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Abstract: This work established a finite element analysis (FEA) model of an inserted tooth-type slip
assembly under bear setting load and axial load, calculated the differences between the inserted
teeth of the sidetracking packer slip-formed furrow shapes on the casing face, and analyzed the
setting reliability of the inserted tooth slip sidetracking packer. The orthogonal optimization analysis
of the structural parameters of the sidetracking packer was carried out on the basis of the furrow
effect. Finally, the setting experiment was conducted with the inserted tooth slip sidetracking packer
developed to verify correctness of the FEA model and the simulation results. The results show
that in the FEA and calculation of the setting process of the inserted tooth-type slip, it is not only
necessary to consider the furrow friction coefficient, but also the effect of the ridge on the furrow
friction coefficient. The corresponding furrow friction coefficient varies according to the different
furrow effects occurring on the casing surface caused by the various types of teeth inserted on the
packer slips. The furrow effect is related to the sharpness of the tooth tips of the slips. The sharper
the tooth tips, the more obvious the furrow effect is. Under the dual effects of the furrow effect
and the adhesion effect, the carbide teeth of the slip feed into the casing wall to produce a uniform
and distinct indentation on the premise of meeting the inserted tooth strength to ensure a reliable
setting and hanging the inserted tooth slip sidetracking packer. The optimal combination of slip
parameters was obtained by taking the optimal bite depth uniformity as the objective function: slip
tooth installation spacing L = 10 mm, slip tooth installation angle α = 80◦, slip tooth diameter d = 10
mm, and slip wedge angle β = 6◦. The standard deviation of bite depth uniformity of the optimized
slip teeth is 74.45% lower than that before optimization. The research results of this paper basically
meet the requirements of engineering applications.

Keywords: furrow effect; numerical simulation; orthogonal optimization; slip; sidetracking packer

1. Introduction

Casing window sidetracking is one of the most important measures for exploiting
the remaining oil and gas reservoirs at low cost during the middle and later periods of
an oil field, especially whipstock sidetracking, at present. The whipstock consists of a
guider and packer, and as one of the most important parts of the packer, if the slip is invalid
or its supporting force is inadequate during sidetracking, it will cause slide-down of the
sidetracking packer, which will lead to failure of the window cutting [1,2]. The geometrical
shape, size, quantity, tooth distribution mode of the slip tooth and the structure, and
material and machining accuracy of the slip will affect the occlusive force distribution
between the slip and the casing [3]. The common slip system of a sidetracking packer
consists of two parts at a distance of 1 m apart. The upper slips are mainly used to prevent
rotation and the lower slips are mainly used to prevent sliding [4,5]. Compared with
the tooth-milling slips, the inserted tooth slips are more convenient for processing [6],
and the structure shortens the length of the setting tool, which is conducive to the safety
of construction.
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Wu [7] performed elastic–plastic contact FEA of the tooth-milling slips, and simulated
the deformation and stress distribution of these types of slips under actual working con-
ditions. Wang [8] performed FEA and structural improvement on the inserted tooth slips
for a horizontal well-fracturing packer and studied the influence of the distance between
slip teeth on the safety of the slip-setting process. Wu [9] calculated the stress and defor-
mation state of the tooth-milling slips of packers under multiple coupling conditions by
means of the FEA method, incremental load approach, augmented Lagrange multiplier
method, and Newmark method. Wang [10] put forward a three-dimensional photoelastic
simulation experiment to analyze the contact stress between the slip of the production
packer and the casing and compared the result of the numerical calculation with that of the
three-dimensional photoelastic experiment. Zhang Derong [6] designed a new pattern for
an inserted tooth slip sidetracking packer and performed FEA of the reliability of the slip
setting. Chen [11] studied the relationship between slip hanger bite depth and suspension
load in the Φ 273 mm WE-type slip hanger in the Northwest Oilfield in China through
experiment, theoretical computation, and finite element analysis. The study results show
that the bite mark of the slip insert in the casing is deeper in the lower part of the sitting
position, and the maximum bite depth of the slips in the casing gradually increases with
the suspension load.

Although there are numerous analyses of and published studies on packer slips, the
influence of the furrow [12,13] effect on the occlusive force distribution of slip teeth and
casings, as well as the stability of the setting, has never been taken into consideration.
Studies by Xie [14] indicated that as the load increases, the deformation in the contact area
gradually changes from elastic to plastic, and the friction mechanism gradually changes
from interface to furrow. This study has established a contact model for an inserted tooth
slip and casing in FEA software ABAQUS and calculated the furrow effects in the process
of tooth insertion and casing setting, as well as other furrow effects of different tooth types,
and analyzed the setting reliability of the inserted tooth slip so as to provide a reliable basis
for a feasibility study of the inserted tooth slip sidetracking packer.

2. The Structure and Working Principle of the Inserted Tooth Slip Sidetracking Packer

The inserted tooth slip packer prevents the whipstock from slipping axially by means
of inserting 7 rows (two rows up, two rows down, and three rows in the middle) of
17 cemented carbide teeth in the surface of the slip to enable the slips to bear the axial force
of sidetracking. The inserted tooth slip packer structure as shown in Figure 1. The two
linkage-pressurized hydraulic cylinders provide sufficient setting force for the slip insert to
bite into the casing wall so as to enable it to bear a larger axial load. When the sidetracking
drill bit cuts the whipstock and the casing, the packer will not be loose so as to ensure the
stability and reliability of the whipstock during the whole construction process [6].
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Figure 1. Inserted tooth slip packer: (1) upper cylinder body, (2) limit teeth, (3) piston, (4) carbide
teeth, (5) slip body, (6) slip seat, (7) middle cylinder body, (8) O sealing ring, (9) lower cylinder body,
(10) limited ball sleeve, (11) steel ball, (12) spring, (13) screw.

The drilling pump is opened when the tool reaches the predetermined sidetracking
position. The drilling fluid enters the upper surface of the piston and the upper surface
of the lower cylinder body through the stopped teeth. Between the upper and bottom
parts of the ball valve sleeve orifice a throttle pressure difference is formed which pushes
the ball valve sleeve downward and, as a result, it comes into contact with the ball, and
then continues to lower the compression spring for pressure suppression. The stopped
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tooth–piston–cylinder body moves downward with the thrust of the double cylinders. The
four slips are pushed outwards gradually with the push of the piston’s inclined plane, and
the cemented carbide teeth of the slip contacts with the inner wall of the casing and feeds
into it, hence achieving axial and circumferential fixation. As the stopped teeth cannot be
restored to their original position, the slip teeth do not retract at the time of feeding into the
casing wall so as to achieve a reliable setting. A clear tooth indentation will be left on the
surface of the casing by the cemented carbide teeth of the slip, as shown in Figure 2.
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Figure 2. Indentation on the surface of the casing.

3. The Effect of Furrow Action

When a rough, hard metal surface slides on a soft metal surface, it leads to a plastic
deformation and a groove which generates a channel resistance that is called furrow
resistance or furrow effect, as the hard micro-bulge is pressed into the surface of the soft
metal [15]. For the ideal elastic–plastic material, in most cases without lubricants, the ratio
of the furrow resistance of the micro-bulge to the shear resistance of the sticking point is
very small and usually only accounts for a few percent of the total friction, which can be
ignored. However, in some cases, such as the rough surface of hard metal sliding through
the soft metal surface, the resistance generated by the furrow effect is the main component
of friction, which cannot be ignored [16].

In the setting process of the inserted tooth slip sidetracking packer, the cemented
carbide tooth will slide through the surface of the relatively softer P110 casing to produce
the furrow, which can be simplified as a groove that has been furrowed by squeezing the
soft material after pressing a solid rough cone into the surface of the soft material (as shown
in Figure 3). Assuming that the projected area of the normal setting load support is A1, the
projected area of the furrow groove is A2.

A1 =
1
8

πd2 (1)

A2 =
1
4

d2 cot θ (2)
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Suppose the plastic yield of soft metal to be isotropic, with the yield strength of
σs, then:

Normal setting load:
P = A1σs (3)

Furrow friction resistance:
FP = A2σs (4)

Furrow friction coefficient:

fp =
FP
P

=
A2

A1
=

2
π

cot θ (5)

It can be learned from the calculation formula of the friction coefficient f p of the furrow
that, as there are various furrow areas generated by various teeth shapes, the f p value also
varies. For example: when the half cone angle θ = 60◦, the result is f p = 0.32; when θ = 45◦,
the result is f p = 0.64; when θ = 30◦, the result is f p = 1.1.

The above calculation of f p ignores the buildup of metallic material in front of the
furrow of the cone tooth and the lateral ridges. Particularly, the occurrence of buildup
increases the value of f p. Moreover, it is not entirely correct to assume that plastic yield is
isotropic. Taking these errors into consideration, the expression of f p is multiplied by the
correction factor kp, the kp values of common materials are shown in Table 1 [16].

Table 1. Correction coefficient kp.

Material Tungsten Steel Copper Tin Iron Lead

kp 1.55 1.35–1.70 1.55 2.40 1.90 2.90

When taking the adhesive friction coefficient f a and furrow friction coefficient f p into
consideration at the same time, the total friction coefficient f is:

f = f a + kp × f p (6)

4. Numerical Simulation Analysis Based on Furrow Effect
4.1. Finite Element Simulation Model

Due to the geometry of the assembly model and the symmetry of the load bearing, the
geometry model for the monolithic slip to contact the P110 casing is established (as shown
in Figure 4) by taking the four symmetrically distributed slip structure packers used for the
139.7 mm casing window sidetracking as the study object. In this model, the outer diameter
of the piston is 95 mm, the inner diameter is 50 mm, the slip wedge angle is 8◦, and for
the slip tooth setting parameters, refer to document [6]. The standard dimension for the
selection of T105 cemented carbide teeth, as well as the height of the teeth, are 2.5 mm; the
surface area of the upper end of slip is 632 mm2. The material constants of the P110 casing
are: elastic modulus E = 2.11 × 105 MPa, Poisson’s ratio v = 0.26, density ρ = 7.87 g.cm−3,
yield strength is 765 MPa, and compressive strength is 850 MPa. The ZD10U cemented
carbide with material constants of elastic modulus E = 6.4 × 105 MPa, Poisson’s ratio
v = 0.22, density ρ = 15 g.cm−3, hardness HRA 90.2, bending strength 2600 MPa, and
compressive strength 5.46 × 103 MPa, is adopted for the cutting teeth.

The hexahedral solid element C3D8R is used for the slip tooth and casing. The stress
concentration may occur on the tip of the tooth; therefore, the mesh refinement with a mesh
size of 1 mm is adopted, which satisfies the calculation requirements, according to the trial.
A tetrahedral solid element C3D4 is adopted for the slip body and the piston. The meshed
FEA model is shown in Figure 5, and the dynamic explicit analysis is adopted.



Processes 2023, 11, 573 5 of 15

Processes 2023, 11, x FOR PEER REVIEW 5 of 16 
 

 

teeth, are 2.5 mm; the surface area of the upper end of slip is 632 mm2. The material con-
stants of the P110 casing are: elastic modulus E = 2.11 × 105 MPa, Poisson’s ratio v = 0.26, 
density ρ = 7.87 g.cm−3, yield strength is 765 MPa, and compressive strength is 850 MPa. 
The ZD10U cemented carbide with material constants of elastic modulus E = 6.4 × 105 
MPa, Poisson’s ratio v = 0.22, density ρ = 15 g.cm−3, hardness HRA 90.2, bending strength 
2600 MPa, and compressive strength 5.46 × 103 MPa, is adopted for the cutting teeth. 

 
Figure 4. Assembly model of single slip. 

The hexahedral solid element C3D8R is used for the slip tooth and casing. The stress 
concentration may occur on the tip of the tooth; therefore, the mesh refinement with a 
mesh size of 1 mm is adopted, which satisfies the calculation requirements, according to 
the trial. A tetrahedral solid element C3D4 is adopted for the slip body and the piston. 
The meshed FEA model is shown in Figure 5, and the dynamic explicit analysis is 
adopted. 

 
Figure 5. Finite element model. 

According to the actual working conditions of the sidetracking packer, the axial 
thrust force that is generated by the twin-cylinder under the 25 MPa hydraulic pressure is 
306 kN. The setting load of each slip is T = 76.5 kN. After the setting process, the packer 
should bear 294 kN axial load without falling, so the axial load borne by each slip is F = 
73.5 kN. The whole calculation process is divided into two load steps. The first step is 
casing fixation, which applies radial restraints to the piston, applies fixed restraints to the 
slip bowl, and applies the setting load of T = 76.5 kN to the upper end of the piston, so 
that the piston pushes the slips to move to the casing wall along the slip bowl to achieve 
the setting. The second step is to apply radial constraints to the slip and cemented carbide 
teeth, apply 73.5 kN axial load to the upper end face of the slip, and verify the reliability 
of the slip setting. 

4.2. Taking No Account of the Furrow Effect 
Taking no account of the furrow effect, the coefficient of friction between the slip 

tooth and the casing is only the adhesive friction coefficient fa = 0.28 [9]. After the setting 
process is completed by pressing the slip tooth into the casing wall, the slip tooth slides 

Figure 4. Assembly model of single slip.

Processes 2023, 11, x FOR PEER REVIEW 5 of 16 
 

 

teeth, are 2.5 mm; the surface area of the upper end of slip is 632 mm2. The material con-
stants of the P110 casing are: elastic modulus E = 2.11 × 105 MPa, Poisson’s ratio v = 0.26, 
density ρ = 7.87 g.cm−3, yield strength is 765 MPa, and compressive strength is 850 MPa. 
The ZD10U cemented carbide with material constants of elastic modulus E = 6.4 × 105 
MPa, Poisson’s ratio v = 0.22, density ρ = 15 g.cm−3, hardness HRA 90.2, bending strength 
2600 MPa, and compressive strength 5.46 × 103 MPa, is adopted for the cutting teeth. 

 
Figure 4. Assembly model of single slip. 

The hexahedral solid element C3D8R is used for the slip tooth and casing. The stress 
concentration may occur on the tip of the tooth; therefore, the mesh refinement with a 
mesh size of 1 mm is adopted, which satisfies the calculation requirements, according to 
the trial. A tetrahedral solid element C3D4 is adopted for the slip body and the piston. 
The meshed FEA model is shown in Figure 5, and the dynamic explicit analysis is 
adopted. 

 
Figure 5. Finite element model. 

According to the actual working conditions of the sidetracking packer, the axial 
thrust force that is generated by the twin-cylinder under the 25 MPa hydraulic pressure is 
306 kN. The setting load of each slip is T = 76.5 kN. After the setting process, the packer 
should bear 294 kN axial load without falling, so the axial load borne by each slip is F = 
73.5 kN. The whole calculation process is divided into two load steps. The first step is 
casing fixation, which applies radial restraints to the piston, applies fixed restraints to the 
slip bowl, and applies the setting load of T = 76.5 kN to the upper end of the piston, so 
that the piston pushes the slips to move to the casing wall along the slip bowl to achieve 
the setting. The second step is to apply radial constraints to the slip and cemented carbide 
teeth, apply 73.5 kN axial load to the upper end face of the slip, and verify the reliability 
of the slip setting. 

4.2. Taking No Account of the Furrow Effect 
Taking no account of the furrow effect, the coefficient of friction between the slip 

tooth and the casing is only the adhesive friction coefficient fa = 0.28 [9]. After the setting 
process is completed by pressing the slip tooth into the casing wall, the slip tooth slides 

Figure 5. Finite element model.

According to the actual working conditions of the sidetracking packer, the axial thrust
force that is generated by the twin-cylinder under the 25 MPa hydraulic pressure is 306 kN.
The setting load of each slip is T = 76.5 kN. After the setting process, the packer should
bear 294 kN axial load without falling, so the axial load borne by each slip is F = 73.5 kN.
The whole calculation process is divided into two load steps. The first step is casing
fixation, which applies radial restraints to the piston, applies fixed restraints to the slip
bowl, and applies the setting load of T = 76.5 kN to the upper end of the piston, so that
the piston pushes the slips to move to the casing wall along the slip bowl to achieve the
setting. The second step is to apply radial constraints to the slip and cemented carbide
teeth, apply 73.5 kN axial load to the upper end face of the slip, and verify the reliability of
the slip setting.

4.2. Taking No Account of the Furrow Effect

Taking no account of the furrow effect, the coefficient of friction between the slip tooth
and the casing is only the adhesive friction coefficient f a = 0.28 [9]. After the setting process
is completed by pressing the slip tooth into the casing wall, the slip tooth slides down along
the casing wall under the effect of axial load, so that the plastic deformation will occur on
the inner wall of the casing and five furrows will be plowed out, the furrow stress of the
casing surface is shown in Figure 6. The furrow displacement of the casing surface is shown
in Figures 7 and 8, and the maximum furrow displacement reaches 3.09 mm. According to
the analysis results, it is known that in the simulation analysis of the inserted tooth slip
setting process, no reliable axial setting of the packer can be achieved without regard to f p.
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The five furrows on the casing surface and the corresponding six lateral ridges are
shown in Figure 9. The deepest furrow formed by five rows of slip teeth on the surface
of the casing is 0.45 mm, and the shallowest is 0.4 mm. The highest ridges on both sides
of the furrow reach to 0.4 mm, and the shortest ridge is about 0.3 mm. Therefore, during
the analysis and calculation of the inserted tooth type slip setting, not only should the f p
be taken into consideration, but the effect of the ridge on f p should also be considered.
Namely, the correction coefficient kp should be introduced.
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Figures 10 and 11 show the furrow effect caused by different types of teeth such
as spherical teeth, cone teeth, and T105 teeth. Different furrow effects are generated on
the casing surface as the packer slips are inserted by different types of teeth, and the
corresponding f p is different. Among these, the furrow effect generated by the T105 teeth
is the strongest, followed by that of the cone teeth, and the furrow effect generated by the
spherical teeth is the weakest. In general, the furrow effect is related to the sharpness of the
slip teeth tip, and the sharper the tips of the teeth are, the more obvious the furrow effect is.
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4.3. Considering the Furrow Effect and Adhesion Effect

According to the theory of adhesion proposed by Bikerman et al. [17,18], most of
the friction surfaces are under plastic contact condition. Considering the furrow effect
and adhesion effect between the friction surfaces of the slips and the casing, stimulation
analysis of packer slip setting process are carried out once again, after the introduction of
the furrow friction coefficient and the furrow friction correction factor. According to the
analysis, f a = 0.28, f p = 0.54, kp = 1.35, the total friction coefficient f = f a + kp × f p. The
simulation results are shown in Figures 12–14. Figure 12 indicates the Von Mises stress
distribution of 17 slip tooth, Figure 13 indicates the stress distribution of the casing surface,
and Figure 14 indicates the strain distribution of the casing surface.
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It can be seen from Figure 12 that an axial load of 73.5 kN is applied on the upper
end of the slips after the packer setting, and the maximum stress of some slip tooth tips
reaches 3925 MPa. The average tooth tip stress was obtained on the basis of the result of the
slip tooth FEA, and then the bending stress of 17 tooth tips was achieved by means of the
beam-bending theory. It can be learned from the data in Table 2 that the maximum bending
stress of the tooth tip is 2578 MPa, but is still less than the bending resistance of the ZD10U
cemented carbide teeth, which indicates the safety and reliability of the packer slips teeth.
At the same time, it is found that the maximum bending stress of the tooth tip has nearly
reached the bending strength of the ZD10U carbide teeth with insufficient margin. Since
the tooth stress is inversely proportional to the number of the slip teeth, the number of
slip teeth arranged is optimal when the structure of packer slips designed in this paper is
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under constant working conditions, and when the working load increases it is necessary to
increase the number of teeth in order to reduce the tooth stress.

Table 2. Bending stress of the slip tooth tip.

Tooth Number 1 2 3 4 5 6 7 8 9

Bending
stress/MPa 2192 1933 2056 2073 2173 1963 1996 1992 2473

Tooth number 10 11 12 13 14 15 16 17 —

Bending
stress/MPa 2578 2067 2108 2050 1915 1925 2364 2347 —

It can be seen from Figure 13 that, after introduction of the furrow friction coefficient
f p and the correction factor kp, the teeth of the slips feed into the casing wall to cause plastic
deformation and form a uniform and distinct tooth indentation under the setting load T
and the axial load F, that is consistent with the practical project (as shown in Figure 2).
Additionally, the disconnection of the maximum stress area of each indentation, as well
as there being no groove ploughed out on the surface of the casing, indicates that the slip
does not slide down and the packer has achieved a reliable setting.

5. Orthogonal Optimization Analysis of Slip Structure and Experiment Study
5.1. Orthogonal Optimization Analysis of Slip Structure

According to the simulation data in Figure 12 and Table 2, it can be seen that all teeth
on the slip have uneven forces and different biting depths, and there are great differences,
as shown in the red curve in Figure 15, and the number of the teeth is shown in Figure 12.
There are many factors affecting the uniformity of the depth of the slip teeth, such as the
number of cemented carbide teeth installed, the diameter of the spacing of the installed
cemented carbide teeth, the wedge angle of the slips, the installation angle of the cemented
carbide teeth, the number of slips, the stability of the setting load of the packer, and whether
the machining and installation of the slips are standard. In order to solve the uniformity
of bite depth and improve the overall setting performance of the sidetracking packer, the
orthogonal optimization analysis of the structural parameters of the sidetracking packer
was carried out on the basis of the furrow effect [19–21].
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According to the design requirements of the sidetracking packer slips, four factors
that have a significant impact on slip performance, including slip tooth installation spacing
L (factor A), the slip tooth installation angle α (factor B), the slip tooth diameter d (factor C),
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and the slip wedge angle β (factor D), are selected for the orthogonal test [22,23], and their
parameters are shown in Figure 16. According to the principle of orthogonal test [24–26], a
four-factor and three-level orthogonal test scheme L9 (34) [27,28] was designed. The test
parameters are shown in Table 3 to explore the influence rule of these four test factors on
the slip performance of sidetracking packer.
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Table 3. Orthogonal test scheme.

Test Number
Test Factor

L/mm α/◦ d/mm β/◦

1 10 75 7 6
2 10 80 10 8
3 10 85 12 10
4 15 75 10 10
5 15 80 12 6
6 15 85 7 8
7 20 75 12 8
8 20 80 7 10
9 20 85 10 6

Numerical simulation is carried out on slips of nine different schemes under setting
load (T = 76.5 kN) and axial load (F = 73.5 kN) conditions. The variation law of bite depth
of slip teeth under nine different schemes is shown in Figure 17. The numerical simulation
results of the orthogonal test are shown in Table 4. The standard deviation of the data
of each bite depth of the slips into the casing was used as the standard to measure the
uniformity of each bite depth. As can be seen from Figure 17, the bite depth of the slip teeth
in scheme 4 and scheme 7 is relatively large, and the bite depth of each tooth in scheme 4
varies greatly. The bite depth of the tooth from #1 to #7 increases significantly, and the bite
depth of #7 is almost twice as deep as that of #1. The bite depth of slip teeth in scheme 2
and scheme 9 is relatively small.
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Table 4. Orthogonal test result.

Test Number

Test Criteria

Maximum Stress of
Slip Tooth

/MPa

Maximum
Bite Depth

/mm

Bite Depth
Uniformity of

Each Tooth

1 3263 0.4523 0.0444
2 3138 0.3881 0.0308
3 3462 0.4602 0.0476
4 3876 0.6673 0.0738
5 3356 0.5196 0.0580
6 3637 0.4959 0.0540
7 3789 0.5821 0.0665
8 3532 0.4463 0.0453
9 3208 0.4137 0.0381

Range analysis is also known as an intuitive analysis method and has the advantages
of being simple to calculate, having intuitive imaging, being simple to understand, and
so on. It is the most commonly used method for analyzing the results of an orthogonal
test. Range analysis is converted into a single index orthogonal experimental design, and
the larger the range, the greater the influence weight of the selected level under this factor
on the test index [29,30]. According to the calculated data in the table, the influence of
the four factor levels on the three test indicators can be obtained. Table 5 shows the range
analysis results for the maximum stress of slip teeth; Table 6 shows the range analysis
results for the maximum bite depth; and Table 7 shows the range analysis results for the
uniformity of bite depth. According to the range analysis results, the influence of maximum
stress on alloy teeth is D > A > B > C, from large to small; the influence of maximum bite
depth is A > B > D > C, from large to small; and the influence of bite depth uniformity is
A > B > C > D, from large to small.

Table 5. Range analysis of maximum stress of slip tooth.

Parameters
Maximum Stress of Slip Tooth/MPa

A B C D

K1 3287.7 3642.7 3477.3 3275.7
K2 3623.0 3342.0 3407.3 3521.3
K3 3509.7 3435.7 3535.7 3623.3

Range R 335.3 300.7 128.4 347.6

Table 6. Range analysis of maximum bite depth.

Parameters
Maximum Bite Depth/mm

A B C D

K1 0.4335 0.5672 0.4648 0.4619
K2 0.5609 0.4513 0.4897 0.4887
K3 0.4807 0.4566 0.5206 0.5246

Range R 0.1274 0.1159 0.0558 0.0627

Therefore, the optimal combination analysis results of objective functions are shown
in Table 8.

Through orthogonal test analysis, it is found that the optimal combination of the two
optimization objective functions [31–33]—the optimal uniformity of bite depth and the
optimal stress of slip tooth—is consistent. Therefore, the optimal combination parameters
of slips can be obtained as follows: the slip tooth installation spacing L = 10 mm, the slip
tooth installation angle α = 80◦, the slip tooth diameter d = 10 mm, and the slip wedge
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angle β = 6◦. This set of slip parameters does not appear in the orthogonal test scheme
in Table 3, so another set of simulation tests needs to be added. The simulation result
for the optimal slip combination parameters is shown in Figure 18. As can be seen from
Figure 18, the maximum stress of the slip teeth decreases from 3925 MPa to 3219 MPa,
with a percentage of 17.99% decrease, and the stress distribution of each tooth is relatively
uniform. By comparing Figures 14 and 19, it can be seen that the bite depth of each tooth,
when it bites into the casing before optimization, is unevenly distributed. The bite depth
above the casing is small, while the bite depth below the casing is large. After optimization,
the shape and bite depth of each tooth are basically the same. Meanwhile, as can be seen
from Figure 15, the bite depth of each tooth after optimization is significantly reduced
compared with that before optimization, but the change range of the bite depth of each slip
tooth is small, and the standard deviation of the bite depth uniformity of each slip tooth is
reduced from 0.1366 to 0.0349, which is 74.45% lower than that before optimization.

Table 7. Range analysis of bite depth uniformity.

Parameters
Bite Depth Uniformity

A B C D

K1 0.04093 0.06157 0.0479 0.04683
K2 0.06193 0.0447 0.04757 0.05043
K3 0.04997 0.04657 0.05737 0.05557

Range R 0.021 0.01687 0.0098 0.00873

Table 8. Optimal combination of objective functions.

Optimization Objective
Parameters

A B C D

Optimal stress of slip tooth 1 2 2 1
Optimal bite depth 2 1 3 3

Optimal uniformity of bite depth 1 2 2 1
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5.2. Experiment Study

In order to verify the accuracy of the furrow effect and the simulation results, in the
case study of Sidetracking Well 2, Block Wen 116, Zhongyuan Oilfield in China, the inserted
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tooth slip sidetracking packer is employed to carry out the experiment on the casing with
a diameter of 139.7 mm, steel grade of P110, and wall thickness of 7.72 mm, as shown in
Figure 20. The purpose of the experiment is to verify the reliability of the setting process
of the inserted tooth slip, and to observe whether the slip will slide down. The basic
parameters of the experiment include a set pressure of 25 MPa, total load time of 220 s, and
total WOB of 310 kN. The loading time history is shown in Figure 21.
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The application test indicates that the inserted tooth slip sidetracking packer does
not slide down and has achieved a reliable setting. The application test results also show
that the FEA model and calculated results of the inserted tooth slip sidetracking packer,
considering the furrow effect and the adhesion effect, are correct in this paper and that the
requirements of engineering applications are basically met. Therefore, in the theoretical
research and simulation analysis of the slip, the furrow effect and the adhesion effect
between the friction surfaces of the slips and the casing need to be considered at the
same time.

6. Conclusions

According to the above analysis and experiment, the following conclusions can
be made:
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(1) In the FEA and calculation of the setting process of inserted tooth-type slip, it is
not only necessary to consider the furrow friction coefficient f p, but also the effect
of the ridge on the furrow friction coefficient f p, which requires the introduction of
correction factor kp.

(2) The corresponding furrow friction coefficient f p varies according to the different
furrow effects occurring on the casing surface caused by the various types of teeth
inserted on the packer slips. The furrow effect is related to the sharpness of the tooth
tips of the slips. The sharper the tooth tips are, the more obvious the furrow effect is.

(3) Under the dual effects of the furrow effect and the adhesion effect, the teeth of the
slip feed into the casing wall to produce a uniform and distinct indentation, and the
disconnection of the maximum stress area of each indentation, as well as the safety
and reliability of all carbide teeth, realize the reliable setting of the packer.

(4) Through orthogonal experiments, the optimal combination parameters of the slips
were obtained by taking the optimal bite depth uniformity as the objective function:
slip tooth installation spacing L = 10 mm, slip tooth installation angle α = 80◦, slip tooth
diameter d = 10 mm, and slip wedge angle β = 6◦. The standard deviation of bite depth
uniformity of the optimized slip teeth is 74.45% lower than that before optimization.

Author Contributions: Conceptualization, Q.W.; methodology, C.K.; software, Q.W.; validation, Y.L.;
formal analysis, W.F.; investigation, M.Y.; resources, R.T.; data curation, W.F.; writing—original draft
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Nomenclature
A1 is the projected area of the normal setting load support surface
A2 is the projected area of the furrow groove, as shown in Figure 3
P is the normal setting load
FP is the furrow friction resistance
σs is the yield strength
f p is the furrow friction coefficient
θ is the half-cone angle
kp is the correction factor
f a is the adhesive friction coefficient
T is the setting load of each slip
F is the axial load borne by each slip
f is the total friction coefficient
L is slip tooth installation spacing, as shown in Figure 16
α is the slip tooth installation angle
d is the slip tooth diameter
β is the slip wedge angle
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