h 
compared with the initial state before descaling. 

Accordingly, it was believed that the scales in the near-wellbore reservoir have been 
completely removed. Thus, we tried to resume production and found a surprising result 
that the well can continuously produce with a measured gas production rate of 
11,000~15,000 m3/d, the water production rate of 3~5 m3, and with the tubing pressure 
between 4.0~6.1 MPa. The fluctuated pressure is due to the low formation pressure and 
insufficient liquid-carrying capacity, resulting in a slug flow state of gas and liquid phases 
in the wellbore. The results obtained through the above field test once again proved that 
the chelating acid system developed by the laboratory experiment is reliable. 

  

Figure 11. The water samples flowback liquids of three times descaling (1-1: The initial flowback
water sample when the downhole fluid began to flow out from the wellhead for the first round
descaling; 1-2: Subsequent non-scale flowback water sample for the first round descaling; 2-1: The
initial flowback water sample when the downhole fluid began to flow out from the wellhead for the
second round descaling; 2-2: The water sample when the volume of flowback fluid was about 300 L
for the second round descaling; 2-3: The water sample when the volume of flowback fluid was about
600 L for the second round descaling; 3-1: The initial flowback water sample when the downhole
fluid began to flow out from the wellhead for the third round descaling; 3-2: The water sample when
the volume of flowback fluid was about 400 L for the third round descaling; 3-3: The water sample
when the volume of flowback fluid was about 800 L for the third round descaling).

When the shut-in tubing pressure and casing pressure was restored to 9.6 MPa, we did
the second round of descaling operation. At this time, we increased the injection volume
of the chelating acid from 400 L to 600 L, and maintained the shut-in reaction time also
being 10 h. The tubing pressure dropped rapidly after the well was opened. When the
oil pressure dropped to 4.4 MPa, a large amount of fluid began to flow out of the ground.
It was found that the color of the flowback liquid was darker than that of the first round,
which was mainly due to the increase in the amount of acid solution, which increased
the amount of dissolved scale. The tubing pressure dropped to the export pressure after
1h of production. However, the shut-in tubing pressure recovery rate has been increased
to 0.25 MPa/h, which can be restored to 9.6 MPa in 22.5 h. The shut-in time is reduced
by 10.7 h compared with the first round. It shows that part of the scale in the near-well
reservoir is gradually being dissolved, and the gas flow path has been improved, but the
gas well still cannot resume continuous and stable production.

For this reason, we carried out the third round of descaling operations. We increased
the amount of chelating acid to 800 L, and the shut-in reaction time remained unchanged.
The fluids began to flow back when the tubing pressure dropped to 4.2 MPa after the well
is opened. The initial water sample is dark black, which is close to the color of the second
round of descaling, but soon later the fluid sample color became clean. The tubing pressure
can still be about 0.2 MPa higher than the output pressure after 2 h of production, and the
production can be continued. However, in order to test the shut-in pressure recovery rate,
a shut-in operation was performed. The tubing pressure quickly recovered to 9.7 MPa at
a rate of 2.4 MPa/h, and the shut-in time was only 2.3 h. The pressure recovery rate was
increased by 14 times and the shut-in time was shortened by 30.5 h compared with the
initial state before descaling.

Accordingly, it was believed that the scales in the near-wellbore reservoir have been
completely removed. Thus, we tried to resume production and found a surprising re-
sult that the well can continuously produce with a measured gas production rate of
11,000~15,000 m3/d, the water production rate of 3~5 m3, and with the tubing pressure
between 4.0~6.1 MPa. The fluctuated pressure is due to the low formation pressure and
insufficient liquid-carrying capacity, resulting in a slug flow state of gas and liquid phases
in the wellbore. The results obtained through the above field test once again proved that
the chelating acid system developed by the laboratory experiment is reliable.



Energies 2021, 14, 7959 14 of 16

5. Conclusions

In this paper, a series of chelating acid detergents with both corrosion and chelating
ability was selected, and the performance of the detergent was evaluated by laboratory
experiments. The main conclusions are as follows:

(1) Through the EDS spectroscopy analysis of scale samples from six wells, it can be
inferred that the main inorganic scales in the Hechuan Gas Field are calcium carbonate,
calcium sulfate, barium sulfate, formation sands, and iron salts.

(2) From the scale dissolution rate experiment of 14 kinds of chelating acid, we screened
out the AST-01 chelating acid as the main acid liquid for descaling in the Hechuan gas
field. Additionally, it is determined that the best acid concentration range is 15~20%,
and the reaction time is 10 h. As mentioned earlier in the article, the selection is based
on the scale sample (a), the adaptability of AST-01 in the whole Hechuan area needs
further study.

(3) The concentration of additives such as the corrosion inhibitor, the iron ion stabilizer,
and surfactants has also been optimized, and we have obtained the chelating acid
descaling system suitable for Hechuan gas field, which is 15~20% of AST-01 chelating
acid + 1.5~2.0% of corrosion inhibitor + 2.5% of iron ion stabilizer + 0.3% of drainage
aid. The formula and the method presented in the article can be borrowed for
the similar formation condition, which is the low-pressure sandstone gas reservoir
temperature should be below 80 ◦C with carbonate and sulfate scales. Otherwise, the
chemical compounds need to be adjusted according to the specific scale components.

(4) The acid system has achieved very good results in the descaling field test of the
Hechuan X1 well. After descaling, the shut-in oil pressure recovery rate of the
gas well is 14 times that of before descaling, and the gas well resumes normal
continuous production.
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