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Abstract

Polyglycolic acido (PGA) material has good application prospects in oil&gas well frac operation
because of its excellent compressive strength, degradation and no damage to wellbore
environment. Pressure bearing capacity is an important index for the performance of downhole
PGA frac ball. However, the research on the bearing capacity of fractured ball is still very
limited. Four sets of material compression tests were carried out, and the true stress-strain
constitutive relationship of PGA materials was obtained. The finite element model (FEM) of
PGA frac ball was established and is verified by comparing the numerical simulation results
with that of PGA frac test. Further, considering the interaction between the frac ball and the
ball seat, the numerical simulation model of downhole PGA frac ball is established is verified
by the test results of downhole frac PGA ball. Using the numerical model, the influence of the
ball seat supporting angle, the radius of the end corner, the difference between the ball seat
inner diameter and the frac ball (DBF) on the bearing capacity of the PGA frac ball is
investigated. The angle of supporting surface can not be too big or too small, the most suitable
angle is between 24<27< The roundabout angle can improve the bearing capacity of the frac
ball, and the suitable radius of the circle is 5-15mm. The DBF has great influence on the bearing
capacity of the frac ball. The greater the DBF, the better the bearing capacity of the frac ball.
However, after a certain value, the DBF has little effect on the increase of the bearing capacity,
and the displacement of the oil and gas wells will be reduced, moreover, the small ball diameter
will affect the oil and gas displacement.
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1. Introduction

For the purpose of low cost and high efficiency in unconventional oil&gas development, more and
more attentions (Chen et al, 2007) have been paid on the packer-sleeve multi-interval fracture
technology (Fig. 1) which can realize the purpose of the multi-layer fracturing with pipe string in one
trip, and has the advantages of simple operation, good sealing effect and low operating cost. The ball
used to open the slip sleeve in fracturing is one of the key factors to determine the success of fracturing.

There are two kinds of fracturing balls commonly used at present, steel balls and resin ball (Wang et
al, 2007) such as caseing resin ball and its composite ball, epoxy resin ball and its composite ball,
nylon ball, polyionic ball, glass fiber or carbon fiber reinforced polyionic ball. These conventional
fracturing balls have the following problems (Stivers et al, 2013 and J. Griffin et al, 2013): (1) in
multi-stage hydraulic fracturing, when the throwing velocity changes abruptly, the fracturing balls
made of nylon and other materials will deform and become stuck in the slip sleeve to block the
production channel after fracturing, resulting in a decline in production; (2) when the horizontal
section length is long or the number of fracturing stages is large, the recovery or removal of fracturing
balls will become difficult, reducing the production efficiency of oil&gas well.
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Fig. 1 Multi-section frac in horizontal well Fig. 2 PGA frac ball

In order to solve these problems, the existing research focus is gradually put on degradable fracturing
balls such as water-soluble perforated seal ball (Bilden et al, 1998), nano metal frac ball (Agrawal et
al, 2011), metal based frac ball(Liu et al, 2016) aluminum frac ball (Teng et al, 2016), magnesium
alloy decomposition frac ball (Pei et al, 2014) , disintegrable nano-engineered composite (Salinas et
al, 2014), etc. which do not need to be recycled, degrade completely on the ball seat, have no residue,
and do not affect the production capacity of oil&gas wells.

Compared with other similar degradable polymers, polyglycolic acido (PGA) material has significant
advantages: complete biodegradability, fast degradation rate, good heat resistance, excellent gas
barrier performance and high mechanical strength. Therefore, PGA material has shown a very high
application prospect in the field of oil&gas exploitation, especially for fracturing ball (Okura et al,
2015; Zou et al, 2016; Yamane et al, 2014;) (Fig. 2).

Auviles et al (2013) pointed out that an excellent decompressed frac ball needs to meet two basic
conditions: good self-degradation in aqueous solution and high pressure bearing capacity. Some
researchers have studied PGA fracturing balls in these two aspects. Takahashi et al (2016) presented
a method to improve pressure bearing capacity of PGA materials by adding glass fiber(G-P). A
simplified mechanical model of slip sleeve and fracturing ball and its experiment verification was
presented by Feng et al (2013). They pointed out that the deformation of fracturing ball is the
fundamental reason for the jamming of fracturing ball. The strength of fractured ball and the
improvement of sphere seat have been studied by Shang et al (2015). It is pointed out that the arc
socket has more advantages than the traditional socket in improving the bearing capacity of the
fractured ball. A FEM model of the aluminum alloy frac ball and ball seat was carried out by Zheng
et al (2016) to investigate the stress, strain and deformation distribution of frac ball under different
pressure. Garza (2017) presented a new polymer frac ball, and conducted differential pressure tests
on two types of ball seats at different temperatures. Zhou et al(2018) found in their field test that the
bearing capacity of frac ball is the best when the cone angle of ball seat is 25<

At present, the study focus of the frac ball mainly is put on how to improve material strength. Few
works about the bearing capacity of a downhole frac ball have been reported. In this paper, firstly,
the stress-strain relationship curve of the PGA material was determined by a compression experiment.
Secondly, using the relationship curve and ABAQUS software, the finite element model of a
downhole PGA frac ball taking into account the interaction between ball and ball seat is established,
and the influence mechanism of key structural parameters on the bearing capacity of PGA fracturing
balls is investigated.

2. Mechanical properties of PGA frac ball under compression condition

In this section, using the microcomputer controlled electrohydraulic servo universal testing machine
(model WDW-200, Fig. 3(a)), a material compression test is performed to determine the material
property parameters of PGA frac ball and the true stress-strain relationship used in finite element
software (FEM) ABAQUS. The detailed flow chart of the experiment is shown in Fig. 3(b).
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Fig. 4 Specimens after frac test

Four groups of cylinder specimens were used in the test, with the sizes (Length*Diameter (mm):
30.05*11.9, 29.90*%11.90, 29.94*11.91, 29.97*11.91). In the test, the top and bottom of specimens
were coated with grease to reduce the effects of the large friction force between the specimens and
the crosshead. Moreover, the specimens were requested to installed in the center of the crosshead to
reduce the influence of shear stress. In order to obtain more accurate results, the loading speed which
was determined by the moving speed of the crosshead was limited to less Imm/min. The pressure and
displacement of the crosshead were transmitted to the computer in real time until the specimens were
crushed. The specimens after test are shown in Fig.4 and the compressive force-displacement curve
is shown in Fig. 5. It can be seen from the Fig. 5 that PGA material has no obvious yield platform,
and its yield limit and strength limit are very close. Therefore, to be used in ABAQUS software, the
force-displacement curve is converted to real stress-strain data (Fig. 6), using the following derivation.

The definition of real stress and strain:

F Al
=—, = — 1
g=—E=T (1)

where F is de axial pressure load on the two ends of the specimen, lis the length, Ais the cross-
sectional area.

The definition of engineering stress and strain:
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Elastic strain is also subtracted from plastic strain:
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Three displacement-compressvie force curves (Fig.5) obtained in the test are converted to a stress-
strain curve (Fig.6) to describe the elastoplastic properties of PGA material. According to the stress-
strain curves, the Yong’s modulus and Poisson's ratio are respectively determined as 7.2GPa and 0.33.
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Fig. 5 Compressive force-displacement curve Fig.6 Compressive stress-strain curve

3. Establishment of PGA numerical simulation model

In this section, a finite element model of PGA fracturing ball-ball seat is established in which the
material constitutive of the fracturing ball is described by the compressive stress-strain curves shown
in Fig. 6. Density and 1.27g/cm?®. The ball seat is made of Q235 steel and is completely fixed. The
diameter of ball is 0.034m, and the inner diameter of seat is 0.031m. Inner surface of the seat and
external surface of the frac ball are respectively defined as main surface (red) and subordinate surface
(magenta). Load and boundary conditions were applied to the model. The loading of the top half part
of the ball was applied, the boundary condition, the bottom of the seat, was fixed. The rotation
direction of the frac ball was restricted in X Y Z directions, so that it did not shake ( Fig. 7). The
SOLID187 unit used in the sphere seat and fracturing sphere is 118137 units in total. Linear reduction
integral is adopted. In order to make the results more accurate and high computational efficiency, the
number of cells can be increased at the contact position. The maximum MISES stress of the contact
surface is analyzed emphatically, so the number of cells increased two times at the roundabout of seat.
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Fig. 7 Load and boundary conditions

Two sets of PGA frac ball pressure capability testing were carried out. The PGA frac ball were placed
in a specially designed ball seat. Ball seat material Q235. The actual engineering ball is 0.034m in
diameter, as shown in Fig 7. Two groups of specimens were carried out. Remove the possible iron
scraps on the ball seat surface to ensure the surface cleanliness. The two balls were coated with
lubricating oil to reduce friction, and then one of balls was placed in the middle of the rigid plates
which is parallel to universal tester. In order to make the results more accurate, the crosshead speed
was limited tol mm/min. The final result was directly into the computer. In the computer software,
the universal tester was loaded to the maximum load value to stop. The testing result was derived,
when the unloading is completed. And the above operation was repeated. Because of the large
compressive deformation of PGA material, the test results are obtained. The sphere will be stuck in
the socket, which is not easy to take out. After removing the sphere, it was found that there was
material stickiness between the sphere seat and the sphere. Fig. 19 In order to ensure the cleanliness
and tidiness of the socket, another socket is used for compression test to ensure the accuracy of the
test. So far, the experiment has been completed.
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Fig. 9 Frac ball in seat (after compression)

Fig. 10 The MISES stress at the time of 10MPa, 70MPa, 100MPa

By comparing the curve results, the maximum error is 3.29%. In general, the error is small. The
correctness of the model is verified. The MISES stress at the time of 10MPa and 70MPa is shown in
Fig 15. It can be seen that the maximum MISES stress is the roundabout of seat. If the MISES stress
is greater than the compressive strength (230MPa), it is considered that the frac ball is destroyed.
When the load is 100MPa, the MISES stress of the frac ball reaches the maximum.

The maximum MISES stress position of frac ball is in contact with the sharp corner of seat. The
position of deformation and indentation is consistent with test conditions. The iron filings that might
appear on the seat surface are removed to ensure the surface cleaning. The ball and seat surface were
smeared with lubricating oil to reduce the friction. The crosshead speed is Imm/min until the machine
stops automatically. Due to the large deformation of PGA material, the frac ball was stuck in seat.
After removing the ball, it was found that the contact surface was with an indentation. (Fig 12) To
ensure that testing ball seat is clean, another ball seat was used.

241 Max
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160.66
133.80
107.11
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26,777
0 Min

4. Results and discussion

The FEM model of downhole PGA frac ball-seat was established. By comparing ball-seat pressure
capability testing, the correctness of ball-seat FEM model was verified. And by changing angle of
cone angle, radius of seat transition and internal diameter difference of ball-seat, the bearing capacity
of frac ball with different sizes was studied. The simulation results of ball-seat were obtained. By
comparing the result curves, the factors affecting the bearing capacity of PGA frac ball are analyzed.
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Fig.14 Force diagram of frac ball and seat, Seat with different roundness radius,Different inner
diameter of seat

4.1 The effect of angle of cone angle on the bearing capacity

When the load is 50MPa. Internal diameter difference 3mm. The radius of the inverted circle is 10mm.
By changing the cone angle of the ball seat, the maximum MISES stress of the PGA frac ball curve
is obtained. (Fig.16) The simulation results show that the maximum MISES stress has a process of
decreasing first and then increasing.
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Fig.16 Maximum MISES stress curve of frac ball under different cone angle

When the cone angle is about 28 degrees, the maximum MISES stress of the frac ball is the smallest.
With the increase of the diameter of the frac ball, the cone angle has no obvious effect on the bearing
capacity of the frac ball.
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As the frac ball and seat are coated with lubricating oil, the friction between the frac ball and seat is
not considered, as shown in Fig. 25. Because the relative density of frac ball material is 1.2-1.25, the
gravity of frac ball can not be considered.

P=2Nsina (6)

p=N/S (7)

For the metal frac ball, the larger the cone angle is, the smaller the stress of the frac ball is. However,
the elastic modulus of PGA frac ball is small and the deformation is large. The pressure depends
mainly on the contact area between the frac ball and the ball seat. When the end angle is small, the
deformation is small, and the contact area can be regarded as constant. According to Eq 1.7 and 1.8,
the pressure at the contact point is very great, and the frac ball is easily stuck in the ball seat. With
the increase of the end angle, the pressure will gradually decrease. When the end angle is too large,
the frac ball will contact with the sharp part of the ball seat. Because the area of the sharp area is too
small, the pressure will increase rapidly.

4.2 The effect of roundness radius on the bearing capacity

When the load is 50MPa. The internal diameter difference is 3mm. The cone angle is 28 degrees. The
maximum MISSES stress of PGA frac ball is obtained by changing roundness radius of seat, as shown
in Fig 17.
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Fig.17 Maximum MISES stress curve of frac ball under roundness radius
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Fig. 18 Maximum MISES stress curve of frac ball under internal diameter difference

The smaller the radius of the roundness is, the greater the maximum MISES stress is. Without
considering the roundness, the stress increases sharply and the maximum MISES stress is 230MPa.
Moreover, the larger the diameter of the frac ball, the smaller the influence of the radius of the circle
on the MISES stress.

If there is no roundness angle in the transitional section corner of seat, Due to the reduction of the
contact surface, there is a stress concentration phenomenon, so the rounded corners can increase the
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contact area and reduce the stress concentration. The excessive radius of the circle causes the frac
ball to block the ball seat more easily and cause too much stress.

4.3 The effect of internal diameter difference of frac ball-seat on the bearing capacity

When the load is 50MPa.The cone angle is 28 degrees. The roundness radius is 10 mm. The maximum
MISES stress of PGA frac ball is obtained by changing internal diameter difference of frac ball-seat,
as shown in Fig 18.

When the difference of inner diameter is small, the maximum MISES stress of frac ball is larger.
When the inner diameter difference is increased, the stress increases quickly because of the smaller
contact surface. Considering that the reduction of the inner diameter of the ball seat will lead to a
reduction in displacement, the difference of inner diameter can be considered as 5Smm-7mm.

The most effective way to reduce the pressure is to reduce the inner diameter of seat. When the inner
diameter of the small ball seat is reduced, it can ensure that the frac ball is in full contact with the
bevel of the ball seat regardless of the deformation of the frac ball. The frac ball will not contact the
transition place of the ball seat, and the stress concentration can be avoided completely, and the
bearing capacity of the frac ball can be increased well.

5. Conclusion

In this paper, FEM and experiment are combined. The material property data are obtained by pressure
capability testing. The simulation is carried out by ABAQUS, and the correctness of the ABAQUS
model is verified according to the PGA frac ball pressure capability testing The maximum MISES
stress curve of the PGA frac ball is drawn by changing cone angle, roundness radius and inner
diameter difference. The bearing capacity of the PGA frac ball under various seat structures is studied,
and the reasons for this relationship are analyzed. It provides a reference about improving the bearing
capacity of PGA frac ball. The following conclusions are obtained:

1) The bearing capacity of downhole PGA frac ball can be improved by using a new ball seat. When
PGA is used to the frac ball, the cone angle of the seat should be 24 degrees -28 degrees.

2) The transition position of the seat greatly affects the bearing capacity of the frac ball. The radius
of the transition position can greatly improve the bearing capacity of the frac ball, and the radius of
the transition position can be considered 5mm-15mm.

3) The internal diameter difference value of frac ball-seat has the greatest influence on the bearing
capacity. However, the decrease of inner diameter will lead to reduction of oil-gas production. The
frac ball with the internal diameter difference of 5Smm-7mm can be selected by considering the
production and the bearing capacity of the frac ball.

References

[1] D.Bilden, L. Lacy, F. Sciler, et al, New Water-Soluble Perforation Ball Sealers Provide Enhanced
Diversion in Well Completions, SPE Annual Technical Conference and Exhibition. 1998.

[2] Z. Chen, Z.D. Wang, H.G. Zeng, Status quo and prospect of staged frac technique in horizontal
wells, Natural Gas Industry. 27 (2007) 78-80.

[3] Z.Y. Xu, G. Agrawal, B.J. Salinas, Smart nanostructured materials deliver high reliability
completion tools for gas shale frac, SPE Annual Technical Conference and Exhibition. 2011.

[4] G. Wozniak, Frac Sleeves: Is Milling Them Out Worth the Trouble?, Tight Gas Completions
Conference. 2010.

[5] X.H. Pei, S.B. Wei, B.R. Shi, et al. Disintegrating frac ball used in ball injection sliding sleeve
for staged frac, Petroleum Exploration and Development. 41 (2014) 805-809.

[6] M. Okura, S. Takahashi, T. Kobayashi, et al. Improvement of Impact Strength of Polyglycolic
Acid for Self-Degradable Tools for Low-Temperature Wells, SPE Middle East Unconventional
Resources Conference and Exhibition. 2015.

[7] C. Zheng, Y.H. Liu, H.X. Wang, et al. Finite element analysis and experimental study on the

351


http://xueshu.baidu.com/s?wd=paperuri%3A%28d59f07ce961487d6bf741323e0317f9e%29&filter=sc_long_sign&tn=SE_xueshusource_2kduw22v&sc_vurl=http%3A%2F%2Fwww.onepetro.org%2Fconference-paper%2FSPE-49099-MS&ie=utf-8&sc_us=1724146365961090896
http://xueshu.baidu.com/s?wd=paperuri%3A%28d59f07ce961487d6bf741323e0317f9e%29&filter=sc_long_sign&tn=SE_xueshusource_2kduw22v&sc_vurl=http%3A%2F%2Fwww.onepetro.org%2Fconference-paper%2FSPE-49099-MS&ie=utf-8&sc_us=1724146365961090896
http://kns.cnki.net/KCMS/detail/detail.aspx?dbcode=CJFQ&dbname=CJFD2007&filename=TRQG200709031&uid=WEEvREcwSlJHSldRa1FhdkJkVWI3Y2ZOcnpmd2dNWDFSMG9XSGtHbzdXWT0=$9A4hF_YAuvQ5obgVAqNKPCYcEjKensW4ggI8Fm4gTkoUKaID8j8gFw!!&v=MzAxMjhIdGJNcG85R1pZUjhlWDFMdXhZUzdEaDFUM3FUcldNMUZyQ1VSTEtmWXVacEZ5M2dVTC9OTVQvYWFiRzQ=
http://kns.cnki.net/KCMS/detail/detail.aspx?dbcode=CJFQ&dbname=CJFD2007&filename=TRQG200709031&uid=WEEvREcwSlJHSldRa1FhdkJkVWI3Y2ZOcnpmd2dNWDFSMG9XSGtHbzdXWT0=$9A4hF_YAuvQ5obgVAqNKPCYcEjKensW4ggI8Fm4gTkoUKaID8j8gFw!!&v=MzAxMjhIdGJNcG85R1pZUjhlWDFMdXhZUzdEaDFUM3FUcldNMUZyQ1VSTEtmWXVacEZ5M2dVTC9OTVQvYWFiRzQ=
http://xueshu.baidu.com/s?wd=paperuri%3A%28012c5533235b47ddcde8e5a0395bbf01%29&filter=sc_long_sign&tn=SE_xueshusource_2kduw22v&sc_vurl=http%3A%2F%2Fwww.onepetro.org%2Fconference-paper%2FSPE-146586-MS&ie=utf-8&sc_us=1536309467347591813
http://xueshu.baidu.com/s?wd=paperuri%3A%28012c5533235b47ddcde8e5a0395bbf01%29&filter=sc_long_sign&tn=SE_xueshusource_2kduw22v&sc_vurl=http%3A%2F%2Fwww.onepetro.org%2Fconference-paper%2FSPE-146586-MS&ie=utf-8&sc_us=1536309467347591813
http://xueshu.baidu.com/s?wd=paperuri%3A%284fab181ef12c0cb91f65ef31bcd3ae51%29&filter=sc_long_sign&tn=SE_xueshusource_2kduw22v&sc_vurl=http%3A%2F%2Fwww.onepetro.org%2Fconference-paper%2FSPE-138322-MS&ie=utf-8&sc_us=8469460373210967015
http://xueshu.baidu.com/s?wd=paperuri%3A%284fab181ef12c0cb91f65ef31bcd3ae51%29&filter=sc_long_sign&tn=SE_xueshusource_2kduw22v&sc_vurl=http%3A%2F%2Fwww.onepetro.org%2Fconference-paper%2FSPE-138322-MS&ie=utf-8&sc_us=8469460373210967015
https://www.sciencedirect.com/science/article/pii/S1876380414600975
https://www.sciencedirect.com/science/article/pii/S1876380414600975
http://xueshu.baidu.com/s?wd=paperuri%3A%28fbecdf9fab9b77b47153ca66662d2c07%29&filter=sc_long_sign&tn=SE_xueshusource_2kduw22v&sc_vurl=http%3A%2F%2Fwww.onepetro.org%2Fconference-paper%2Fspe-172969-ms&ie=utf-8&sc_us=10724004175878339905
http://xueshu.baidu.com/s?wd=paperuri%3A%28fbecdf9fab9b77b47153ca66662d2c07%29&filter=sc_long_sign&tn=SE_xueshusource_2kduw22v&sc_vurl=http%3A%2F%2Fwww.onepetro.org%2Fconference-paper%2Fspe-172969-ms&ie=utf-8&sc_us=10724004175878339905
http://xueshu.baidu.com/s?wd=paperuri%3A%28fbecdf9fab9b77b47153ca66662d2c07%29&filter=sc_long_sign&tn=SE_xueshusource_2kduw22v&sc_vurl=http%3A%2F%2Fwww.onepetro.org%2Fconference-paper%2Fspe-172969-ms&ie=utf-8&sc_us=10724004175878339905
http://xueshu.baidu.com/s?wd=paperuri%3A%288bc54371c764229b3c573c3fddebb82e%29&filter=sc_long_sign&tn=SE_xueshusource_2kduw22v&sc_vurl=http%3A%2F%2Fwww.sciencedirect.com%2Fscience%2Farticle%2Fpii%2FS1875510016305844&ie=utf-8&sc_us=958228915676767534

International Journal of Science Vol.6 No.11 2019 ISSN: 1813-4890

deformation characteristics of an aluminum alloy frac ball. Journal of Natural Gas Science and
Engineering. 35 (2016) 203-210.

[8] Takahashi S, Okura M, Kobayashi T, et al. Filler-Reinforced Poly(Glycolic Acid) for Degradable
Frac Balls Under High-Pressure Operation. Mechanics of Composite and Multi-functional
Materials, Volume 7 pp 181-189. Springer International Publishing, 2016.

[9] Z. Li, Application of New Nanometer Material in Modern Fracturing Operation [J]. Journal of
Jianghan Petroleum University of Staff and Workers,1 (2017) 46-50.

[10]Z.Z Yang, J.Y Zhu, X.G. Li, et al, Research progress on nanomaterial application for fracturing
technique . New Chemical Materials, 4 (2017) 202-204.

[11]Y. Liu, B. Li, Y. Pan, et al, Research and development of soluble ball for staged frac. Natural Gas
Industry ,36 (2016) 96-101.

[12] Y.T. Teng, Y.M. Wei, Frac ball degradation time, you say! [J]. Petroleum Knowledge, 5 (2016)
41-42.

[13]P Zou, L Wang, J Zhang, Y Fan, et al, Degradation Behavior and Mechanism of Degradable Frac
Polymer Ball, Oilfield Chemistr, 33 (2016) 29-32.

[14] X. Zhou, X.C. Yang, Study on Degradable Frac Ball and Field Application, Oil Field Equipment.
47 (2018) 62-66.

[15]R. Garza, A. Sadana, S. Khatiwada, Novel degradable polymeric composite balls for hydraulic
frac, Offshore Technology Conference. 2017.

[16] Aviles, M. Dardis, M. Marya. Degradable Frac Ball Holds Solution to Persistent Problem in
Fracturing, Journal of Petroleum Technology. 65 (2013) 32-33.

[17]B.J. Salinas, J. Kitzman, Z. Xu, Field Operation of High-Pressure, Multistage Hydraulic Frac
System with Disintegrable Frac Balls, International Petroleum Technology Conference. 2014.

[18]C.Q. Feng, H.G. Zhang, F.X. Zhao, et al. Force analysis of layered fracture sliding sleeve and
seal ball, China Petroleum Machinery. 41 (2013) 75-78.

[19]S.X. Wang, Z.G. Peng, J.G. Zhang, et al, Study on structures and properties of low-permeability
oil-gas reservoirs frac ball, Mechanics and Mechatronics. (2015) 3-10.

[20]P.A. Stivers, S. Yuyi, N. Smith, et al, Factors Affecting Effective Mill out of Multistage Fracturing
Sleeves in Horizontal Wellbores, SPE/ICoTA Coiled Tubing & Well Intervention Conference &
Exhibition. 2013.

[21]]. Griffin, S. Campbell, R. Barraecz, To Mill or Not To Mill: A Fully Retrievable Multistage
Fracturing System, SPE/ICoTA Coiled Tubing & Well Intervention Conference & Exhibition.
2013.

[22] K. Yamane, H. Sato, Y. Lchikawa, Development of an industrial production technology for high-
molecular-weight polyglycolic acid, Polymer Journal. 46 (2014) 769-775

352


http://xueshu.baidu.com/s?wd=paperuri%3A%288bc54371c764229b3c573c3fddebb82e%29&filter=sc_long_sign&tn=SE_xueshusource_2kduw22v&sc_vurl=http%3A%2F%2Fwww.sciencedirect.com%2Fscience%2Farticle%2Fpii%2FS1875510016305844&ie=utf-8&sc_us=958228915676767534
http://xueshu.baidu.com/s?wd=paperuri%3A%288bc54371c764229b3c573c3fddebb82e%29&filter=sc_long_sign&tn=SE_xueshusource_2kduw22v&sc_vurl=http%3A%2F%2Fwww.sciencedirect.com%2Fscience%2Farticle%2Fpii%2FS1875510016305844&ie=utf-8&sc_us=958228915676767534
https://link.springer.com/chapter/10.1007%2F978-3-319-21762-8_22
https://link.springer.com/chapter/10.1007%2F978-3-319-21762-8_22
https://link.springer.com/chapter/10.1007%2F978-3-319-21762-8_22
http://kns.cnki.net/KXReader/Detail?dbcode=CJFD&filename=JSZD201701015&uid=WEEvREcwSlJHSldRa1FhdkJkVWI3Y2ZOcnpmd2dNWDFSMG9XSGtHbzdXWT0=$9A4hF_YAuvQ5obgVAqNKPCYcEjKensW4ggI8Fm4gTkoUKaID8j8gFw!!
http://kns.cnki.net/KXReader/Detail?dbcode=CJFD&filename=JSZD201701015&uid=WEEvREcwSlJHSldRa1FhdkJkVWI3Y2ZOcnpmd2dNWDFSMG9XSGtHbzdXWT0=$9A4hF_YAuvQ5obgVAqNKPCYcEjKensW4ggI8Fm4gTkoUKaID8j8gFw!!
http://kns.cnki.net/KXReader/Detail?dbcode=CJFD&filename=HGXC201704069&uid=WEEvREcwSlJHSldRa1FhdkJkVWI3Y2ZOcnpmd2dNWDFSMG9XSGtHbzdXWT0=$9A4hF_YAuvQ5obgVAqNKPCYcEjKensW4ggI8Fm4gTkoUKaID8j8gFw!!
http://kns.cnki.net/KXReader/Detail?dbcode=CJFD&filename=HGXC201704069&uid=WEEvREcwSlJHSldRa1FhdkJkVWI3Y2ZOcnpmd2dNWDFSMG9XSGtHbzdXWT0=$9A4hF_YAuvQ5obgVAqNKPCYcEjKensW4ggI8Fm4gTkoUKaID8j8gFw!!
https://www.researchgate.net/publication/310488638_Research_and_development_of_soluble_ball_for_staged_fracturing
https://www.researchgate.net/publication/310488638_Research_and_development_of_soluble_ball_for_staged_fracturing
http://kns.cnki.net/KXReader/Detail?dbcode=CJFD&filename=SYZS201605024&uid=WEEvREcwSlJHSldRa1FhdkJkVWI3Y2ZOcnpmd2dNWDFSMG9XSGtHbzdXWT0=$9A4hF_YAuvQ5obgVAqNKPCYcEjKensW4ggI8Fm4gTkoUKaID8j8gFw!!
http://kns.cnki.net/KXReader/Detail?dbcode=CJFD&filename=SYZS201605024&uid=WEEvREcwSlJHSldRa1FhdkJkVWI3Y2ZOcnpmd2dNWDFSMG9XSGtHbzdXWT0=$9A4hF_YAuvQ5obgVAqNKPCYcEjKensW4ggI8Fm4gTkoUKaID8j8gFw!!
http://kns.cnki.net/KXReader/Detail?dbcode=CJFD&filename=YJHX201601007&uid=WEEvREcwSlJHSldRa1FhdkJkVWI3Y2ZOcnpmd2dNWDFSMG9XSGtHbzdXWT0=$9A4hF_YAuvQ5obgVAqNKPCYcEjKensW4ggI8Fm4gTkoUKaID8j8gFw!!
http://kns.cnki.net/KXReader/Detail?dbcode=CJFD&filename=YJHX201601007&uid=WEEvREcwSlJHSldRa1FhdkJkVWI3Y2ZOcnpmd2dNWDFSMG9XSGtHbzdXWT0=$9A4hF_YAuvQ5obgVAqNKPCYcEjKensW4ggI8Fm4gTkoUKaID8j8gFw!!
http://kns.cnki.net/KXReader/Detail?dbcode=CJFD&filename=SKJX201801014&uid=WEEvREcwSlJHSldRa1FhdkJkVWI3Y2ZOcnpmd2dNWDFSMG9XSGtHbzdXWT0=$9A4hF_YAuvQ5obgVAqNKPCYcEjKensW4ggI8Fm4gTkoUKaID8j8gFw!!
http://kns.cnki.net/KXReader/Detail?dbcode=CJFD&filename=SKJX201801014&uid=WEEvREcwSlJHSldRa1FhdkJkVWI3Y2ZOcnpmd2dNWDFSMG9XSGtHbzdXWT0=$9A4hF_YAuvQ5obgVAqNKPCYcEjKensW4ggI8Fm4gTkoUKaID8j8gFw!!
https://www.engineeringvillage.com/search/doc/abstract.url?&pageType=quickSearch&usageZone=resultslist&usageOrigin=searchresults&searchtype=Quick&SEARCHID=fe8e1527M458eM48baM8befM0d5b6a49e4b0&DOCINDEX=1&ignore_docid=cpx_4714b2b415f2bcf24f3M517810178163176&database=1&format=quickSearchAbstractFormat&tagscope=&displayPagination=yes
https://www.engineeringvillage.com/search/doc/abstract.url?&pageType=quickSearch&usageZone=resultslist&usageOrigin=searchresults&searchtype=Quick&SEARCHID=fe8e1527M458eM48baM8befM0d5b6a49e4b0&DOCINDEX=1&ignore_docid=cpx_4714b2b415f2bcf24f3M517810178163176&database=1&format=quickSearchAbstractFormat&tagscope=&displayPagination=yes
http://xueshu.baidu.com/s?wd=paperuri%3A%2835a66e2b946da6fc10b91f7e7e5e4ca4%29&filter=sc_long_sign&tn=SE_xueshusource_2kduw22v&sc_vurl=http%3A%2F%2Fwww.onepetro.org%2Fjournal-paper%2FSPE-1113-0032-JPT&ie=utf-8&sc_us=15390353898450243170
http://xueshu.baidu.com/s?wd=paperuri%3A%2835a66e2b946da6fc10b91f7e7e5e4ca4%29&filter=sc_long_sign&tn=SE_xueshusource_2kduw22v&sc_vurl=http%3A%2F%2Fwww.onepetro.org%2Fjournal-paper%2FSPE-1113-0032-JPT&ie=utf-8&sc_us=15390353898450243170
https://www.researchgate.net/publication/301399904_Field_Operation_of_High-Pressure_Multistage_Hydraulic_Fracturing_System_with_Disintegrable_Frac_Balls
https://www.researchgate.net/publication/301399904_Field_Operation_of_High-Pressure_Multistage_Hydraulic_Fracturing_System_with_Disintegrable_Frac_Balls
http://kns.cnki.net/KCMS/detail/detail.aspx?dbcode=CJFQ&dbname=CJFD2013&filename=SYJI201302019&uid=WEEvREcwSlJHSldRa1FhdkJkVWI3Y2ZOcnpmd2dNWDFSMG9XSGtHbzdXWT0=$9A4hF_YAuvQ5obgVAqNKPCYcEjKensW4ggI8Fm4gTkoUKaID8j8gFw!!&v=MjQ1NzVUcldNMUZyQ1VSTEtmWXVacEZ5emtWNzNBTmpUQlo3RzRIOUxNclk5RWJZUjhlWDFMdXhZUzdEaDFUM3E=
http://kns.cnki.net/KCMS/detail/detail.aspx?dbcode=CJFQ&dbname=CJFD2013&filename=SYJI201302019&uid=WEEvREcwSlJHSldRa1FhdkJkVWI3Y2ZOcnpmd2dNWDFSMG9XSGtHbzdXWT0=$9A4hF_YAuvQ5obgVAqNKPCYcEjKensW4ggI8Fm4gTkoUKaID8j8gFw!!&v=MjQ1NzVUcldNMUZyQ1VSTEtmWXVacEZ5emtWNzNBTmpUQlo3RzRIOUxNclk5RWJZUjhlWDFMdXhZUzdEaDFUM3E=
https://www.worldscientific.com/doi/abs/10.1142/9789814699143_0001
https://www.worldscientific.com/doi/abs/10.1142/9789814699143_0001
http://xueshu.baidu.com/s?wd=paperuri%3A%28bbe1109c6e9a89595b96e7e8e7135e92%29&filter=sc_long_sign&tn=SE_xueshusource_2kduw22v&sc_vurl=http%3A%2F%2Fwww.onepetro.org%2Fdoi%2F10.2118%2F163899-MS&ie=utf-8&sc_us=14780333531694393461
http://xueshu.baidu.com/s?wd=paperuri%3A%28bbe1109c6e9a89595b96e7e8e7135e92%29&filter=sc_long_sign&tn=SE_xueshusource_2kduw22v&sc_vurl=http%3A%2F%2Fwww.onepetro.org%2Fdoi%2F10.2118%2F163899-MS&ie=utf-8&sc_us=14780333531694393461
http://xueshu.baidu.com/s?wd=paperuri%3A%28bbe1109c6e9a89595b96e7e8e7135e92%29&filter=sc_long_sign&tn=SE_xueshusource_2kduw22v&sc_vurl=http%3A%2F%2Fwww.onepetro.org%2Fdoi%2F10.2118%2F163899-MS&ie=utf-8&sc_us=14780333531694393461
http://xueshu.baidu.com/s?wd=paperuri%3A%2842effb68bd1cd16ef146a1850d97c887%29&filter=sc_long_sign&tn=SE_xueshusource_2kduw22v&sc_vurl=http%3A%2F%2Fdx.doi.org%2F10.2118%2F163936-ms&ie=utf-8&sc_us=8840389414177320562
http://xueshu.baidu.com/s?wd=paperuri%3A%2842effb68bd1cd16ef146a1850d97c887%29&filter=sc_long_sign&tn=SE_xueshusource_2kduw22v&sc_vurl=http%3A%2F%2Fdx.doi.org%2F10.2118%2F163936-ms&ie=utf-8&sc_us=8840389414177320562
http://xueshu.baidu.com/s?wd=paperuri%3A%2842effb68bd1cd16ef146a1850d97c887%29&filter=sc_long_sign&tn=SE_xueshusource_2kduw22v&sc_vurl=http%3A%2F%2Fdx.doi.org%2F10.2118%2F163936-ms&ie=utf-8&sc_us=8840389414177320562
http://xueshu.baidu.com/s?wd=paperuri%3A%28b87e013ad3af271647f7aa0ef053ced9%29&filter=sc_long_sign&tn=SE_xueshusource_2kduw22v&sc_vurl=http%3A%2F%2Fwww.nature.com%2Fpj%2Fjournal%2Fv46%2Fn11%2Fabs%2Fpj201469a.html&ie=utf-8&sc_us=9195335564457504353
http://xueshu.baidu.com/s?wd=paperuri%3A%28b87e013ad3af271647f7aa0ef053ced9%29&filter=sc_long_sign&tn=SE_xueshusource_2kduw22v&sc_vurl=http%3A%2F%2Fwww.nature.com%2Fpj%2Fjournal%2Fv46%2Fn11%2Fabs%2Fpj201469a.html&ie=utf-8&sc_us=9195335564457504353

