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The lower Permian Qixia formation gas reservoir is characterized by ultra-deep buried, high
temperature and high pressure (HTHP), low porosity and permeability, ultra-high closure
pressure, and thin thickness in the western Sichuan Basin, China. Acid fracturing has been
adopted as the main well stimulation technology. The average test production of the acid-
fractured vertical well was 46 × 104 m3/d. The horizontal well with staged acid fracturing is
considered a reliable measure to enhance gas production. However, the staged acid
fracturing on the ultra-deep horizontal well has been challenged. The reaction rates of
conventional, self-diverting, and gelled acid and the acid-etched fracture conductivity
experiments under HTHP are measured to optimize the acid fracturing technique. The
reaction rate of gelled acid with Qixia Fm limy dolomite at 150°C is 3.4–6.7 times faster than
that with dolomite and similar to that with limestone. The gelled acid with better retardation
and friction reduction performance is selected as the main acid to increase the effective
acid-etched fracture length. The acid-etched fracture conductivity can be greatly
enhanced by using gelled acid, increasing acid volume, and closed fracture acidizing
(CFA) under a closure stress of 50 MPa. Moreover, the feasibility of staged acid fracturing
for ultra-deep horizontal wells is discussed. The first stage is assembled by fracturing
sleeve, spared ball drop sleeve, and circulating valve to ensure activation of the fracturing
channel. The tested production is significantly enhanced with temporary plugging and
open-hole packer and sliding sleeve staged acid fracturing.

Keywords: staged acid fracturing, ultra-deep horizontal well, tight carbonate, acid-etched fracture length, acid-
etched fracture conductivity, open-hole staged acid fracturing

1 INTRODUCTION

Acid fracturing is widely used in carbonate (Jeon et al., 2016; Kalfayan, 2007; Asadollahpour et al., 2018),
especially for low porosity and low permeability reservoirs. The effective acid-etched fracture length and
conductivity are two key factors for the stimulation effect. Through several decades of development, a
series of acid system, acid fracturing technique, and staged acid fracturing technique has been developed
(Teklu et al., 2019; Zhu et al., 2019). The main acids are conventional acid (CA), gelled acid (GA), in situ
gelled acid, self-diverting acid (SDA), surface and in situ cross-linked acid, solid acid, and organic acid
(Taylor and Nasr-El-Din, 2002; Bybee 2006; Nasr-El-Din et al., 2007; Ding et al., 2010; Gomaa and Nasr-
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El-Din, 2010; Liu et al., 2013). The acid frac techniques are acid frac
with the aforementioned single and combined acid system, such as
pad-acid-fracturing (PAF), multistage alternating injection acid frac,
propped acid frac, and closed fracture acidizing (CFA) (Liu and
Zhao, 1998; Nelson et al., 1998; Yi et al., 2010; Pournik et al., 2011).
However, acid frac of ultra-deep high temperature and high pressure
(HTHP) fractured-vuggy carbonate reservoirs is challenged by rapid
acid rock reaction rate caused by limited acid-etched fracture length,
high closure stress caused by limited acid-etched fracture
conductivity, and natural developed fissure caused uncontrolled
acid leak off and limited dynamic hydraulic fracture (Xue et al.,
2019; Luo et al., 2020; Peng et al., 2019a; Li et al., 2019). The average
test production of the acid fractured vertical well in the Qixia Fm gas
reservoir was 46 × 104 m3/d. The horizontal well with staged acid
fracturing has been considered as a reliable measure to enhance gas
production (Ugursal et al., 2019).

Horizontal wells have been widely used worldwide to provide a
larger contact area with the reservoir to enhance well productivity.
However, horizontal well cannot meet the anticipant productivity for
low permeability or serious skin damage (Li et al., 2019; Yuan et al.,
2019). Several artificial fractures along the horizontal segment created
by staged acid fracturing are essential to enhance productivity and
recovery. Through decades of development, a series of staged
fracturing techniques for horizontal wells have been formed to
adapt to different completion conditions. The main techniques are
sealing ball staged fracturing, hydraulic jet fracturing, open-hole packer
fracturing, and plug-perf fracturing (Wang et al., 2011; Li et al., 2012).

The geological conditions are complicated in the western
Sichuan Basin. The well structure of an ultra-deep well is
complicated for multi-pressure systems in the longitudinal
direction. The lower Permian Qixia Fm gas reservoir is deep
buried with true vertical depth (TVD) from 7,200 m to 7,500 m,
and the measured depth (MD) of the horizontal well is deeper
than 8,000 m. Moreover, the formation fluids contain sour gases
such as H2S and CO2, which limited the application of plug-perf
staged fracturing technology. The hydraulic jet staged acid
fracturing technique is appropriate for well with a maximum
depth of 6,400 m for high choke pressure (Li et al., 2012).
Although the temporary plugging staged acid fracturing is
widely used (Zhao et al., 2020), the validity of temporary
plugging is uncertain, which may affect the stimulation effect.
The packer and sliding sleeve staged acid fracturing would be a
candidate but challenged on ultra-deep horizontal well.

The acid rock reaction rate and acid-etched fracture
conductivity were investigated to optimize the main acid type
and acid frac technique. Furthermore, two ultra-deep horizontal
wells with temporary plugging, open hole packer, and sliding
sleeve staged acid frac are discussed. It is referential for staged
acid fracturing of ultra-deep horizontal wells.

2 RESERVOIR GEOLOGY

The Lower Permian Qixia limy dolomite formation is buried more
than 7,200 m in the western Sichuan Basin. The reservoir spaces are
mainly composed of intergranular pores, intergranular dissolved
pores, and medium-to-small karst caves (Figure 1).

The gas reservoir is characterized of low porosity (ϕavg =
3.11%) and a low-to-medium-permeability (kavg < 1mD). It
shows a good correlation between porosity and permeability,
while the natural fissure-developed cores show significantly
higher permeability (Figure 2). The well-developed natural
fissures improve permeability.

The Qixia Fm is a typical HTHP sour gas reservoir with a
formation temperature of 154–165°C, formation pressure coefficient
of 0.013MPa/m, an average hydrogen sulfide content of 5.77 g/m3,
and average carbon dioxide content of 1.87 g/m3.

Acid fracturing has been adopted as the main well stimulation
technology. The average test production of the acid fractured
vertical well is 46 × 104 m3/d. The horizontal well with staged acid
fracturing has been considered as a reliable measure to enhance
gas production. However, the staged acid fracturing on ultra-deep
horizontal well is challenged.

3 ACID ROCK REACTION EXPERIMENTS

The rotating disk instrument is widely used for gaining acid rock
reaction kinetic parameters, such as acid consumption rate,
reaction rate constants, reaction order, and activation energy
(Anderson 1991; Fredd, 1998a; Alkattan et al., 1998; Fredd and
Fogler, 1998b; Gdanski and Van Domelen, 1999; Frenier and Hill,
2002; Li et al., 2015). Downhole cores were cut into disks, and the
acid solutions of 10wt% and 15wt% were allocated by 20 wt%
fresh acid and CaMg(CO3)2 powder to consider the effect of Ca

2+

and Mg2+, for acid rock reaction kinetics experiments. A
summary of all data obtained from the rotating-disk study is
listed in Table 1.

The kinetic equations of the acid rock reaction are constructed
as follows:

JCA � 2.07 × 10−4 exp(−4643.78/RT)C0.1334, (1)
JGA � 2.94 × 10−1 exp(−39215.48/RT)C1.3745, (2)
JSDA � 3.51 × 10−2 exp(−26924.06/RT)C0.5102, (3)

where J is the acid rock reaction rate, mol/(cm2·s); R is the universal
gas constant, J/(mol·K); T is the temperature, K; C is the acid
concentration, mol/L; the subscripts CA, GA, and SDA refer to
conventional acid, gelled acid, and self-diverting acid, respectively.

The temperature has a significant influence on the reaction
rate of Qixia Fm. The reaction rates were sharply increased with a
temperature above 110°C. The GA and SDA showed similar
retardation performance (Figure 3).

The reaction rates of 20wt%GAwith PermianQixia limy dolomite,
Cambrian Longwangmiao Fm, Sinian Dengying Fm, Devonian
Guanwushan Fm dolomite, and Permian Maokou Fm limestone in
Sichuan Basin, were compared (Figure 4). It can be concluded that the
reaction rate of Qixia limy dolomite at higher temperatures (150°C) is
3.4–6.7 times faster than that of typical dolomite, and similar to that of
limestone, in Sichuan Basin. It is consistent with the previous study
(Taylor et al., 2006; Rabie et al., 2014).

The friction reduction performance was compared as shown
in Figure 5. The gelled acid is selected as the main acid for better
retardation and friction reduction performance.

Frontiers in Energy Research | www.frontiersin.org July 2022 | Volume 10 | Article 9177402

Liu et al. Staged Acid Fracturing

https://www.frontiersin.org/journals/energy-research
www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles


4 ACID-ETCHED FRACTURE
CONDUCTIVITY EXPERIMENTS

The standard and modified API fracture conductivity device is
widely used for acid-etched fracture conductivity evaluation
(Chen et al., 2005; Han et al., 2016; Jin et al., 2019; Li et al.,
2003; Luo et al., 2008; Luo et al., 2018; Luo et al., 2019; Malagon

et al., 2008; Peng et al., 2015; Xue et al., 2018; Yao et al., 2015;
Zhao et al., 2017; Peng et al., 2019b; Peng et al., 2020). The
influences of closure stress, temperature, injection rate, contact
time, acid type, and stimulation technique on fracture
conductivity were investigated.

The acid-etched fracture conductivity sharply decreased with
increasing closure stress from 10 to 20MPa and slowly decreased
with increasing closure stress from 20 to 50MPa as shown in
Figure 6A. The grooving etched pattern and higher fracture
conductivity would be created by acid fracturing for differential
acid rock reaction rate between calcite and dolomite. Then, the
supporting points collapsed, the supporting area increased, and the
fracture conductivity decreased sharply to slowly with increasing
closure stress. The conductivity increased by 62% (from 509 D·cm
to 825 D·cm) with increasing temperature from 90 to 150°C for a
significantly increased reaction rate (Figure 6B). Although the
effective diffusion coefficient of H+ and the reaction rate increased
with increasing injection rate, the conductivity decreased by 18%
(from 572 D·cm to 484 D·cm) because the increment of reaction
rate is lesser than that of acid flow velocity and the acid flow too fast
to react with rock (Figure 6C). The conductivity significantly
increased by 25 times (from 18 D·cm to 572 D·cm) with
increasing acid volume from 0.5 to 2.0 L (Figure 6D). The acid-
etched fracture conductivity can be greatly enhanced by increasing
acid volume.

The effect of the main acid type on conductivity was compared
as shown in Figure 7. The conductivity of GA is obviously higher
than that of SDA. The PAF technique will reduce the conductivity

FIGURE 1 | Reservoir spaces of Qixia Fm limy dolomite. (A) ST8 downhole core, intergranular pores; (B) ST 3 downhole core, intergranular dissolved pores; (C)
ST3 downhole core, medium-to-small karst caves; and (D) percentage of karst caves with different diameters.

FIGURE 2 | Correlation diagram between porosity and permeability,
Qixia Fm, Sichuan Basin, China.
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by 23.5%, and the CFA technique will enhance the conductivity
by 24.6%. CFA after main acid fracturing is essential to enhance
the acid-etched fracture conductivity.

The long-term acid-etched fracture conductivity experiments
were conducted to evaluate the stimulation valid period. These
experiments were conducted at a temperature of 90°C, pad (0.4 L)
and main acid (1.0 L) injection rate of 50 ml/min, closure stress of
50 MPa, and closed acid (0.1 L) injection rate of 10 ml/min.

The retention rate of long-term acid-etched fracture
conductivity ranges from 70 to 82%, with an average of 75%.
Under the same acid fracturing technique and injection
parameters, the initial and long-term conductivity of GA is
significantly higher than that of SDA. The initial and long-
term conductivity of SDA is 44.5%–47.5% of that of GA
(Figure 8).

TABLE 1 | Summary of the acid rock reaction rate.

Acid type Initial acid concentration
(wt%)

Temperature (°C) Disk rotational speed
(Rev/min)

Reaction rate (mol/cm2·s)

CA 20 120 700 4.26 × 10−5

15 120 700 3.86 × 10−5

10 120 700 3.84 × 10−5

20 60 900 4.92 × 10−5

20 90 900 5.65 × 10−5

20 120 900 6.36 × 10−5

GA 20 150 700 4.59 × 10−5

15 150 700 1.96 × 10−5

10 150 700 1.45 × 10−5

5 150 700 5.37 × 10−6

20 120 700 2.84 × 10−5

20 100 700 8.52 × 10−6

20 80 700 5.93 × 10−6

SDA 20 120 700 1.39 × 10−5

15 120 700 1.17 × 10−5

10 120 700 9.52 × 10−6

20 60 900 6.40 × 10−6

20 90 900 7.66 × 10−6

20 120 900 2.92 × 10−5

FIGURE 3 | Effect of temperature on the acid reaction rate.

FIGURE 4 | Effect of temperature on the reaction rate of gelled acid with
different carbonates.

FIGURE 5 | Comparison of friction reduction for gelled and self-
diverting acid.
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5 STIMULATION DIFFICULTIES AND
COUNTERMEASURES

The main difficulties and countermeasures of acid fracturing are
listed in Table 2.

5.1 Feasibility of Staged Acid Fracturing
The hydraulic jet staged acid fracturing technique is
unaccommodated for limited application depth, and the plug-
perf staged fracturing is infeasible for casing tieback to the
wellhead and unavailable coiled tube to handle the bridge

FIGURE 6 | Acid-etched fracture conductivity of Qixia Fm, Sichuan Basin. (A) Effect of closure stress; (B) effect of temperature; (C) effect of the acid injection rate;
and (D) effect of acid volume.

FIGURE 7 | Effect of main acid type on fracture conductivity.

FIGURE 8 | Effect of the acid fracturing technique on long-term fracture
conductivity.
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plug. Therefore, the open-hole packer and sliding sleeve and
temporary plugging would be the only viable staged fracturing
technique. The advantages and disadvantages of different
completions and related stimulation techniques are compared
(Table 3). Although matrix acidizing with self-diverting acid and
general acid fracturing would be the feasible technique for slotted
liner completion, the stimulation effect would be limited to an
inherent stimulation mechanism and unavailable staged
fracturing technique. Although the staged acid fracturing with
tools is feasible for liner cased and perforated completion with a
liner diameter of 127 mm, the stimulation effect would be influenced
by new damage introduced during liner cementing and limited
stages. The temporary plugging technique would be a candidate for
liner cased and perforated completion as well, but the fracturing
effect would be influenced by the uncertainty of temporary plugging.
The open hole staged acid fracturing would be the optimal selection
to create enough artificial acid fractures along a horizontal interval of
383m, and to enhance well productivity as much as possible.

5.2 Case 1: Temporary Plugging Staged
Acid Frac
5.2.1 Well Information
Well X is a perforated ultra-deep horizontal well with MD of
7,859 m, TVD of 7,271.83 m, and a continuous perforated interval
of 88m. There are two gas formations with reservoir thickness

(MD) of 80.6 m, average porosity of 5.7%, average permeability of
1.6 mD, and water saturation of 7.8% from logging interpretation.

5.2.2 Staged Acid Frac Technique
The challenge of proper acid placement is compounded in well X,
for strong heterogeneous (permeability ranges from 0.1 to 19 mD
and max-min ratio of 190), and small size of cemented and
perforated tail pipe (inner diameter of 92.46 mm). The sealing
ball temporary plugging staged fracturing is recommended to
create several artificial acid-etched fractures along horizontal
intervals. The productivity performance of the staged acid frac
horizontal well was simulated to optimize the effects of acid-
etched fracture numbers, length, and conductivity (Figure 9).

It is recommended that two stages with acid-etched fracture
length above 50 m and conductivity above 20 D cm are preferably
optimized.

5.2.3 Field Application
The completion fluid in the wellbore was drained out, and the
tested gas production is 28.58 × 104 m3/d with a wellhead
pressure of 59.08 MPa before acid frac. The temporary
plugging staged acid fracturing operation curve is shown in
Figure 10. The treating pressure drops significantly from 94.46
to 76.58 MPa at the injection rate of 5.35 m3/min, which
indicates that the near wellbore damage is removed. The
treating pressure increases from 76.55 to 77.53 MPa when

TABLE 2 | Difficulties and countermeasures of staged acid fracturing for well M.

No. Difficulty Cause Countermeasure

1 Difficult to break the
formation

High string friction and high in situ minimum horizontal principal
stress (170–180 MPa)

Drain out the completion fluid in the wellbore and equip the wellhead
with a high pressure level (140 MPa) to increase operation capability

2 Limited effective acid-
etched fracture length

Rapid acid rock reaction rate and high Young’s modulus
(64.3–75 GPa) limited the dynamic artificial fracture width and
exacerbated the acid rock reaction rate

Gelled acid with better retardation, friction reduction, and non-
uniform etching performance is selected for massive acid fracturing
The pumping rate should be increased

3 Limited acid-etched
fracture conductivity

High effective closure stress (70 MPa) Closed fracture acidizing

4 Difficult to uniformly
stimulate

Long horizontal interval (383 m) and strong heterogeneous (the
permeability ranges from 0.1 to 2.6 mDwith amax–min ratio of 26)

Open-hole packer and sliding sleeve staged acid fracturing

TABLE 3 | Comparison of main advantages and disadvantages of different completions and related stimulation techniques.

Completion Stimulation Advantage Disadvantage

Slotted liner Matrix acidizing with self-diverting
acid

1) Simple completion and stimulation. 2) The acid
injection profile can be improved to some extent with
self-diverting acid

1) Limited stimulation degree by matrix acidizing. 2)
Limited diverting performance

General acid fracturing 1) Simple completion and stimulation. 2) Form artificial
acid fracture to improve productivity performance

1) Staged fracturing technique unavailable. 2) Limited
stimulation degree for only one artificial fracture can be
formed theoretically

Cased and
perforated

Staged acid fracturing with tools
(127 mm liner)

1) Form several artificial acid fractures to improve
productivity performance. 2) Specified fracture initiation
locations

1) New damage would be introduced with the running
liner. 2) Difficult to run staged tools. 3) Limited stages

Staged acid fracturing with
temporary plugging (114.3 and
127 mm liner)

1) Simple stimulation. 2) Form several artificial acid
fractures to improve productivity performance

1) New damage would be introduced with the running
liner. 2) Uncertainty of temporary plugging

Open-hole Open-hole staged acid fracturing 1) Form several artificial acid fractures to improve
productivity performance. 2) Larger wellbore to
increase stages

1) Difficult to run staged tools for ultra-deep horizontal
wells. 2) Uncertainty of fracture initiation locations
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the sealing balls reach the perforations. It can be concluded
that the temporary plugging staged acid frac is successfully
implemented. The treating pressure increases from 80.73 to
82.26 MPa at an injection rate of 6.72 m3/min, and
75.75–79.88 MPa at an injection rate of 6.83 m3/min, after
the diverters go through the perforations. It can be deduced
that the degradable solid diverters decreased the acid leakage
and increased the net fracture pressure to propagate the

fracture. The instantaneous shut-in pressure (ISIP)
difference before (converted to displacement fluid) and after
acidizing is 3.3 MPa, which indicates that the acid-etched
fracture conductivity is effectively enhanced by CFA.

The tested production is enhanced to 123.97 × 104 m3/d
(calculated open flow capacity of 381.86 × 104 m3/d) under
wellhead pressure of 50.5 MPa and converted bottom hole
flow pressure of 84.3 MPa.

FIGURE 9 | Staged acid fracturing productivity performance simulation. (A) Cumulative gas production versus fractures; (B) cumulative gas production versus
fracture length and conductivity.

FIGURE 10 | Temporary plugging staged acid fracturing with the closed fracture acidizing operation curve of well X.
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5.3 Case 2: Open-Hole Packer Staged Acid
Frac
5.3.1 Well Information
Well M is an ultra-deep horizontal well of PetroChina, with MD
of 8,102.0 m, TVD of 7,498.1 m, and horizontal interval length of
383 m. The Qixia Fm is characterized by low porosity and low
permeability with reservoir thickness (MD), porosity,
permeability, and water saturation of 333.6 m, 5.3%, 0.97 mD,
and 21.8%, respectively.

The hook load of running in open hole packer and sliding
sleeve staged fracturing tools with 88.9 mm base tube using
101.6 mm drill pipe to predetermined depth was simulated
using WELLPLAN under the extreme condition with an open
hole friction coefficient of 0.4, and front blocking of 0 KN and
50 KN (Figure 11). The open-hole packer and sliding sleeve
staged fracturing tools can be run into predetermined depth
smoothly without string buckling. Moreover, the suspension
packer is rotatable to drive the whole staged fracturing string
to a predetermined depth. The open hole staged acid fracturing is
feasible for well M.

The opening of the toe fracturing sliding sleeve to form a
fracturing passage is critical for successfully staged acid
fracturing. The maximum length of existing coiled tubing in
domestic is about 7,700 m, and the working depth of coiled tubing
under high temperature, high pressure, and sour gas environment
is about 7,000 m. There is no spare measure to handle the
downhole complexity and the well would be abandoned to
cause huge economic losses if the toe fracturing sliding sleeve
cannot be activated. The first stage is assembled by fracturing
sleeve, spared pitching sliding sleeve, and circulating valve. The
soluble polymer ball should be pitched in to open the spared
pitching sliding sleeve if the opening of the toe fracturing the
sliding sleeve failed. Therefore, the activation of the first stage

fracturing channel is guaranteed. The open-hole packer and
sliding sleeve staged acid fracturing tool string is shown in
Figure 12. The main risks and corresponding response plans
are listed in Table 4.

5.3.2 Fracture Optimization
The productivity performance of the staged acid frac horizontal
well was simulated with StimPlan, to optimize the effects of acid-
etched fracture numbers, length, and conductivity. The wellbore
azimuth is almost parallel to the maximum horizontal principal
stress, and therefore the longitudinal fractures will be created. The
productivity performance versus numbers of acid-etched
fractures was simulated under fracture length of 50 m, fracture
conductivity of 50 D·cm, and bottom hole flowing pressure of
75 MPa (Figure 13). The gas rate increased and its growth
declined with increasing numbers of fractures, and four
fractures are preferably optimized.

The productivity performance versus lengths and
conductivities of acid-etched fracture was simulated under
four fractures and bottom hole flowing pressure of 75 MPa
(Figure 14). The gas rate increased and its growth declined
with increasing fracture length and conductivity. The acid-
etched fractures with a length above 50 m and conductivity
above 20 D·cm are preferably optimized.

It is recommended that four stages of massive gelled acid
fracturing with CFA for well M.

5.3.3 Field Application
The completion fluid in the wellbore was drained out before
stimulation to reduce the formation breakdown pressure. The
tested gas production is 36.31 × 104 m3/d with a wellhead
pressure of 59.99 MPa. The staged acid fracturing with the
CFA operation curve is shown in Figure 15. The difference
between ISIP and pumping pressure at the same injection rate

FIGURE 11 | Simulation of running in the open-hole staged fracturing tool for well M.
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of each stage is obvious. It can be concluded that the open hole
staged acid fracturing of the ultra-deep horizontal well is
successfully operated. The ISIP difference between stage IV
before (converted to displacement fluid) and after acidizing is

1.58 MPa, which indicates that CFA effectively enhances the acid-
etched fracture conductivity.

The tested production is enhanced to 142.51 × 104 m3/d,
which is extremely closed to the predicted gas production

FIGURE 12 | Schematic diagram of the open-hole staged acid fracturing tool string for well M.

TABLE 4 | Main risks and corresponding response plans for running in staged fracturing tools.

No. Risk Response plan

1 Tools cannot run into a predetermined depth The suspension packer is rotatable to drive the whole staged fracturing string to a predetermined depth
2 Blocking in the staged fracturing tool string Pouring clear water to avoid blockage
3 Invalid check valve The reverse gas seal check valve of 105 MPa
4 Unsuccessful hydraulic release Mechanical rotation release
5 Unable to activate the toe fracturing sliding

sleeve
The toe fracturing sliding sleeve, spared pitching sliding sleeve, and circulating valve are assembled. The polymer
soluble ball is pitched to activate the pitching sliding sleeve and form a fracturing passage if the toe fracturing sliding
sleeve cannot be activated

FIGURE 13 | Productivity performance versus numbers of fractures.
FIGURE 14 | Productivity performance versus fracture lengths and
conductivities.
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(149.58 × 104 m3/d) at the initial stage, under wellhead pressure of
50.36 MPa and converted bottom hole flow pressure of 84.2 MPa.
The productive performance of staged acid fractured horizontal
well is significantly higher than that of acid fractured
vertical wells.

6 CONCLUSION

The acid rock reaction and acid-etched fracture conductivity
experiments of Qixia Fm tight carbonate are investigated to
optimize the main acid type and acid frac technique. In
addition, the feasibility of open-hole packer and sliding sleeve
staged acid fracturing is discussed, and the staged acid frac tool
string is optimized. Based on the research work, the following
conclusions are drawn:

1) The gelled acid was selected as the main acid fracturing system
for better retardation and friction reduction performance.

2) The acid-etched fracture conductivity sharply decreased with
increasing closure stress, and it can be greatly enhanced by
using gelled acid, increasing acid volume, and closed fracture
acidizing technology.

3) The open-hole packer and sliding sleeve staged acid fracturing
is feasible for the ultra-deep horizontal well. The first stage was
assembled by fracturing sleeve, spared ball drop sleeve, and
circulating valve to guarantee activation of fracturing
channels.

4) The temporary plugging and open-hole staged massive gelled
acid fracturing with closed fracture acidizing is successfully
operated to significantly enhance gas production. It is
referential for staged acid fracturing of ultra-deep
horizontal wells.
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