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ARTICLE INFO ABSTRACT

Keywords: As an important tool for tripping of a drill-string, a drill-pipe (DP)-slip system directly affects both the service life

Dfilljpipe of a DP and the target depth it can reach. In this paper, a finite element (FE) model programmed in ABAQUS is

lS:h_p Insert used to simulate interactions within a DP-slip system. For this model, materials, geometric dimensions, loads, and
riction

boundary conditions were determined from an actual DP-slip system. A special attention has been paid on the
stress field of the slip insert and the DP focusing on the geometric parameter optimization of the slip insert with
regards to the stress distribution, wherein factors like a longitudinal groove number in slip insert, a number of
slip inserts, and a number of row spacing of slip inserts are considered. Numerical results show that the
circumferential stress distribution and stress distribution in the direction of DP axis change for both the DP and
slip insert and that the stresses of the inner surfaces are higher than that of the outer surfaces. Effects of geo-
metric parameters of the slip insert on the stress distributions of both DP and slip insert are studied and the

Stress distribution
Finite element analysis

corresponding optimized values are obtained, which can be used when designing slip insert tools.

1. Introduction

Energy resources are a fundamental driving force towards a coun-
try’s continuous development and progress, and the development of
several countries depends on the control of such energy sources (Zaman
and Moemen, 2017; Sikder et al., 2019). Oil and gas are the most widely
used energy resources, and their development and utilization are
important indicators of a country’s economic strength (Adeosun et al.,
2022). With the continuous depletion of shallow oil and gas resources in
recent years, conventional oil and gas discoveries have continued to
decline around the world, and drilling operations have significantly
decreased. As a result, the exploration and development of unconven-
tional oil and gas sources has gradually emerged, and drilling has
gradually shifted to deeper onshore and offshore resources (Falcone
et al., 2018; Li et al., 2018; Ali et al., 2020; Liu, 2021). Constructing oil
wells in harsh geological conditions is a technical challenge for the pe-
troleum industry as it poses considerable threats to innovative drilling
technologies (Hill et al., 2004; Jarski et al., 2011; Bordet et al., 2016;
Sun et al., 2016; Tomac and Sauter, 2018). One of the key technologies
for drilling deep resources is how to lift a drill-pipe (DP) to the wellhead
or lower it to a designated position of the wellbore (Amezaga et al.,
2014).

The DP acts as a bridge in wellbore drilling that connects the ground
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level with the underground. The mechanical properties of DPs are
important for safe and efficient drilling operations (Zamani et al., 2016;
Li et al., 2017; Belkacem et al., 2019; Chang et al., 2021; Liu et al.,
2022). During drilling operations, the task of lifting or lowering the DPs
is generally completed with hanging or supporting devices, such as an
elevator or slip (Sathuvalli et al., 2002; Awad et al., 2019). Slips are
widely used in the petroleum industry because of their convenience,
good applicability, and easy realization of mechanical lifting of DPs
(Verhoef and Rijzingen, 2015). A typical slip system is composed of
three parts: (a) slip inserts that have jagged curves that bite into the
outer DP surface, (b) slip bodies with tapered outer surfaces used to fit
with the rotary table, and (c) attached parts such as connecting elements
and controlling units (Brock et al., 2007). For a slip system, the slip
inserts are fixed into the slip bodies but can be replaced when they fail.

Fig. 1(a) shows a slip system that is commonly used to interact with
DPs in drilling operations. Under the DP axial load, the DP drives the slip
bodies downwards using frictional forces. As the slip bodies move, they
exert a radial force on the DP to clamp it. In this way, the slip inserts
support the DP by embedding slightly into its outer surface when they
are fully engaged (Flores et al., 2015; Jarski et al., 2011). It was found by
examining DPs used in real situations that die marks appear on the outer
surface of the DP (shown in Fig. 1(b)), which may cause necking or even
fractures leading to DP failures (Lu et al., 2005; Moradi and Ranjbar,
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Fig. 1. (a) A schematic view showing the DP-slip system, where the slip is installed in the rotary table and used to suspend the DP; (b) Example of DP failure due to
action of the slip inserts, where permanent die marks are shown on the external surface of the DP body and corrosion perforation (shown by the arrow) appears due to

the die marks. Adopted from Albdiry and Almensory (2016).
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Fig. 2. Schematic of the DP-slip system; (a) Longitudinal profile of the DP-slip system which includes a DP, a slip and a rotary table, where the slip is a combination
of slip insert and slip body because the slip insert is fixed into the slip body for an actual slip system; (b) Force diagram in the DP-slip system depicting gravitational

(G), normal (Ny) and frictional forces (Fyj).

2009; Albdiry and Almensory, 2016; Damjanovic¢ et al., 2019; Santus
et al., 2020). A DP failure not only creates significant safety hazards, but
also reduces the drilling efficiency and consequently increases the dril-
ling costs (Liu et al., 2016). These types of accidents can be avoided
however with using robust designs which are supported by predictive
numerical models. Hence, it is important to investigate the mechanical
behavior of DPs when using slip systems in order to implement effective
preventive measures that reduce the probability of DP failures (Hill
et al., 2004; Simpson et al., 2005; Dao and Sellami, 2012).

Several works have explored the reasons for the high probability of
failure of DPs in the contact area with the slip. Reinhold and Spiri (1959)
first discovered the DP failure problem with slips and DP contact area
through a bidirectional load in the slip area. They derived a formula for
the slip crushing load F,.,s, using a “K-factor” to describe the relation-
ship between the transverse shear force of the slip and the axial force on
the DP,

Kzﬁzl—yBStanG’ @
Fy  pgg+tand
where Fyq is the yield force of the DP, D is the outer diameter of the DP,
L is the axial length of the slip area, F, is the axial load, Fr is the
tangential load, g is the frictional coefficient between the slip body

and the rotary table, and 0 is the tapered angle of the slip body, which is
standardized by the American Petroleum Institute (API) as 9°27'45".
Subsequently, Vreeland (1961) designed eight sets of meticulous ex-
periments for the grade E DP (outer diameter of 127 mm, which is 5
inches) loaded with standard and extended length manual slips.

The experimental results were compared with the Reinhold-Spiri
predictions of Equation (1), which indicated the experimental results
agree well with the predicted values. However, using the Reinhold-Spiri
formula to calculate the yield load of the DP is non-conservative based
on the recent research by Payne et al. (2005), because the initial yield of
the DP inner diameter is approximately 20% lower than that predicted
by Equation (1). After the studies by Reinhold and Spiri and by Vree-
land, it was not until 1985 that the analysis of slip crushing restarted.
Hayatdavoudi (1985) discussed the design criteria of slips to reduce a
possibility of DP yielding. The data indicated that the deformation of the
DP inner diameter above the slip is larger than that near the slip. In
1999, Rahman et al. (1999a, b) developed an approach for fatigue
analysis of DPs, where the alternating bending stress due to dogleg, the
axial stress due to the weight of a drill-string, and stress concentration
due to die marks, are included in the analysis. In 2002, a study by
Sathuvalli et al. (2002) reported a large number of available experi-
mental data on slip crushing, which also indicated differences between
the experimental results and those from the Reinhold-Spiri model. They
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Fig. 3. FE model for the DP-slip system; (a) Global model includes rotary table, slips and DP; (b) A meshed DP with the section contact with the slip inserts is refined
to improve the accuracy of the numerical simulation; and (c) A meshed slip insert with the teeth that contact with the DP are refined.

Table 1
Boundary conditions for rotary table, DP and slip inserts in two steps.
Steps Initial Step 1 Step 2
Rotary table Fixed Fixed Fixed
DP Free Fixed Free
Slip inserts Free Free Free
Table 2
Loads for slip inserts and DP in two steps.
Loads Initial Step 1 Step 2
Slip Not loaded 1 MPa (downward) Not loaded
DP Not loaded Not loaded 88.11 MPa (downward)
Table 3

Mechanical properties of the steels used for DP-slip system.

Mechanical properties of 20CrMnMo (steel for DP and rotary table) Value

Density 7870 kg/m®
Poisson’s ratio 0.254
Young’s modulus 207 GPa
Yield strength 885 MPa
Tensile strength 1185 MPa
Mechanical properties of 20CrMnTi (steel for slip inserts) Value
Density 7870 kg/m®
Poisson’s ratio 0.254
Young’s modulus 207 GPa
Yield strength 835 MPa
Tensile strength 1080 MPa

developed a modified equation for the slip crushing load by establishing
a more accurate slip crushing model by describing the slip loading
mechanism in a more detail based on the analysis of Reinhold and Spiri.

After reviewing and analyzing the existing literature, it has been
understood that the current efforts are focused on calculating the slip
crushing load or the clamping limits of the slip (Zhang et al., 2010;
Tikhonov et al., 2017; Paslay et al., 2006), whereas the sensitivity of the
slip insert structure and geometric parameters has rarely been analyzed.
Since the slip insert creates permanent die marks on the DP, the

structure of the slip insert is of great importance (Hossain et al., 1998;
Bordet et al., 2016). However, the cost for carrying out experimental
tests for the purpose of optimizing the structure of slip insert is almost
prohibitive, as it requires the multiscale high fidelity computations
using Finite Element Methods (FEMs) (see e.g. Shahani and Sharifi,
2009; Feng and Qian, 2020; Zhang and Zhu, 2020). In 2016 and 2020,
Tang et al. (2016, 2020) proposed a FE model of the DP-slip system to
study the effects of structural parameters on mechanical performance,
including rake angles, tooth height, and tooth chamfer. However, there
are still many other factors seem to influence the mechanical perfor-
mance, such as number of slip inserts, longitudinal groove number of
slip inserts, and row spacing of the slip insert. Therefore, a detailed
modelling and a focused FE analysis related to a typical DP-slip system
are carried out here with a view to find new insights.

The structure of this paper is as follows. In Section 2, the mechanical
model of the DP-slip system is presented and supported by mathematical
modelling of the static equilibria. As a next step, in Section 3, a FE model
is developed in the parameter values are determined by referring to the
drilling system used in a real drilling application, which is followed by
the FE modelling and analysis of the mechanical behaviour of the
considered system focusing on the resulting stress fields. In Section 4,
parameter sensitivity analysis on the slip insert is conducted, including a
longitudinal groove number of slip inserts, a number of slip inserts, and
row spacing of slip inserts. Finally, conclusions are drawn in Section 5.

2. Mechanical model of the DP-slip system

In order to study the mechanical behavior of the DP-slip system, a
mechanical model of the system (Fig. 2) is developed. As seen in Fig. 2,
the system includes a DP, a slip, and a rotary table. Usually, a slip system
contains a number of slip inserts and a slip body, where the slip inserts
are fixed into the slip body. In this way, engineers just need to replace
the slip inserts rather than replace the whole slip system. According to
this real characteristic of the slip system, the slip in this model is rep-
resented as a combination of slip inserts and a slip body. For the slip, the
slip inserts bite into the outer surface of DP and the slip body contact
with the rotary table through its tapered surface. In this section, the
mechanical model presented is used to discuss the forces of the system in
an equilibrium state and the corresponding stress of both slip insert and
DP.
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Fig. 4. Stress of DP-slip system, for the parameter values: front rake angle 75°, back rake angle 35°, tooth height 2 mm, and the chamfer 0.2 mm, (a) General stress
state of the entire system, (b) Stress distribution of the DP showing the stress of the inner surface is higher than that of the outer surface, which is agree with the
theoretical analysis, and (c) Stress distribution of the slip insert showing peak stress occurs at the end of the slip insert. (Units: MPa).
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Fig. 5. (a) Stress o distribution in three positions of the slip inserts shown in Fig. 4(c) at the upper end of the contact section (in black), middle of the contact section
(in red), and lower end of the contact section (in blue). In general, the lower ends of the slip insert exhibit the highest stresses. (b) Definition of angle p. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

2.1. Frictional coefficient in the DP-slip system

As seen from Fig. 2, when the DP moves downwards under an axial
load, a relative motion occurs between the DP and the slip insert, as well
as between the slip body and the rotary table. When the DP is clamped
by the slip, the DP-slip system is in an equilibrium state that satisfies the
following equations:

3

Nip + F3 sina — Ny cosa =0
Fio—Fpcosa—Nypsina=0"

where the friction F3; and normal force N3, are related via the Coulomb
friction law:

F3 =Ny, . ()]

By substituting Equation (4) into Equation (3), the following
expression is obtained:

1 —p, tana
Np=Fp—————, 5
12 12/’[1+tana ()

where Fj; is the frictional force between the slip inserts and the DP, N1,
and No; is a pair of radial forces between the slip body and the DP, N3 is
the reaction force of the rotary table on the slip body, Fs; and y, are the
frictional force and frictional coefficient between the slip body and ro-
tary table, respectively, and a is the taper bevel angle of the slip body as
standardized by the API. As seen from Equation (5), the radial force Ny2

1y, tan a

on the DP is proportional to the axial load P and i

Moreover,

1—p; tan a
fq+tan a

obtained at a smaller y, . Therefore, the frictional coefficient between the
slip body and the rotary table should be as large as possible to reduce the
radial load. Assuming all inserts are taking an equal load, P =%, where n
is a number of slip inserts.

When a slip system is in operation, it may not be possible to tightly
clamp the DP due to the slippage. Therefore, the slip inserts can cause a

decreases with greater y,, indicating a larger radial load Ny is



L. Tang et al.

(@) (b) (c)

Journal of Petroleum Science and Engineering 220 (2023) 111163

S, Mises

(Avg: 75%)
+9.548e+02
+8.753e+02
+7.957e+02
+7.161e+02
+6.366e+02
+5.570e+02
+4.775e+02
+3.979e+02
+3.184e+02
+2.388e+02
+1.593e+02
+7.970e+01
+1.403e-01

Fig. 6. Comparison of the stress distribution between the outer surface and the inner surface of the DP in the contact region, showing the maximum stress on the
outer surface of the DP occurs in the region where the slip inserts contact the DP while the peak stress on the inner surface corresponds to the gap between each two
slip inserts. (a) Stress distribution of the outer surface, (b) Stress distribution of the inner surface, and (c) Sectional view of the stress distribution (Units: MPa).
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Fig. 7. The stress distribution for three contact positions of the outer surface and inner surface of the DP: upper contact section (blue curve), middle contact section
(red curve), and lower contact section (black curve). For both outer surface (a) and inner surface (b) stress of the upper contact section is the lowest. For the outer
surface, stress of the middle contact section is higher than that of the lower contact section while the inner surface behaviors the opposite. (Units: MPa). (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

significant damage to the DP surface. Consequently, it is necessary to
explore the conditions under which the slip system can clamp the DP.
Assuming that the frictional coefficient between the slip inserts and the
DP is y,, the frictional force between them is given as:

Fiy=Fy = u,Nyy, (6)

To ensure the DP is effectively clamped by the slip system, the
following condition must be met:

Fi, > P, 7
where P is the axial load of the DP supported by each of slip inserts.
Combining Equations (5)—(7) leads to the following formula:

My +tan
Il —p tana’

My 2 ®

As can be deduced from Equation (8), y, is proportional to y,. A large

value of y, is seen for large u,, which increases the probability of DP
slippage. Therefore, the value of y, is critical to ensure that the DP can
be clamped while also receiving a small radial force.

2.2. Stress analysis of DP in slip system

When a DP is held by a slip system, it can be regarded as a thick-
walled cylinder under a uniform external pressure due to its large
length-diameter ratio, when the yield occurs, it satisfies the following
equation:
€)]

(61 —06,) + (0 — m,,)z + (0, — m,,)z =262,

where o; is the DP yield strength, o; is the DP axial stress, and Sp is the
DP cross-sectional area:
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Fig. 8. Stress distributions of the DP and slip insert with respect to the number of longitudinal grooves, g, which changes from 0 to 5: (a) DP and (b) Slip insert. For
the 6 cases, the stress of the DP decreases and then increases, and the stress of the slip insert seems to increase with increasing the longitudinal groove number but

with small increment. (Units: MPa).

G
_Z 10
0 S (10)
The Lame formulas (Boresi and Chong, 2011) are applied to obtain
the radial stress o, and hoop stress ¢, of the DP when subjected to a

uniform external pressure as:

-4 144
O-Y(p):_l_§Q7and6¢(p):_l_§Ql an

where d and D are inner and outer DP inner diameters, p is a variable
which is between D and d, F,, is the transverse compression force, S¢ is
the lateral area of the slip body, K; is the transverse load factor, y is the
frictional angle, and Q, K; and y are given as

F, KG
v 12
o Se . S0 12)
1
K= 13
"tan(a +y)’ (13
y/:tan’l,ul. 14

The left hand side of Eq. (9) represents the stress in the DP for
extreme axial and radial loads, and when the DP reaches the yield stress,
an unrecoverable neck would appear in the clamping region. For the
outer surface of the DP, by manipulation of Egs (9)-(14), the following
expression is obtained:
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Fig. 9. (a) Stress distributions of the DP with respect to the longitudinal groove number: 0 (in black), 1 (in red), 2 (in green), 3 (in blue), 4 (in orange), and 5 (in pink
curve) and its zoom (b), showing that the optimized longitudinal groove number is 3. (c)-(h) Stress distributions of the slip inserts with respect to the longitudinal
groove number: 0 (in black), 1 (in red), 2 (in green), 3 (in blue), 4 (in orange), and 5 (in pink), showing an optimized groove number is 3 as it has the minimum peak
stress as well as a small average stress. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

G 2
(ST) = N 2 N 5055 (15)
P/ outer ( 2d° ’;'_:ﬁ) + (1 + K’SI') + (1 o4 Dl ﬁ)

D>—d? D>—d*> Sc

where % represents the limit axial load that the DP can bear. Similarly

for the inner surface of the DP, we have the following expression:

D2—-d> Sc Sc

2
(SE> = - —— Cs. (16)
P/ inner ( 202 Kr5r> T (1 +5 2DZ K,é,,) +1

As can be seen from Equations (15) and (16), (%) ~ is smaller than
mnner

(%) , which indicates that the dangerous parts appear on the inner
outer

surface of the DP for large clamping load. In this way, when the other
parameters are known, the limiting value of the axial gravity load G of
the DP that the slip system can withstand can be calculated by using
Equation (16). In terms of these theoretical results, the engineers can
apply appropriate measures to reduce DP failure in the practical
applications.

3. Numerical simulation of the DP-slip system

Ideally to comprehensively and robustly assess performance of a DP-
slip system, experimental tests with a large number of slips and DPs
would be required. However, a such approach is cost prohibitive in most
cases and a FE analysis should be used in the first instance. In this sec-
tion, the FE analysis method is utilized to model and analyze the DP-slip
system, and the distribution law of stress in the DP-slip system is
obtained.

3.1. FE model of the DP-slip system

A 3D model of the DP-slip system developed in ABAQUS using
Explicit Module, is shown in Fig. 3(a) depicting its geometry and
meshing, where panels (b) and (c) denote the DP and the slip insert,
respectively. On average, there are 6 rows and 9 columns with a total of
54 slip inserts in a typical DP-slip system. To reduce simulation time the
problem was considered as symmetrical leading to modelling of the
stress field for 1 row with 9 slip inserts interacting with a segment of the
DP. In the actual slip system operations, a downwards axial impact load
is applied on the upper end of the slip inserts before releasing the DP.
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Ninr = 9

Ninr = 8

Fig. 10. Stress distributions of the DP and slip insert with respect to the number of slip insert which changes from 7 to 12, where the longitudinal groove number is 3
for each slip insert: (a) DP and (b) Slip insert. For the 6 cases, the peak stress of the DP decreases with increasing the number of slip insert. For the slip inserts, the
stress of the slip inserts varies significantly and has small peak stress as well as small average stress when the slip insert number is 10 or 11 (Units: MPa).

Thus, the slip inserts can engage with the surface of the DP in advance
and the DP can be more reliably clamped by the slip. This method was
used in these simulations, which was not addressed in any of the pre-
vious research. The total weight of the DP was 180 tons, where 30 tons
was applied onto the pipe end of the FE model, an equal share for one
row of slip insert. This translates to a pressure of 88.11 MPa applied to
the section of the bottom of the DP. In the FE modelling, the element
type C3D8R was used for all three parts. It is known that sparse mesh
grid lead to fast but less inaccurate results. Although in FE modelling
automatic mesh grid generators have been developed to balance the
speed and accuracy of the computations, a custom made approach must
be used to account for all subtleties of geometry, contact and material
properties. As can be seen from Fig. 3, the meshes for contact areas of

both the DP and slip insert are refined to improve the simulation
accuracy.

For the DP-slip system, the frictional force is the only mechanism that
drives the slip bodies downwards, which can be seen from Fig. 2. When a
preload is applied, the frictional force between the slip inserts and the
DP as well as the frictional force between the slip bodies and the rotary
table significantly influence the working capacity of the DP-slip system
by clamping the DP. The model presented above assumes the Coulomb
friction to describe the contact between the slip bodies and the rotary
table as well as the contact between the slip inserts and the DP, with
frictional coefficients equal to 0.1 and 0.3, respectively (Sathuvalli et al.,
2002; Amezaga et al., 2014). In the FE model, penalty is used as the
friction formulation to describe the tangential behaviour. Two analysis
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Fig. 11. (a) Stress distribution of the DP with respect to the slip insert number: 7 (in black), 8 (in red), 9 (in green), 10 (in blue), 11 (in orange), and 12 (in pink) (d)
and its zoom (b), showing that the stress decreases with increasing the number of slip insert. (¢)-(h) Stress distribution of the slip inserts with respect to the slip insert
number: 7 (in black), 8 (in red), 9 (in green), 10 (in blue), 11 (in orange), and 12 (in pink), showing an optimized groove number is 10 or 11 as the slip insert has
small peak stress as well as small average stress. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of

this article.)

steps are used to load the model and determine the boundary conditions.
Boundary conditions and loads are shown in Tables 1 and 2, respec-
tively, whilst the material properties of the FE model are listed in
Table 3. In Step 1, we apply a preload to a DP in order to establish a
contact between a DP and slip inserts.

3.2. Stress responses of the DP-slip system

Based on the FE model presented above, a programme of numerical
simulation carried out is presented in this section. For the model, the
optimized parameters based on the recent study by Tang et al. (2016)
are used directly. Thus, the front rake angle (FRA) is 75°, the back rake
angle (BRA) is 35°, the tooth height is 2 mm, and the chamfer is 0.2 mm.
By running the FE model, a detailed information on the stress distribu-
tions of both slip inserts and DP has been obtained.

Fig. 4 presents the computed stress distributions which show that the
DP can be gripped by the slip inserts and a relative sliding doesn’t
appear, where the overall stress field of the whole system is depicted in
Fig. 4 (a). As can be seen from Fig. 4(b), the stress in the middle section
of the DP shows higher values than other sections because of the

interaction between the DP and slip inserts. For a certain part of the DP,
it is interesting that the stress of the inner surface is higher than that of
the outer surface, which coincides with the theoretical results presented
in Section 2.2 as well as the works conducted by Bai et al. (2016), Wang
and Koizumi (2017), Alrsai et al. (2018), and Fernandez-Valdés et al.
(2020). Fig. 4(c) shows the stress distribution of one of the slip inserts.
According to the field experience, slip inserts are prone to fail at two
ends. Hence for the purpose of comparison, three positions are investi-
gated including the upper end of the contact section (in black), middle of
the contact section (in red), and lower end of the contact section (in
blue). Fig. 5(a) shows the stresses at three positions of the slip insert
marked in Fig. 4(c) whilst Fig. 5(b) shows the definition of angle p
depicted in Fig. 5(a). It is seen from Fig. 5(a) that the stress of the lower
region of the slip inserts is the largest. In the figure, the curves are
discrete, this is because there are grooves in the slip inserts. For the
lower region of the slip insert, the stress value keeps uniform and high.
For the upper and middle regions of the slip inserts, however, the stress
distributions vibrate frequently along the circumferential direction. This
result can be used to explain why some failure phenomenon (plastic
deformation, abrasion, and fracture) of the slip insert first appears on its
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Fig. 12. Stress distributions of the DP and slip insert with respect to the row spacing of slip insert, 8,,w, which changes from 0 to 2.5 mm, where the longitudinal
groove number is 3 for each slip insert and the slip insert number is 10: (a) DP and (b) Slip insert. For the 6 cases, the DP reaches its smallest peak stress when the row
spacing is 0 mm and highest peak stress when the row spacing is 0.5 mm. For lowest row of the slip insert, the peak stress increases and then decreases and has small

peak stress when the row spacing is 0.5 mm (Units: MPa).

edges.

Apart from the stress distribution in different positions of the slip
insert, the stress distribution at various locations on the DP is also
studied. The stress distribution of the DP-slip system is shown in Fig. 6 in
three different of views and the stress of the upper, middle, and lower
positions at the contact region of the DP are shown in Fig. 7. For the DP,
the three positions are similar to the three positions of the slip insert
shown in Fig. 4(c). To get even better insight, the stress distribution of
outer surface and inner surface are shown in Fig. 6(a) and (b). In addi-
tion, Fig. 6(c) is presented to provide a sectional view of the two surfaces
of the DP.

As can be seen from Fig. 7(a) showing the stress distribution on the
outer surface of the DP, the DP stresses on the upper, middle, and lower
positions of the contact area are distributed in a form of petal. The DP
stress along the axial direction of the outer surface is largest in the
middle position, which is followed by the lower position and is smallest
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at the upper position. Meanwhile, the peak stress on the outer surface of
the DP occurs in the region, where the slip inserts contact the DP. The
stress distribution shown in Fig. 7(a) corresponds to the stress given in
Fig. 6(a).

As shown in Fig. 7(b), the stress distribution on the inner surface of
the DP is gear-shaped and appears cyclically in the circumferential di-
rection. The DP stress along the axial direction of the inner surface is the
largest at the lower position, which is followed by the middle position.
The stress curves along the circumferential direction are smooth as there
are no zigzag fluctuations, which is contrary to the results shown in
Fig. 7(a). Meanwhile, the peak stress of the DP occurs at the inner sur-
face, which corresponds to the gap between the two slip inserts. In
general, the distribution of the slip inserts is axisymmetric and the stress
distribution on the DP is roughly axisymmetric in the circumferential
direction. Stress fluctuations cause the stresses generated by the axial
and radial loads to be unevenly distributed over the interaction surface
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Fig. 13. (a) Stress distribution of the DP with respect to the row spacing of the slip insert, 8oy: 0 mm (black curve), 0.5 mm (in red), 1 mm (in green), 1.5 mm (in
blue), 2 mm (in orange), and 2.5 mm (in pink) and its zoom (b), showing that the DP has a small stress for the case without row spacing. (c)—(h) Stress distribution of
the slip inserts with respect to the row spacing of the slip insert: 0 mm (in black), 0.5 mm (in red), 1 mm (in green), 1.5 mm (in blue), 2 mm (in orange), and 2.5 mm
(pink), showing that both peak stress as well as average stress of the slip insert reach their smallest values when the row spacing of the slip insert is 0 mm. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

of the contact area. At the same time, the peak stress of the DP occurs in
the contact region and, therefore, is the peak stress on the DP inner
surface. For the radial direction positions of the same cross section, the
stress on the DP inner surface is significantly greater than that on the
outer surface.

4. Parametric sensitivity analysis

The results of the parametric sensitivity analysis for the DP-slip
system are shown using the following parameters as determined by
Tang et al. (2016): FRA of 75°, BRA of 35°, tooth height of 2 mm, and
chamfer of 0.2 mm. However, there are many other factors affecting the
behavior and performance of slip inserts, for example groove number
and row spacing. In this paper, the effects of the longitudinal groove
number of the slip insert, the number of slip inserts, and their row
spacing on the mechanical behaviors of the DP-slip system are analyzed.

4.1. The longitudinal groove number of slip inserts

To date, the effects of the longitudinal groove number of the slip
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inserts, ngye, on the mechanical behavior of the DP-slip are still un-
known. This section considers these effects using the FE model described
above. Figs. 8 and 9 show the stress distributions of the DP and slip
inserts, as the longitudinal groove number of the slip insert, ngye,
changes from 0 to 5. As seen from Figs. 8(a) and 9(a), an increase in the
longitudinal groove number of the slip insert causes the stress of the DP
at first remain nearly unchanged, and then decrease before finally
increasing. When the longitudinal groove number is from 3 to 5, the
maximum stress of the DP has a small value for the 6 cases studied. As
shown in Figs 8(b) and 9(c)-(h), the stress has a small average stress for
the case without longitudinal groove and large average stress when the
groove number is 5. When the longitudinal groove number is from 3 to 5,
the average stress seems to keep constant. When regarding to the peak
stress, however, the stress is more uniform when the groove number is 3.
By combining the stress distributions of the DP and slip insert, an opti-
mized value for the groove number is 3.

4.2. The number of slip inserts

The effect of the number of slip inserts, nj,, on the mechanical
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behavior of the slip insert-DP system is studied, with the slip insert
number changing from 7 to 12. Figs 10 and 11 show the stress distri-
bution of the DP and slip insert with respect to the number of slip insert,
Ninr, When the longitudinal groove number is 3 for each slip insert. As
seen from Figs 10(a) and 11(a), with an increase in the number of slip
insert, nj,y, the peak stress of the DP decreases gradually. In general, the
maximum stress of the DP has a small value when the number of the slip
inserts is from 10 to 12 for the 6 cases studied. For the slip inserts, it is
shown in Figs 10(b) and 11(c)-(h), that the stress of the slip inserts varies
significantly for the 6 cases studied. Considering the stress of the DP, and
stress of the slip insert, the suggested number of slip inserts is 10 or 11.

4.3. Row spacing of the slip insert

The row spacing, 8;ow, is another important factor for the slip insert
structure. Based on the field experience and the existing structure of the
slip insert, the row spacing, 8;ow, changes from 0 to 2.5 mm in steps of
0.5 mm. Figs. 12 and 13 show the stress distribution of the DP and slip
insert with respect to the row spacing of slip insert which changes from
0 to 2.5 mm. As shown in Figs 12(a) and 13(a), the DP reaches its
smallest peak stress when the row spacing is 0 mm and highest peak
stress when the row spacing is 0.5 mm. For the stress of the slip insert
shown in Figs 12(b) and 13(c)-(h), its smallest peak stress as well as
average stress are reached when the row spacing is 0 mm. Combining
with the stress of the DP and slip insert, 0 mm is an optimal value for the
row spacing of the slip insert.

5. Conclusions

In this paper, a DP-slip system has been studied in detail through a
combination of theoretical and FE analysis. The model has been set up in
a way to take into account the properties of an actual DP-slip system,
particularly regarding the typical materials, geometric dimensions,
loads and adequate boundary conditions. It is found that the frictional
coefficient u; between the slip body and the rotary table significantly
influences the radial load distribution on the DP and the ability of the
slip to clamp it in place. The theoretical model developed in this paper
confirms that the DP can be securely clamped using the slip system for a
small value of a frictional coefficient y;, but the DP will carry a larger
radial load as a consequence. Therefore, the value of y; should be
considered comprehensively in practical applications. By comparing the
ultimate axial load that the inner and outer surfaces of the DP can bear,
the results presented in this paper show that the dangerous zones appear
on the inner surface of the DP, which itself is consistent observations
from the drilling field.

The simulation results indicate that the stresses generated by the
axial and radial loads are not uniformly distributed on the contact area
between the DP and the slip inserts, but instead are concentrated within
certain areas. The maximum stress of the inner surface of the DP occurs
in the gap between each the two slip inserts, making the stress of the
inner surface of the DP oscillate periodically along its circumference. For
the stress distribution of the slip insert, the maximum stress occurs at its
lower end, which can be of interest to manufacturers to pay more
attention to the processing quality of the lower end of the slip.

The parametric sensitivity analysis carried out in this work, considers
the effects of the longitudinal groove number of the slip inserts, the
number of the slip inserts, and the row spacing of the slip insert on the
mechanical behavior of the whole DP-slip system. By comparing the
stress distributions of the DP as well as the slip insert, the optimized
values of the longitudinal groove number of the slip inserts, the number
of slip inserts, and the row spacing of the slip insert can be identified as
3, 10, and 0, respectively.
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