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The burial depth of Penglai gas field reservoir in the Sichuan Basin of China
exceeds 7,000m, and the reservoir temperature is 160°C. Penglai gas field belongs
to the fractured reservoir, and there are many natural fractures distributed in the
reservoir. Natural fractures are not only the storage place of natural gas, but also
the transportation channel of natural gas. Gas wells mainly increase natural gas
production through acid fracturing. In the early stage, Penglai Gas Field mainly
used gelled acid fracturing technology to create an artificial fracture in the
reservoir by injecting a large amount of acid fluid. However, the stimulation
range of gelled acid fracturing is very small. After acid fracturing, gas wells can
only produce 120,000 cubic meters of natural gas per day. To obtain higher
natural gas production, this paper proposes a multi-stage temporary acid
fracturing technology that can greatly improve the effect of acid fracturing.
The temporary plugging agent for acid fracturing has been developed to meet
the high-temperature requirements of the Penglai gas field. Based on the
simulation of fracture propagation, the feasibility of acid fracturing expansion
of natural fractures in the Penglai Gas Field is clarified. Fiber and granular
temporary plugging agents that meet the plugging strength greater than
20 MPa are selected by using the dynamic temporary plugging instrument.
MultiFracS software is used to optimize the multi-stage temporary acid
fracturing process parameters. The research results in this paper have been
applied to wells PS101, PS102, and PS103. After fracturing, compared with the
gelling acid fracturing, the natural gas production has increased by more than
three times, and the multi-stage temporary plugging acid fracturing has achieved
a very good stimulation effect.
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1 Introduction

Penglai gas field is a newly discovered large carbonate reservoir in the Sichuan Basin,
which is located in the north of the gentle slope of the central Sichuan paleo uplift [1, 2].
Sinian Dengying formation is the main production layer of Penglai Gas Field, and several
wells have obtained natural gas in Sinian Dengying formation. The burial depth of the
Penglai gas field reservoir reaches 7,000 m, the formation pressure coefficient is 1.27, and the
reservoir temperature is about 160°C [3, 4]. The core and imaging logging shows that there
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are a lot of natural fractures in the formation, and the average
porosity of the reservoir is 4.8%. Natural fractures not only play an
important role in the storage of natural gas, but also are the main
channels for the migration of natural gas in the formation. In the
early period of Penglai gas field development, gelling acid fracturing
was the main method to increase production, but it was difficult for
gas wells to maintain high production because of the short action
distance of acid fluid at high temperatures and the low conductivity
of acid etched fracture [5].

Carbonate reservoirs are very rich in oil and gas resources, and
acid fracturing of ultra-deep carbonate reservoirs has been a hot
research topic. Yang Wang et al. [6] proposed a technical method to
improve the acid etching fracture length and conductivity of low
permeability carbonate reservoirs by alternating injection of
authigenic acid and gelling acid. Yang Wang et al. [7] carried out
the visual test experiment of alternating injection acid fracturing and
studied the influence of parameters such as injection displacement,
acid ratio, and injection stage on acid fingering morphology. Lufeng
Zhang et al. [8] conducted a research on long-term acid conductivity
behavior and proposed a new method to raise acid fracture
conductivity under high closure stress. Daobing Wang et al. [9]
presented a comprehensive workflow to model hydraulic fracture by
accounting for interactions with numerous crosscutting natural
fractures or joint sets, as well as the effect of temporary plugging
in opened fractures. This investigation provides new insight into the
formation mechanism of fracture networks in naturally fractured
formations. Fangzheng Jiao [10] proposed the idea of “volumetric
development” which is based on years of study on the geological
features, flow mechanisms, high-precision depiction, and the
recovery mode of fractured-vuggy bodies. Yang Wang et al. [11]
proposed a temporary plugging segmented acid fracturing technique
for horizontal wells. Schlumberger company first proposed the
temporary fiber plugging technology, using degradable fiber to
temporarily seal the fracture, forcing the acid fracturing fracture
extension direction to change [12]. Zhou Fujian et al. [13] carried
out the liquid filtration experiment of temporary plugging artificial
fracture with fiber, and analyzed the characteristics of liquid
filtration in the process of temporary plugging. Daobing Wang
et al. [14] presented a systematic study of the fracture diversion
mechanisms of the fiber-diverting fracturing technique. Lei Qun
et al. [15] put forward a new concept of “Fracture network”
fracturing technology for low porosity, low permeability, and no
natural fracture reservoirs. Jianye Mou et al. [16] designed a multi-
stage triaxial fracturing system and experimental procedures to
satisfy the requirements of diverted fracturing in horizontal wells.
Nanlin Zhang et al. [17] proposed self-supporting fracturing
technology, established a transient temperature model
considering reaction heat based on the first law of
thermodynamics, and clarified the impact of phase change
reaction heat on wellbore temperature. Nanlin Zhang et al. [18]
used Permian cores from Sichuan Basin to evaluate fracture
conductivity under different conditions, such as proppant size
and concentration, acid concentration and activity, and the
separate or combined application of acid and proppant. Daobing
Wang et al. [19] used the extended finite element method to
investigate refracture propagation paths at different initiation
angles. Daobing Wang et al. [20] established a comprehensive
fracture index model that comprehensively considers the thermal

effect and fracture toughness under different temperatures and
confining pressures. Yuanqing Wu et al. [21] used the CF model
and DBF framework to simulate matrix acidification in fractured
porous media, and the simulation results of this work were
compared with Khoei’s work, which proved the rationality of this
work. On the basis of improving the DBF framework, Yuanqing Wu
et al. [22] introduced the energy balance equation into the improved
DBF framework and gave the thermal DBF framework. The above
research mainly focuses on how to improve the fracture conductivity
and the test evaluation of a temporary plugging agent, but there is a
lack of relevant research on the evaluation of temporary plugging
agents for acid fracturing of ultra-deep and ultra-high temperature
gas reservoirs like Penglai Gas Field and the temporary plugging acid
fracturing technology based on fracture expansion.

Since there are many natural fractures in the reservoir of the
Penglai gas field, this paper proposes a multi-stage temporary
plugging acid fracturing technique and develops a temporary
plugging agent to meet the high-temperature requirements of the
Penglai gas field. The results of this study have been applied to three
wells in the Penglai gas field and have achieved good results, further
proving the success of multi-stage temporary plugging acid
fracturing.

2 Introduction of gas reservoir

Penglai Gas Field is located in Sichuan Basin, China. The
reservoir is buried at a depth of 7,000 m, with an average of 4.8%
and an average permeability of 0.28mD. The lithology is mainly
dolomite, with a small number of corrosion holes on the core. Both
the core and the electric imaging logging show that there are a large
number of natural fractures in the reservoir.

According to the measured data, the temperature in the middle
part of the formation is 160°C, and the pressure coefficient is about
1.27, belonging to normal temperature and high-pressure gas
reservoir.

The Young’s modulus of the Penglai gas field is 4.7 × 104MPa,
and Poisson’s ratio is 0.0204. Young’s modulus of the Penglai gas
field is lower than that of other gas fields in the Sichuan Basin. The
acid corrosion rate of the core in the Penglai gas field is 95.76%. The
high acid corrosion rate indicates that the Penglai gas field is suitable
for acid fracturing stimulation.

3 Multi-stage temporary plugging acid
fracturing

3.1 Solubility of temporary plugging agent

The reservoir temperature of Penglai Gas Field can reach 160°C,
and the dissolution rate of the temporary plugging agent increases
rapidly under high temperatures [23]. The technical principle of
multi-stage temporary plugging acid fracturing is to add a
temporary plugging agent in the acid fracturing, so as to achieve
the purpose of fracture turning and expanding. Therefore, the
temporary plugging agent with a slow dissolution rate under high
temperatures should be selected first to carry out the
experiment [24].
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This paper evaluates the high-temperature solubility of three
temporary plugging agents. These three temporary plugging agents
are Polyemulsion-modified polyvinyl alcohol resin, Urea methyl
ester, and Modified polyethylene glycol. We put the three temporary
plugging agents in 20% hydrochloric acid at 160°C, and observed the
dissolution of the temporary plugging agents after 1 h. The purpose
of this experiment is to test the solubility of temporary plugging
agent during acid fracturing. In order to ensure the plugging effect,
the temporary plugging agent should be as insoluble as possible or
have a low dissolution rate during acid fracturing. In this
experiment, the temporary plugging agent is first weighed (M1),
and then the temporary plugging agent soaked in acid solution is
weighed again (M2) to determine the dissolved mass of the
temporary plugging agent in acid solution (M1-M2). Define the
solubility of temporary plugging agent as (M1-M2)/M2. The
equipment used in this experiment mainly includes beaker,
heater and electronic balance.

It can be seen from Table 1 that the dissolution rate of
Polyemulsion-modified polyvinyl alcohol resin in high-
temperature acid solution is the lowest, and the dissolution
rate of the temporary plugging agent for the other two
materials is more than 90%. Polyemulsion-modified polyvinyl
alcohol resin is selected as the temporary plugging agent for acid
fracturing in Penglai Gas Field. The low dissolution rate indicates
that the temporary plugging agent will maintain good
performance during acid fracturing.

Polyemulsion-modified polyvinyl alcohol resin can be processed
into various shapes according to technical requirements, as shown in
Figure 1. Polyemulsion-modified polyvinyl alcohol can be processed
into fiber, 100 mesh particles, and 40/70 mesh temporary plugging
agent.

3.2 Plugging performance test of temporary
plugging agent

The key technology of multi-stage temporary plugging acid
fracturing is to add a temporary plugging agent in natural
fracture, so as to increase the net pressure in natural fracture and
force the fracture to turn and extend [25]. The width of natural
fracture in the Penglai gas field is about 2 mm according to the
logging data of electrical imaging. Temporary plugging agents with
different concentrations and combinations are selected for the
plugging test, so as to select the temporary plugging agent
combined with the strongest plugging ability.

The dynamic plugging evaluation instrument is used to carry out
this test, and the test fracture width is set as 2 mm according to the
natural fracture width of Penglai Gas Field. The dynamic plugging
instrument is mainly composed of displacement pump, injection
system and simulated fracture. The equipment is mainly used to
evaluate the plugging performance of temporary plugging agent
under high temperature and high pressure environment. This

TABLE 1 Experiment on the solubility of the temporary plugging agents.

Experimental sample Dissolution rate of test sample in 20%

Hydrochloric acid at 160 °C (%)

Polyemulsion-modified polyvinyl alcohol resin 5.82

Urea methyl ester 93.12

Modified polyethylene glycol 96.19

FIGURE 1
Polyemulsion-modified polyvinyl alcohol resin of different shapes.

Frontiers in Physics frontiersin.org03

Wang et al. 10.3389/fphy.2023.1167307

https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://doi.org/10.3389/fphy.2023.1167307


experiment first injects the temporary plugging agent into the
simulated fracture, and records the plugging pressure data in real
time through the electronic pressure gauge. The plugging ability is
judged by the plugging pressure. The higher the plugging pressure is,
the better the plugging performance of the temporary plugging agent
for the fracture is. The temporary plugging agent with different

concentrations and combinations was used to test its plugging
pressure.

It can be seen from Table 2 and Figure 2 that if only a granular
temporary plugging agent is used, the plugging pressure will rise
rapidly with the increase of 40/70 mesh granular temporary
plugging agent concentration. At the same concentration, when
the fiber is added into the granular temporary plugging agent, the
plugging pressure increases significantly, and the plugging pressure
of 0.5%fiber + 0.5% 40/70 mesh plugging agent + 1.0% 100 mesh
plugging agent can reach 24.67 MPa.

It can be seen from Figure 3 that the fiber and granular
temporary plugging agent are intertwined in the fracture, the
filling layer formed by the temporary plugging agent is quite
dense, and the granular temporary plugging agent is wrapped
together by fibers. When the temporary plugging agent forms the
plugging layer in the fracture, the first is that the fibers are
intertwined and sealed in the fracture, and then the fibers catch
the temporary plugging particles like fishing nets, and the temporary
plugging particles further strengthen the plugging layer formed by
the fibers.

3.3 Simulation of acid fracturing fracture
propagation in fractured reservoirs

According to the thickness, porosity, permeability, water
saturation and other reservoir geological parameters of Penglai
Gas Field, the acid fracturing productivity prediction model of
Penglai Gas Field is established using Petrel software. According
to Petrel software simulation, natural fractures make a huge
contribution to production, especially when acid fracturing
communicates with a large number of natural fractures, the gas
production can be increased by 340% compared with natural
fractures without communication. Therefore, the design of acid
fracturing scheme should ensure that as many natural fractures
as possible will be opened.

TABLE 2 Test results of plugging pressure with different temporary plugging
agents.

Temporary plugging agent Plugging pressure (MPa)

0.5% 40/70 mesh+1.5% 100 mesh 11.59

1.0% 40/70 mesh+1.0% 100 mesh 15.22

1.5% 40/70 mesh+0.5% 100 mesh 14.61

0.5%fiber+0.5% 40/70 mesh+1.0% 100 mesh 24.67

FIGURE 2
Sealing pressure test curve of temporary plugging agent.

FIGURE 3
The placement form of temporary plugging agent in fracture.
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The finite element software is used to simulate the expansion
form of acid corrosion fractures in the Penglai Gas Field. Penglai Gas
Field is a fractured gas reservoir, and there are many natural
fractures in the reservoir. The dip angle of most natural fractures
is NE 66°. The maximum horizontal principal stress direction of the
Penglai Gas Field reservoir is NE 38°, and the approach angle
between acid-etched fractures and natural fractures is 29°.

The finite element method is used to establish a square model
with a length and width of 200 m. There is a natural fracture
inside the model. The included angle between the natural fracture
and the horizontal maximum principal stress is 29°, and the
minimum element size is 0.5 m. The horizontal minimum
principal stress and horizontal maximum principal stress are
applied respectively in the X and Y directions of the model. The
model parameters are set according to the reservoir parameters of

Penglai Gas Field, and the calculation parameters used are shown
in Table 3.

It can be seen from Figure 4 that the acid fracturing fracture of
the Penglai Gas Field extends along the direction of the horizontal
maximum principal stress before encountering the natural fracture.
When the acid fracturing fracture meets the natural fracture, the
natural fracture will break, then the acid fracturing fracture deviates
from the original expansion direction, and the acid fracturing
fracture will deflect along the natural fracture direction at the
joint of the fractures, and extends to the end of the natural
fracture. The simulation results of acid fracturing fracture
propagation show that the natural fractures in the Penglai Gas
Field will open during acid fracturing, and the stimulation range of
acid fracturing will be significantly improved.

3.4 Optimization of multi-stage temporary
plugging acid fracturing parameters

Multi-physical field fracture analysis software MultiFracS is used
to optimize the parameters of multi-stage temporary plugging acid
fracturing [26, 27]. MultiFracS software is a multi-physical field
fracture analysis software based on the finite discrete element
coupling method, which can consider the interaction of many
factors such as heat, fluid, fracture, and fracture [28].

A rock model with a size of 200 × 200 m is established by using
MultiFracS software (Figures 5). In the model, many connected
natural fractures are randomly distributed, and the inclination
angles of natural fractures are between 30° and 60°. A water
injection hole is arranged in the middle of the model, and the
whole model is divided into 16,851 triangular units.

The key to multistage temporary plugging acid fracturing design
is the temporary plugging time. The temporary plugging time is
when the temporary plugging agent is added to obtain the maximum

TABLE 3 Input parameters of the model.

Porosity 4.8%

Permeability 0.28mD

Young’s modulus 4.7 × 104MPa

Poisson’s ratio 0.0204

Rock density 2746 kg/m3

Cohesion 72.56 MPa

Internal friction angle 36°

Acid viscosity 30 mPa s

Acid density 1100 kg/m3

Horizontal maximum principal stress 175.65 MPa

Horizontal minimum principal stress 162.42 MPa

FIGURE 4
Simulation results of acid fracturing fracture propagation.
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stimulation range. MultiFracS software is used to simulate the
stimulation range of acid fracturing at different temporary
plugging times. It can be seen from Figures 6, 7 that compared
with adding a temporary plugging agent immediately after acid
fracturing fracture pass through the natural fracture, adding a
temporary plugging agent after continuing to inject 100 m3 of

acid has significantly improved the range of acid fracturing
stimulation, and the propagation length of natural fractures is
significantly increased.

We simulated the acid fracturing stimulation range with different
injection displacements after adding a temporary plugging agent. It can
be seen from Figure 8, Figure 9, and Figure 10 that with the increase of

FIGURE 5
Multi-stage temporary plugging acid fracturing model for fractured reservoir.

FIGURE 6
Simulation of acid fracturing stimulation range when temporary
plugging agent is added immediately after acid fracturing fracture pass
through the natural fracture.

FIGURE 7
Simulation of stimulation acid fracturing range by adding
temporary plugging agent after injecting 100 m3 acid.
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injection displacement, the expansion range of natural fracture becomes
larger, and the acid fracturing stimulation range is significantly
improved. Especially when the injection displacement is increased to
8 m3/min, the acid fracturing stimulation range is more than 60% of the
injection displacement of 4 m3/min. In order to improve the acid
fracturing stimulation range, it is suggested that the acid fracturing
displacement of the Penglai gas field should reach 8 m3/min.

We simulated the acid fracturing stimulation range with different
temporary blocking pressure. As can be seen from Figure 11 and
Figure 12, with the increase of the temporary plugging pressure, the
fracture expansion range becomes larger, especially the natural fracture
is broken and activated. When the temporary plugging pressure is

increased to 20 MPa, the stimulation range of acid fracturing is 81%
larger than that of 15 MPa. It is suggested that the temporary plugging
pressure of acid fracturing in the Penglai gas field should reach 20MPa,
“0.5%fiber + 0.5% 40/70 mesh + 1.0% 100 mesh” is recommended as
the temporary plugging agent for acid fracturing in the Penglai gas field.

4 Field application

PS101 is an evaluation well in the Penglai gas field, with a
depth of 7,110 m, a reservoir temperature of 160.2°C, and a

FIGURE 8
Acid fracturing stimulation range with injection displacement of
4 m3/min.

FIGURE 9
Acid fracturing stimulation range with injection displacement of
6 m3/min.

FIGURE 10
Acid fracturing stimulation range with injection displacement of
8 m3/min.

FIGURE 11
Acid fracturing stimulation range with temporary plugging
pressure 15 MPa.
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reservoir porosity of 4.83%. PS101 uses multi-stage temporary
plugging acid fracturing technology to increase production. The
technical principle of multistage temporary plugging acid
fracturing is to first inject fracturing fluid to form a fracture
in the formation, then inject acid fluid to, etch the fracture wall,
and then inject temporary plugging agent into the fracture to
seal the hydraulic fracture tip, forcing the subsequently injected
fluid into the natural fracture, thus expanding the stimulation
range. PS101 is injected with 320 cubic meters of gelling acid,
100 kg of fiber, 200 kg of 100 mesh granular temporary plugging
agent, and 100 kg of 40/70 mesh granular temporary plugging
agent. The maximum pressure of acid fracturing in
PS101 reaches 111 MPa, the maximum acid injection rate is
5.8 m3/min, and the bottom hole pressure rises by 9 MPa after
injection of temporary plugging agent. The G function shows
that acid fracturing fractures passes through the natural
fractures, and a large number of natural fractures break and
are activated, which indicates that multi-stage temporary
plugging acid fracturing successfully improves the
stimulation range.

PS101, PS102, and PS103 used the multi-stage temporary
plugging acid fracturing. After acid fracturing, the average daily
gas production of these three wells is 410,000 cubic meters.
Compared with the gas wells using gelling acid fracturing
technology in the early stage, the average gas production of
gas wells using gelling acid fracturing is only 120,000 cubic
meters, and the average daily gas production of the gas wells
using multi-stage temporary plugging acid fracturing technology
has increased by more than three times. The multi-stage
temporary plugging acid fracturing technology has achieved
success in the Penglai Gas Field.

5 Conclusion

(1) There are a lot of natural fractures in the Penglai gas field
reservoir. Fracture propagation simulation shows that acid
fracturing fractures can pass through the natural fractures,
and natural fractures will be damaged and activated.

(2) ”0.5%fiber + 0.5% 40/70 mesh + 1.0% 100 mesh” is recommended
as the temporary plugging agent for acid fracturing in the Penglai
gas field, and the temporary plugging pressure of this temporary
plugging agent combination can reach 20MPa.

(3) The successful practice of PS101, PS102, and PS103 shows that
multi-stage temporary plugging acid fracturing can greatly
improve the production effect of the super-deep reservoirs
such as the Penglai gas field.

(4) It is suggested to implement microseismic or wide-area
electromagnetic method to monitor fracture morphology
during acid fracturing, so as to better guide the optimization
of multi-stage temporary plugging acid fracturing parameters.
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FIGURE 12
Acid fracturing stimulation range with temporary plugging
pressure 20 MPa.
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