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a b s t r a c t

Slip is one of the most critical components for the frac plug, which would lodge into the casing and lock
the frac plug in place during the setting and anchoring process. However, fracture failure of slip
significantly affects the hydraulic fracturing effects and has attracted tremendous attention. In this paper,
a three-dimensional contact model is applied to explore the setting process of slip. The effects of key
structural parameters such as apex angle, inclination angle, and wedge angle on the contact character-
istics of slip are systematically investigated. Numerical results indicate that the maximum contact stress
appears at the contact area between slip tooth and the casing's inner wall. Besides, the maximum contact
stress generally increases with the increase of apex angle and inclination angle, while decrease linearly
with the rise in the wedge angle. Experimental results show that the slip teeth get blunt and appear
severe plastic deformation, which arises from stress concentration. Comparison of biting area indicates
that the experimental results are about 21.3% larger, which still have a reasonable agreement with the
numerical results. These obtained results can guide the parametric selection of plug slip and other similar
components.
© 2021 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This

is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

For the past decades, oil and gas resources have been treated as
the most crucial energy source. With the fast consumption of oil
and gas, unconventional reservoirs have been more and more
popular for an alternative option (Ge et al., 2015; Wang et al., 2015;
Mahmoodi et al., 2019). Generally, tight sands, coal beds, and shale
formations are the most common unconventional oil and gas res-
ervoirs (Rosine et al., 2008; Zheng et al., 2015; Tan et al., 2019;
Vishkai and Gates, 2019). One distinct advantage of the uncon-
ventional oil and gas reservoir is the vast storage. However, the
extra-low permeability feature has increased the difficulty of
extracting the unconventional source. The development of drilling
technology, well stimulation technology, and advanced downhole
tools make the extraction of so-called unconventional oil and gas
reservoirs technically and economically feasible (Rutqvist et al.,
2013; Tong et al., 2019). Hydraulic fracturing technology, which
nd Process Engineering, Uni-
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was firstly introduced in 1947, has been widely applied to improve
the permeability of oil and gas reservoirs.

Theworking principle for hydraulic fracturing is that using high-
pressure fluid to create fractures in the formation (Zheng et al.,
2016; Ai et al., 2018; Haddad and Kamy, 2019, Dong et al., 2020).
Then, proppants are used to avoid the closure of fractures (Tsai
et al., 2012; Suri et al., 2019). The fractures distributed in the for-
mation help to improve the permeability dramatically. To improve
extraction efficiency, horizontal well fracturing technology was
proposed to extract low permeability reservoirs (Castro et al., 2013;
Demarchos et al., 2005). Compared with conventional vertical well
fracturing, horizontal wells offer a larger contact area with the oil
and gas area (Cai et al., 2009). Besides, horizontal well fracturing
contributes to more fractures along the horizontal section.

For horizontal well fracturing technology, the whole well is
usually isolated formultiple stageswith isolation tools. Frac plugs is
a typical downhole isolation tool for horizontal multistage com-
pletions (Deshpande et al., 2012; Shaw, 2011; Hejl et al., 2007).
During a plug operation, the frac plug assembly are pumped to the
target position. Then, the frac plug is set with specialized tool or
operations. After that, the fracture stimulation treatment is
mmunications Co. Ltd. This is an open access article under the CC BY license (http://
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Fig. 1. 2D sketch (a) and 3D geometric model (b) for frac plug.

Fig. 2. Slip assembly: (a) slip lodged into the casing, (b) fracture failure.

C. Zheng, Z.-K. Liu, X.-L. Wu et al. Petroleum Science 19 (2022) 731e742
performed. The setting of frac plug affects the sealing performance
and plays a vital role during the fracturing process. When the
fracturing process is completed, the frac plug should be milled out
form the wellbore (Deshpande et al., 2019). Fracture failure, tool
wear, and severe deformation of fracturing tools are always
encountered during the fracturing process (Xi et al., 2018; Yin et al.,
2018a, 2018b; Jureczka and Ochal, 2019; Lian et al., 2015; Zheng
et al., 2019).

According to recent literatures, many attentions have been paid
to the frac plug. Zhu et al. (2013) proposed parameter control
methods for the how to properly pump the tool string composed of
frac plug and perforating gun in horizontal well. Based on their
control equations, the grease injection sealing pressure, minimum
weight of tool string, maximum length of tool string, and pump rate
Table 1
Initial structural parameters of slips.

L, mm Dw, mm dw, mm a, � b, � g, �

60 108 68 90 60 20
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can be obtained. Hu et al. (2017) studied the influence of rubber
material on sealing performance of packing element in frac plug. By
comparing the Mises stress, shoulder extrusion and compressive
deformation magnitude of B75, A70 and E65 materials, B75 is
recommended for the material of packing element. Dong et al.
(2020a, b) investigated the sealing behavior of packing element
for frac plug through numerical simulations and thermal aging
experiments. They found that the Yeoh model is more suitable to
describe deformation behavior of the packing element under high
temperature. Also, the effects of parametric parameters of packing
element on the sealing performance were achieved.

As mentioned above, most of the study are performed on the
packing element of frac plug. However, little attention has been
focused on the design optimization of the slip. Research on the
design mechanism or optimization are still quite limited.
Deshpande et al. (2019) performed finite element analysis (FEA)
simulations to be conducted with different design formulations of
composite slips to optimize the design. Their results showed that
the number and material of slip button has an important impact on
the slip holding capacity, which help to optimize design quickly and
reduced time and cost associated with laboratory testing. Liu et al.



Fig. 3. Structural diagram (a) and force analysis (b) of plug slip.

Fig. 4. Contact geometries (a), mesh generation (b), and constriction conditions (c).
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(2020) studied on the optimization design of permanent packer slip
structure. In their study, structural design of the integrated packer
slip was optimized and validated by the anchoring and setting
experiments, which confirmed optimized permanent slip had the
advantages of low fracture strength, supplementary fracture setting
performance and high reliability compared with the conventional
permanent slip.

According to previous studies, the slip the quality of the setting
and anchoring ability greatly affects the work reliability of the
fracturing string (Deshpande et al., 2019; Liu et al., 2020). During
the setting operation, the slips are forced into the casing and lock
the frac plug in a specified position. Whether the slips can lodge
into the casing's inner surface and hold the frac plug stably is
critical to the follow-up sealing and fracturing operations. Improper
selection of material and structural design may lead to possible frac
plug integrity issue (Deshpande et al., 2019; Liu et al., 2020), as well
as the casing integrity issues (Zhang et al., 2015; Stolyarov et al.,
2020). However, the analysis of the slip contact mechanics is not
sufficient. In addition, the relationship between the structural pa-
rameters and setting performance of the slip has not been revealed.
This study aims to study the effects of structural parameters,
including apex angle, inclination angle, and wedge angle on the
setting performance of slip. These numerical results can not only
provide a further insight into the setting and anchoring process, but
also guide the parametric selection of plug slip and other similar
components.

The presentation of this work is organized as follows. In Section
2, working principle of frac plug and numerical setup are intro-
duced. In Section 3, obtained results are thoroughly presented and
discussed. Finally, conclusions for the current study are given in
Section 4.
Table 2
Mechanical properties for contact components.

Materials Density, kg/m3 Elastic modulus

Aluminum alloy 2810 71.7
QT600 7200 213
P110 7870 206
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2. Numerical details

2.1. Working principle of frac plug

So far, button slip, wicker slip, and friction slip are the main slip
design for frac plug (Stolyarov et al., 2020). In this study, the wicker
slip is designed to match a mandrel with an outer diameter of
68 mm and a casing pipe with an inner diameter of 139.7 mm.
Based on these main dimensions, slip and rubber dimensions can
be adjusted to obtain an excellent sealing performance. Fig.1 shows
the two-dimensional (2D) sketch and three-dimensional (3D)
geometric model for the frac plug used in this paper. The frac plug
composes of a mandrel (1), low-density ball (2), setting ring (3),
shear pin (4, 8, 17), upper slip (5), slip ring (6, 19), upper cone (7),
outer protective cover (9, 16), inner protective cover (10, 15), end
rubber element (11, 14), O-ring (12), middle rubber element (13),
lower cone (18), lower slip (20), guide shoe (21), and pump ring
(22). The general setting procedure is illustrated as follows. Firstly,
the frac plug is pumped to a target downhole position. Secondly,
the plug is set by an explosive setting tool. Under the explosive
force, the frac plug is pushed downward, and the mandrel is sub-
jected to the upward pulling force. Then, the setting ring cuts the
pin and pushes the upper and lower cone. Finally, the slips designed
to interact with the cone are forced to move outward and contact
the casing. Then, the hardened edges on the teeth of slips bite into
the casing, locking the frac plug in place. During the setting process,
the rubber elements are compressed in axial direction, which re-
sults in radial expansion to fill the annular space between the
mandrel and the casing.
, GPa Yield strength, MPa Poisson's ratio, %-

225 0.35
600 0.286
758 0.30



Fig. 5. Contact stress distribution for the initial slips (a) and casing wall (b).
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2.2. Force analysis for slip setting

During the setting and anchoring process, the slips are forced up
the corresponding cone to contact the casing. The slip lodges into
the casing and locks the frac plug in a fixed position as shown in
Fig. 2a. To successfully bite into the casing, the slip works under
high pressure may up to 70 MPa (Deshpande et al., 2019; Liu et al.,
2020; Stolyarov et al., 2020), which would always cause a high-
stress concentration inside the slip, resulting in a fracture failure
as depicted in Fig. 2b. The fracture failure of slip would significantly
affect the setting performance of frac plug, which further impact
the fracturing effects (Liu et al., 2020). Improper design of slips has
been considered to be responsible for the fracture failure. Thus, it is
urgent to study how the structural and processing parameters
affect the setting characteristics of slips. In this study, the initial
structural parameters for the slips are listed in Table 1. (L is the
Fig. 6. Maximum stress on different teeth of slips.
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length of slip; Dw is the outer diameter of slip; dw is the inner
diameter of slip; a is the apex angle of slip; b is the inclination angle
of slip; g is the wedge angle of slip.)

Fig. 3a shows the structural diagram of plug slips. During the
setting process, the forces applied on the slip are shown in Fig. 3b. It
is noted that three main forces exert on the slips when the slip
contact with the casing's inner wall.

With the assumption of that the multiple slips being under the
same contact status of the symmetry, force equilibrium equations
of each slip can be achieved as follows:

Q ¼ FN cos g� Ff sin g
FZ ¼ FN sin gþ Ff cos g
Ff ¼ FN tan f

g (1)

where Q is the radial load from the inner wall of casing, FN is the
positive pressure from the cone against the slip, Ff is the friction
force between cone and slip, FZ is the axial load of the slip,WZ is the
setting load, g is the wedge angle, f is the friction angle between
the slip and the cone, n is the number of slips.

From Eq. (1), the radial load and axial load on the slip can be
achieved as:

Q ¼ WZ

n,tanðgþ fÞ (2)

FZ ¼
WZ

n
(3)

When the slip contacts the inner surface of the casing, the
contact stress can be calculated as:

s¼Q
A

(4)

where s is the contact stress of slip; A is the contact area between
slip and casing wall. From the schematic diagram of slip, the contact
area can be calculated using the equation below:



Fig. 7. Effect of apex angle on the contact stress distribution of slips.

Fig. 8. Maximum contact stress under different apex angles. Fig. 9. Maximum contact stress of tooth under different apex angles.
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Fig. 11. Maximum contact stress under different inclination angles.
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A¼ma
qpD
360

ð 1
tan b

þ tanðaþ b�p

2
ÞÞ (5)

where m is the number of slip tooth; a is the penetration depth of
slip; q is the circular angle of slip; D is the inner diameter of casing;
a is the apex angle of slip; b is the inclination angle of slip. The
number of slip tooth (m) can be achieved as:

m¼ L
b

(6)

where L is the length of slip; b is the width of slip tooth.
From Eqs. (4)e(6), the contact stress can be further expressed as

below:

s¼ 360WZ

nmaqpD tanðgþ fÞð 1
tan b

þ tanðaþ b� p
2ÞÞ

(7)

During the setting process, the shear stress can be achievedwith
Fig. 10. Effect of inclination angle on the contact stress distribution of slips.
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Fig. 12. Maximum contact stress of tooth under different inclination angles.

Fig. 13. Effect of wedge angle on the c
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the following equation:

t¼ FZ
A

(8)

t¼ 360WZ

nmaqpDð 1
tan b

þ tanðaþ b� p
2ÞÞ

(9)

where t is the shear stress applied on the slip.
According to equations above, it can be found that structural

parameters such as setting load (WZ), tooth number of slip (m),
apex angle of slip (a), and inclination angle of slip (b), and wedge
angle (g) have a critical influence on the contact characteristics of
slip.
2.3. Simulation setup

The setting process mainly focuses on the contact between the
slip and the casing. The ABAQUS software code is applied to
ontact stress distribution of slips.



Fig. 14. Maximum contact stress under different wedge angles.

Fig. 15. Maximum contact stress of each tooth under different wedge angles.
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simulate the dynamic setting process. Before the simulation, it is
crucial to know the mechanical properties of material. The main
components involved in the contact process are the casing, slip, and
cone. The material of slip is ductile iron QT600; the cone material is
high-strength aluminum alloy. The material of the casing is P110
steel. Mainmaterial properties of the contact components are listed
in Table 2. The friction coefficient between the slip and the casing is
0.15, and that between the slip and the cone is 0.17. The setting load
is set as 20.0 MPa in this study.

A 3D finite element contact model is established for numerical
simulation. The geometric model is illustrated in Fig. 4a, and the
mesh generation is presented in Fig. 4b. To accurately capture the
contact details, the contact region of the slip is appropriately
refined. The contact geometries are meshed with a structured grid.
Grid independence is performed to obtain a proper grid number.
After repeated simulations, it is found that the solution is essen-
tially grid-independent when the grid number is larger than
27,500. According to the actual working conditions, the casing is
fixed by cement; the bottom of the slip is restrained and cannot
move laterally; the mandrel restrains the inner surface of the cone,
738
and the bottom surface of the cone is exerted by the setting load, as
illustrated in Fig. 4c.

3. Results and discussion

3.1. Basic setting characteristics

To better understand the basic setting process, the simulations
are performed with the plug slip's initial structural parameters.
Fig. 5 shows the stress contours of the slip and the casing. The stress
distribution on the slip and the casing is not uniform. Stress con-
centration locates at the contact region between the slip and the
casing. It is because that the sharp edge of slip tooth results in a
small contact area and large stress. Additionally, the contact stress
is different for each tooth, and the bottom area is keen to present
larger stress. This is because the slip is pushed by the cone to
expand outward. The bottom part of the slip is near the corre-
sponding cone and gets a larger penetration depth on the casing,
contributing to the uneven and more massive stress at the bottom
area. This phenomenon is also observed by Tang et al. (2020).

To analyze the setting status between the slip and the casing, the
maximum contact stress is extracted and plotted in Fig. 6. It can be
seen from the figure that the maximum contact stress of the slip
tooth gradually increases with the increase of the tooth number.
The maximum contact stress for No. 3 to No. 5 teeth is found to be
larger than the yield strength of the casing. This indicates that these
slip teeth would bite into the inner surface of casing. By contrast,
the contact stress of No. 1 and No. 2 tooth is much smaller.

3.2. Effect of the apex angle

As mentioned above, parameters such as the apex angle, incli-
nation angle, and wedge angle have a crucial influence on the
setting performance. By studying these parameters' effect on the
contact characteristics, the slip's structural parameters can be
selected. To study the effect of apex angle, slip with the apex angle
of 65�, 70�, 75�, 80�, 85�, 90� are modelled and analyzed, respec-
tively. The effect of apex angle on the contact stress of slip is pre-
sented in Fig. 7. It can be found that the contact stress concentrates
around the tooth region. As shown in the figure, it can also be seen
that the effective contact area of the slip gradually reduces with the
increase in apex angle. At the same time, the variation of contact
area between different tooth become more apparent. The variation
in contact area directly reflects the contact status between the slip
and the casing.

Fig. 8 shows the maximum contact stress under different apex
angles. It can be concluded that maximum contact stress has a
growing trend with the increase of the apex angle. Also, all the
maximum contact stress is larger than the yield strength of casing,
indicating an effective ‘bite in’ contact. Themaximum contact stress
of each slip tooth under different apex angles are plotted in Fig. 9.
Under the same apex angle, the maximum contact stress of slip
tooth generally increases with the increase of tooth number. This
changing trend is also reported by Tang et al. (2020). In addition,
contact stress curves under apex angles of 65�, 70�, 75�, 85�, 90�

fluctuates obviously, though showing a growing trend. Among all
the stress curves, the contact stress of slip under apex angle of 80�

increase linearly. The stress value has a proportional relationship
with the distance between the tooth and the corresponding cone.
This means that each tooth has an even and functional contact with
the casing. Under specific setting load, if the contact stress of
different teeth fluctuated dramatically, the slip teeth are easy to
destroy and affect the setting performance. Therefore, the apex
angle of 80� is selected to achieve a stable and better setting
performance.



Fig. 16. Setting experiment: (a) full-scale setup, (b) test assembly, and (c) Assembly after test.
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3.3. Effect of the inclination angle

To compare the influence of inclination angle on the setting
performance, models with an inclination angle of 50�, 55�, 60�, 65�,
70�, and 75� are simulated, respectively. Fig. 10 shows the contact
stress contour of slip with different inclination angles. The contact
Fig. 17. Pump pressure curve during setting experiment.
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area varies with the change in inclination angle. It is interesting to
observe that the contact area for different tooth varies dramatically
under the inclination angle of 70� and 75�, which arises from a
worse contact between the slip and the casing.

Fig. 11 shows the maximum contact stress under different
inclination angles. In the figure, the contact stress generally in-
creases with the increase of inclination angle, which is beneficial to
form an excellent contact. Fig. 12 plots the maximum contact stress
for each tooth under different inclination angles. Under low incli-
nation angle, each tooth's contact stress varies smoothly, indicating
a better contact status. Under a high inclination angle, the contact
stress for each tooth varies dramatically, which may be attributed
to the uneven contact. Among all stress curves, the contact stress
under inclination angle of 60� presents approximately linear
growth, which reflects the best contact status. Therefore, 60� is the
selected inclination angle during slip design.
3.4. Effect of the wedge angle

Thewedge angle of the slip also has an essential influence on the
contact performance of slip. According to the schematic diagram of
slip, small wedge angles can increase the contact stress of the slip,
but the small wedge angle will require a larger pushing distance of
the corresponding cone. The pushing distance would directly affect
the setting process. To explore the effect of wedge angle on the
setting characteristics, the wedge angle of 16�, 18�, 20�, 22�, 24�,
and 26� are investigated, respectively. Fig. 13 shows the contact
stress contours of slip under different wedge angles. It can be seen
in the figure that the distribution of contact stress is similar under



Fig. 18. Slip after setting: (a) numerical result and (b) experimental result.

Fig. 19. Biting area on the casing for numerical and experimental results.
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different wedge angles. However, the maximum contact stress
varies under different wedge angles.

The maximum contact stress of the slip is plotted in Fig. 14. The
maximum contact stress decreases dramatically with the increase
in wedge angle. This means that the contact between the slip and
the casing become worse and weak under the high wedge angle.

Fig. 15 presents the contact stress of each tooth under different
wedge angles. In the figure, the contact stress under different
wedge angles changes similarly. The contact stress increases with
the rise in tooth number. Under the angle of 16�, maximum contact
stress from No.1 to No. 5 tooth are all larger than the yield strength
of casing material, which indicates that all the teeth can success-
fully lodge into the casing and lock the frac plug in place. Therefore,
wedge angle of 16� should be considered for the slip design.

Based on the above analyses, the apex angle, the inclination
angle, and the wedge angle of packer slip are preferably selected as
80�, 60�, and 16�, respectively.
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3.5. Experimental validation

To validate the numerical model, full-scale setting experiment of
frac plug with selected structural parameters for the slip is con-
ducted. The experimental rig consists of a fracturing truck, pipeline,
connector, pressure gauge, frac plug assembly, and casing, as shown
in Fig. 16a. The fracturing pump truck (LTJ5240TYL70, Lantong,
China) can provide a maximum pump pressure up to 70 MPa. The
tested frac plug is installed in the casing (outer diameter of
139.7 mm) as presented in Fig. 16b.

After all the parts are connected and checked correctly, the
pump is turned on. The pump pressure is recorded by a pressure
recording module with a sampling frequency of 600 Hz and a
precision of 0.1 MPa. Fig. 17 plots the pump pressure curve during
the setting and anchoring process of frac plug. It can be seen that
the fluid pressure gradually increases to the desired testing value of
20.0 MPa. Then, the pump pressure is maintained for about 30 s to
make the frac plug set sufficiently. Besides, the pump pressure is
found to fluctuate. The fluctuation can be attributed to the changing
contact status of components during the setting and anchoring
stage of the slip (Liu et al., 2020).When the setting process finished,
the pump is turned off, and the pump pressure quickly drop to zero
again. After the setting experiment is completed, a window is
milled on the casing for observing the setting status of various
components. Noticeable indentations are found on the casing's
inner surface where each tooth is set, as shown in Fig. 16c. This
phenomenon indicates that the slip teeth successfully lodge in the
casing.

Fig.18 presents the visual comparison of slip between numerical
and experimental results. The teeth of slip present severe plastic
deformation due to stress concentration at the contact region (see
Fig. 18b). Maximum deformation locates at the lower tooth, which
is observed in both the numerical and experimental results.
Furthermore, the sharp edges of teeth get blunting after biting into
the casing. However, no fracture failure appears on the surface of
slip.

When the contact stress is larger than the yield strength, plastic
deformation would occur. Therefore, an effective biting area can be
obtained by counting the element area. The biting area of casing
can be obtained by splitting the casing and measuring the area of
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indentations. Fig. 19 presents the comparison of the biting area on
the casing wall for numerical results and experimental results. For
both the numerical and experimental results, the biting area in-
creases with the increase of tooth number. The teeth near the cone
would generate a larger biting depth and area, which is consistent
with the reports of Cai et al. (2013) and Stolyarov et al. (2020).
Furthermore, the experimental results are approximately 21.3%
larger than the numerical results. This can be explained that ma-
terial behavior and contact status are complex under high pump
pressure (Liu et al., 2020). The numerical model is difficult to take
all the factors into account, which results in the under-estimate of
the biting area. However, the experimental results still have a
reasonable agreement with the numerical results, which indicates
that the numerical approaches can effectively predict the setting
process of plug slip, as well as the frac plug assembly.

4. Conclusions

Finite element analysis is performed to study the setting char-
acteristics of plug slips. The influence of structural parameters such
as apex angle, inclination angle, and wedge angle on the setting
performance is systematically investigated. Based on the obtained
results, the main conclusions for this study can be listed below:

(1) The contact stress distributes unevenly on the surface of the
slip and the casing. Besides, the contact stress increases with
the increase in tooth number. Stress concentration appears at
the contact region due to the tooth's sharp edge. During the
setting, the maximum contact stress of certain teeth is larger
than the yield strength of the casing.

(2) With the increase of the apex angle and inclination angle, the
maximum contact stress increases dramatically. However,
the maximum contact stress decreases with the rise of the
wedge angle. Based on the comprehensive analyses, the apex
angle, inclination angle, and wedge angle are selected as 80�,
60�, and 16�, respectively.

(3) The experimental results show that the slip with selected
parameters can set successfully under a setting load of
20.0 MPa. Additionally, teeth of slip get blunt and appear
severe plastic deformation at the contact region, consistent
with the numerical results. Comparison of the biting area
indicates that the experimental results are about 21.3% larger,
which still have a reasonable agreement with the numerical
results.
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List of symbols

L The length of slip, mm
Dw The outer diameter of slip, mm
dw The inner diameter of slip, mm
Q The radial load from the inner wall of casing, N
FN The positive pressure from the cone against the slip, N
Ff The friction force between the cone and the slip, N
FZ The axial load of the slip, N
WZ The setting load, N
n The number of slips
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A The contact area between the slip and the casing wall,
mm2

m The number of slip tooth
a The penetration depth of slip, mm
b The width of slip tooth, mm
D The inner diameter of casing, mm

Greek letters
a The apex angle of slip, degree
b The inclination angle of slip, degree
g The wedge angle of slip, degree
q The circular angle of slip, degree
f The friction angle between the slip and the cone, degree
s The contact stress of slip, MPa
t The shear stress applied on the slip, MPa

Abbreviations
FEA Finite element analysis
2D Two-dimensional
3D Three-dimensional
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