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Abstract

The clamping tong is a key component of the iron roughneck. During the work process, the tong dies of
the clamping tong contact with the drilling tool directly and bear a significant force. The quality of the
tong dies has a significant impact on both the operational efficiency of the iron roughneck and the service
life of the tubular components it engages with. This paper, based on the actual working conditions of the
tong dies, designs the clamping tong for iron roughneck, and focus on tooth profile analysis and
parameter optimization of the tong dies. The contact between the tong dies and the drill string is studied,
and the equivalent friction coefficient as well as the necessary conditions to prevent slippage are
calculated. Additionally, the biting depth and biting conditions of the tong dies are computed. Finally,
using the orthogonal experimental method, the correlation between four factors and the equivalent
friction coefficient is established, and the optimal value range for these factors is determined. The paper
concludes with a simulation-based analysis to identify the optimal parameters for the tong dies.
Keywords

iron roughneck, clamping tong, tong dies, mechanical analysis, tooth profile analysis, strength analysis,

orthogonal experimental method

1. Introduction

The iron roughneck is a multifunctional, safe, and efficient drilling tool make-up and breakout device,
and is an important auxiliary equipment in automated drilling systems in oilfields. The clamping tong is
a key component of the iron roughneck. The tong dies of the clamping tong are contact with the drilling
tool directly, bearing a large force and easily damaged. Frequent replacement of the tong dies will directly
affect the work efficiency of the iron roughneck, and Unreasonable design of tong dies can directly affect

the service life of the drilling tools in contact with them. Since the tong dies are a consumable part, in
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order to extend their service life, it is necessary to improve the contact state between the tong dies and
the drilling tool, increase the strength of the tong dies, and overcome the wear and breakage of the die
teeth during the make-up and breakout operations.

Currently, Yancheng Teda Drilling & Production Equipment Co., Ltd. has developed a friction-type tong
die. This friction-type tong die enables the make-up and breakout of tubing without causing damage to
the tubing. However, it accelerates the wear of the friction material, leading to frequent replacements of
the friction elements, which, to some extent, reduces the operational efficiency of the iron roughneck.
Great Wall Drilling Engineering Co., Ltd. has developed a tooth-mark-free friction-type tong die. This
new type of tong die addresses the issue of tooth marks caused by the tong dies on drill pipes and other
tubular components during use, causing minimal damage to the drill pipes and extending their service
life. However, its application is limited to low-torque situations, significantly restricting its usage range.
The Institute of Metal Research, Chinese Academy of Sciences, has developed a composite oil drilling
large tong die. This tong die consists of a base plate and composite teeth. The base plate is made from
high-toughness structural steel, and the teeth are made from metal matrix composite materials. The teeth
can be designed in straight-line, curved, or patterned structures. The tooth plate and teeth are bonded
together through diffusion welding. After diffusion welding, the transition layer has a higher
concentration of alloy elements. By subjecting the base material to tempering treatment, the strength of
the material is improved, ensuring that it does not crack during use. Its wear resistance is several times
higher than steel. The advantage of this tong die is its greatly increased service life and significantly
reduced overall cost. However, during the make-up and breakout process, it is prone to causing larger
tooth marks on drill pipes and other tubular components.

Although the tong dies of the iron roughneck are relatively well-developed, they still have the following
issues: The load distribution between the tong dies and the drilling tool is uneven, stress concentration is
likely to occur under the influence of clamping force and torque during operation. This can result in tooth
marks on the surface of the drilling tool and damaging it, accelerating wear on the tong dies and reducing
the service life of both the tong dies and the drilling tool. Therefore, it is necessary to conduct an analysis
from the perspectives of the tong dies’ geometry, overall load-bearing conditions, and wear patterns.
The tong dies are studied from the following aspects in this paper: material selection, tooth profile
analysis, mechanical analysis, and contact condition analysis. Based on this, with the objective of
achieving less than 1.2mm tooth marks on the drill string, longer service life of the tong dies, and
providing greater torque, an orthogonal experiment is conducted to investigate the relationship between
various parameters of the tong dies and the friction coefficient, in order to identify the optimal parameters.
Finally, simulation experiments are conducted to analyze and determine the best parameters for the tong

dies.
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2. Structure of the Clamping Tong and Material of the Tong Dies plate

In the work of the iron roughneck, the first step is to extend and clamp the drilling tool with the clamping
tong on both sides under the action of driving force, and then perform subsequent drilling tool make-up
and breakout operations. The tong dies of the clamping tong contact with the drilling tool directly, and
after long-term operation, they may fail due to wear on the tooth surface, brittle fracture of the tooth root,
and other reasons, and cannot meet the normal working requirements, making them vulnerable parts.
Therefore, the design of clamping tong should optimize the structure and parameters of the tong dies,
thereby increasing the service life of the tong dies and reducing damage to the drilling tools. On the other
hand, it is necessary to consider the ease of replacement after the tong dies wear out. Based on this usage

requirement, the designed clamping tong structure is shown in Figure 1.

1. Base, 2. Lower guide rail, 3. Upper guide rail, 4. Screw, 5. tong dies plate
Figure 1. Structure of Clamping Tong

The clamping tong consists of a base, a lower guide rail, an upper guide rail, screws, and a tong dies
plate. The upper and lower guide rails play a guiding role when the clamping tong extends and retracts.
The front end of the base has a groove for positioning the tong dies plate, and the tong dies plate is
connected to the base with screws. The tong dies front end face of the tong dies plate is designed as an
arc-shaped structure, and the radius of this arc is the same as the radius of the clamped drilling tool. When
working, select the matching tong dies plate according to the specifications of the drilling tools, so as to
ensure that the contact surface between the tong dies and the drilling tools reaches the maximum, thereby
improving the stress state. The groove structure and screw connection method at the front end of the base
ensure the installation accuracy and good stress state of the tong dies plate, while also facilitating the
replacement of the tong dies plate.

The tong dies of the clamping tong pliers bear significant forces in working engineering and is vulnerable
parts. Therefore, while ensuring work efficiency, the frequency of replacement should be minimized as
much as possible. Considering various factors, 20CrMnTi is selected as the material for the tong dies

plate.
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3. Analysis of the Tooth Profile of Tong Dies

3.1 Mechanical Analysis of the Tong Die Tooth Profile Angle

This paper selects tong dies of the clamping tong as the research object and conducts a mechanical
analysis of the tooth profile angle. A cross-sectional diagram of the tong die is shown in Figure 2, where
surface AC represents the front face of the tooth, AB represents the rear face, a; is the front angle of the
tooth, a» is the rear angle of the tooth, f is the top angle of the tooth, % is the tooth height, and L is the
thickness of the tong die tooth plate. During the breakout process, under the action of the clamping force,
the tooth tip applies a normal pressure to the surface of the drilling tool. The tong die also transmits the
breakout torque to the drilling tool through friction. At this moment, the tong die experiences a reaction
force from the drilling tool. P represents the radial pressure acting on the tong die, and Q represents the

tangential friction force acting on the tong die.

Figure 2. Cross-sectional Diagram of the Tong Die

The study of the force condition of the tong dies of the clamping tong falls under the force problem of
the wedge angle in elastic mechanics. By applying Michel’s solution, the force conditions of any point
(p, 6) within the cross-section of the tong die in polar coordinates, with the tip of the tooth (point A) as
the origin and the line AD as the polar axis, can be obtained as follows:
_g[ Pcos® , Qsing j

p\p+sing  p-sing

0,=0

%,
(1)

7,0 =Ty, =0

In the equation, g, represents radial stress; gg represents tangential stress; 7,9 represents shear stress on
the radial-tangential plane; 74, represents shear stress on the tangential-radial plane.

If the stresses on both sides of the tong dies of the clamping tong are made equal, when the direction of
the polar axis coincides with the bisector of the tooth apex angle, then we have g,(6) = g,(—6). Substituting

this into equation (1) gives:
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Given f # 0 and sin 8 # 0, equation (2) is always valid when O = 0 is considered. At this point, the stress
conditions on both sides of the tooth apex bisector of the tong die are identical. Since the tong die only
experiences radial pressure P, the resultant force of the radial force P and tangential force Q is simply
the radial pressure P. As the direction of the radial force P coincides with the direction of the polar axis
AD, and the direction of the polar axis coincides with the bisector of the tooth apex angle, the direction
of the radial force P coincides with the bisector of the tooth apex angle as well. This means that when
the resultant force of the radial pressure P and the tangential frictional force Q aligns with the bisector of
the tooth apex angle, the stresses on both sides of the tong die are the same. Under this structural
arrangement, the internal stress distribution of the tooth body is uniform, which is more favorable for the
tong die to perform its function.
During the tonging process, the radial pressure P and the tangential frictional force O are not constant.
As the upper tong body rotates and the tightness between the drilling tool threads changes, the radial and
tangential forces will also vary. Furthermore, the direction of the resultant force of the radial and
tangential forces will change due to slight wear on the tooth tip during operation. Therefore, it is
impossible to ensure that the direction of the resultant force on the tong die always aligns with the bisector
of the tooth apex angle. If the resultant force on the tong die remains within a certain range, such that the
direction of the tooth apex bisector falls within the range of the resultant force’s angle, it can ensure that
the direction of the bisector is as close as possible to the direction of the resultant force, thereby making
the stress distribution on both sides of the tong die approximately the same.
Under the assumption that the tong die is not embedded into the drilling tool, since the radial force P is
a compressive force and the tangential force Q is a frictional force, their ratio is the coefficient of friction
f,ie, f=Q/P=tang, where ¢ is the friction angle. Typically, the coefficient of friction between
the tong dies and the drilling tool, without lubrication, is denoted as f € (0.15, 0.3), and in this study,
the static friction coefficient is denoted as f =0.15. After determining the tooth apex angle S, the tooth
front angle ¢ = f/2-¢pand the tooth back angle ¢,=/f/2+¢ can be obtained. However, during the
tonging process, there will be a significant tonging torque and clamping force, causing the tong die to
embed into the drilling tool. At this point, the coefficient of friction f will increase, which in turn
increases the friction angle ¢. Consequently, the tooth front angle will decrease, and the tooth back angle
will increase. Regardless of whether the tong die is embedded into the drilling tool, the stress
requirements must be met for the tooth body. Therefore, when designing the tooth front angle, the impact
of the friction angle on the tooth apex angle in the non-embedded state is the primary factor, while when
designing the tooth back angle, the effect of the friction angle in the embedded state on the tooth apex
angle is the main consideration.
3.2 Calculation of Tong Die Height

The main basis for calculating the height of the tong die is to ensure that the root of the tong die reaches
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the required strength. When the tooth front angle and tooth back angle of the tong die are the same, the
greater the height of the tong die, the greater the stress on the front and back faces of the tooth. In this
case, the stress distribution decreases gradually from the tooth tip to the tooth root. Since the stress
distribution is uneven, it is particularly important to analyze the height of the tong die. The height of the
tong die is denoted as 4. In the established polar coordinate system, the stress at the root of the tooth can

be expressed as:

c,=-—

2( Pcosg  Qsin® J 3)
ﬂ+smﬂ p-sinp

Based on the cross-sectional diagram of the tong die, the relationship between 8 and 4 can be expressed
as:
y = pcosd=—h )

By solving equations (3) and equations (4) simultaneously, the following can be obtained:

o - 2h{ P Q\/T} o.] )

B+sinB  h(B-sinp)

The result can be organized as follows:

_— 2hP_ 2Q\/ o, +0, <[G ] (©6)
Yo, (ﬂ+sm,8) 2(B- smﬁ)

Where:

e B 0
P’ (B+sin )

VARSI S T L S ®)
p (p-sinp)” p-sinp

In the equation, oy represents the vertical stress at the root of the tong die; o, represents the horizontal

O, =

stress at the root of the tong die.

Where the domains of ¢ and p are defined as: §e(a,,01), pe(-hcosa,,~hcosa, ).

2
In equation (8), let m:iz_h—4,n— ! >

P op P’

m =n—n2h? ©)

By differentiating equation (9) with respect to n, we get:

3’: _1-2hn (10)

Let equation (10) equal 0, then a achieves n=21/2h?> maximum value at:

1 h? 1
L TR R an

Through calculations, it is found that the stress on the root of the tong die mainly comes from radial and

tangential loads. The magnitude of the stress increases with the increase in radial and tangential loads,
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and the coefficients are related to the height of the tong die /. From equation (7), it can be concluded that
when the radial force P is fixed, o1 is proportional to the height of the tong die 4, and o is the main
component of the stress on the tooth root. At different positions along the tooth root p, the radial stress
will change, with the maximum vertical stress on the entire tooth root occurring at point p = . From
equation (8) to equation (11), it can be concluded that when the tangential force Q is fixed, o> decreases
with the increase of the tong die height 4. At different positions along the tooth root p, the tangential
stress will change, with the maximum horizontal stress on the entire tooth root occurring at point
p= \J2h. Therefore, the maximum radial stress and maximum tangential stress at the tooth root must
both meet the design requirements, which can then be used to calculate the range of the tong die height

h.

4. Analysis of the Contact Conditions Between the Tong Die and the Drilling tool

When the tong die of the clamping tong comes into contact with the drilling tool, under the action of the
clamping force, the tong die will undergo slight deformation. To simplify the analysis, the theoretical
model must satisfy the following two assumptions: Both the tong die of the clamping tong and the drilling
tool are elastic bodies, and the elastic deformations that occur during the tonging process are assumed to
be small. The tong die of the clamping tong is symmetrically distributed on both sides of the drilling tool,
and the drilling tool itself has symmetry. Environmental factors are not considered, and the stress
conditions on both sides of the tong die and the drilling tool are assumed to be the same.

4.1 Equivalent Coefficient of Friction and Anti-Slip Conditions

During tonging, a straight-tooth tong die is selected. Since the tong die is used to grip the drilling tool
and provide torque, a vertical tooth tong die is chosen, which is parallel to the axis of the drilling tool.
The schematic diagram of the cross-sectional view of the tong die clamping the drilling tool during the

tonging process is shown in Figure 3:

Figure 3. Schematic of Clamping State

During the entire tonging process, under the action of the clamping hydraulic cylinder, the tong die is
moved toward the drilling tool until the tip of the tong die contacts the outer wall of the drilling tool. The
clamping hydraulic cylinder maintains the oil pressure, which is transmitted to the tong die as radial force

P. Afterward, the tonging hydraulic cylinder operates, generating the tonging torque 7. At this point, the
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torque 7 is transmitted to the drilling tool through the frictional force generated between the tong die and
the drilling tool. When the tong die bites into the outer wall of the drilling tool, the structural diagram is

shown in Figure 4.

Figure 4. Structural Diagram of Biting State Figure 5. Force Analysis Diagram

According to Figure 4, it can be seen that: a; is the tooth front angle, o, is the tooth back angle, f is the
tooth apex angle, R is the radius at the drilling tool joint, r is the radius of the transition curve of the tooth
apex angle, 7 is the depth at which the tong die bites into the drilling tool, s is the width of the tong die’s
bite into the drilling tool, 4 is the height of the tong die, g is the circumferential distance between the tips
of the two tong dies. Since make-up and break-out are inverse processes, the tooth front angle during
make-up is equal to the tooth back angle during break-out, so it can be inferred that a1 = a> = /2. At this
point, the cross-section of the tong die is an isosceles triangle. The tangential force Q exerted by the tong
die on the drilling tool is used to transmit the torque 7. The lever arm of the tangential force acting on
the drilling tool is calculated as the minimum value R — . If the number of the tong die teeth is m, the

expression for the tangential force Q is:

Q=— (12)
m

(R-t)

From a microscopic perspective, during the tonging process, the tong die bites into the surface of the
drilling tool. At this point, compressive pressure is generated between the front face of the tong die and
the drilling tool to transmit the torque, and frictional forces exist between the contact surfaces. Taking
the clockwise torque generated by the tonging hydraulic cylinder as an example, the force conditions
between the tong die and the drilling tool are shown in Figure 5.

In Figure 5, P is the normal pressure transmitted to the tong die by the clamping hydraulic cylinder, Q is
the tangential force between the tong die and the drilling tool, and Fris the frictional force between the
contact surfaces. The tangential force O is decomposed into two components: one along the direction of
the frictional force and the other perpendicular to it. These components are (i, which is the component

perpendicular to the contact surface, and (>, which is the component along the contact surface. The angle
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between O and Q is denoted as .
Based on the force balance, the expression for the frictional force Fycan be obtained as:

F=Qf (13)
In the equation, f'is the coefficient of friction between the front face of the tong die and the surface of the
drilling tool. Here, /= 0.2.

Where the relationship between the component force Q; and the tangential force Q is:

Q, =Qcos LOFE (14)
In AOEF , the sine formula can be used to obtain:
R _ OE (15)
sin ZFEO  sin ZOFE
Further simplification leads to:
sin LOFE:O—REsin o, (16)
Where OE =R+r—t—r/sin¢,, when substituted into equation (16), gives:
r
R+r-t- )
. i . sing, (R+r—t)-r
smLOFE:%smal: A = ) (17)

From Figure 5, it can be seen that £ OFE =y, and thus the expression for the component force O

perpendicular to the contact surface, can be obtained as:

~ T _[sinozl(R+r—t)—r]2 18
Ql_QCOSW_m(R_t)\/l =7 (18)

Since during the tonging process, the tong die continuously grips the drilling tool, and the two remain in
a relatively stationary state, the overall force balance can be established. Based on the mechanical

relationships, the following can be obtained:

{P:QsinLFOEJrFf cosa, (19)
Qcos LFOE =F; sine,
Further simplification leads to:
sin ZFOE = L f cosy cosa,
Q (20)

cos LFOE = f cosy sine,

Where f, = O/P, and f, is the equivalent coefficients of friction when the tong die comes into contact with

the drilling tool, and their expression is:
21
o L @

v : - : -
sing (R+r-t)-r : sing, (R+r—t)—r
fCOSal\/l—[ y Rz )=r] + [1- f2sin 1—[ i = )-1]
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Based on the relationship between the clamping force P and the tonging torque 7, the following can be
obtained:

T =Pf,(R-t) (22)
To ensure that no slipping occurs between the tong die and the drilling tool during the tonging process,
and that they remain in a relatively stationary state, a sufficiently large clamping force is required so that
the frictional torque exceeds the tonging resistance torque. This will meet the practical working

requirements. In other words, the clamping force P should satisfy the following relationship:

_Tr 23
PZ(R—t)fV (23)

Only when the clamping force P satisfies equation (23) can the tonging action be successfully carried
out. If the tip of the tong dies experiences wear, the equivalent coefficient of friction f, will decrease,
requiring a larger clamping force to meet the working requirements. Otherwise, slippage may occur,
leading to further damage to both the tong die and the drilling tool surfaces. Therefore, since the tong die
is a vulnerable component, it should be regularly replaced to prevent slippage from occurring.

4.2 Tong Die Insertion Depth and Insertion Conditions

During the process of clamping the drilling tool, the tong die will bite into the surface of the drilling tool.
At this point, both the tong die and the drilling tool surface will undergo elastic and plastic deformations
sequentially. When the tong die first contacts the surface of the drilling tool, elastic deformation occurs.
As the clamping force increases, the tip of the tong die and the surface material of the drilling tool
gradually reach the limit stress, causing yielding in the contact area of the metal material, which results
in plastic deformation. As the depth of the tong die biting into the drilling tool surface increases, the
contact area between the tong dies and the drilling tool surface continues to grow. When the generated
tangential frictional torque is sufficient to overcome the tonging resistance torque, the tong die stops
biting further into the drilling tool, reaching a state of equilibrium. The insertion depth ¢ can be calculated

based on the yielding degree of the tong die’s clamping part. According to Figure 4, it can be seen that:

s=2rsin(90°—«,) (24)
t=r—-rcos(90—¢«,)
Where a1 = ax = /2, further simplification leads to:
fo_S _Stane, _sf 1 _tang, (25)
2cosa 2 2\ cosay
In the model of the tong die engaging with the drilling tool, there exists:
L (o] 26)
kmls

In the equation, [o;] is the yield strength of the material of the outer wall of the drilling tool, and & is the
safety factor, and m is the total number of tong die teeth, and / is the length of each tong die along the
axis of the drilling tool, and s is the width of the tong die’s bite into the drilling tool.

By combining equation (25) and equation (26), the insertion depth ¢ can be obtained as:
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t=—P [ 1 g, 27)
2kml[o ]\ cos

The stress generated by the clamping force P on the extrusion surface between the tong die and the

drilling tool is:

P
mA,

To ensure that the tip of the tong die can bite into the surface of the drilling tool, the clamping force P

- (28)

needs to satisfy the following relationship:

P>2ml [o-s]\/(l— f2sin® o, )R® + f7sin” [ siney, (R+1—t)— r] (29)

Where [o] is the allowable yield strength of the material of the outer wall of the drilling tool.

5. Orthogonal Experiment of the Tong Die of the Clamping tong

During the process of the tong die of the clamping tong clamping the drilling tool, as derived from
equation (21), the equivalent coefficient of friction f,, which determines the contact effect between the
tong die and the drilling tool surface, is influenced by multiple variables, including the bite depth ¢, the
tooth apex radius r, the tooth front angle a;, and the radius at the drilling tool joint R. To determine the
optimal parameter combination, an orthogonal experiment is conducted for analysis. The design of the
orthogonal experiment involves four influencing factors, each with four different levels, as shown in
Table 1. By arranging and combining the different levels of these factors, and systematically evaluating
the impact of different combinations on the equivalent coefficient of friction, the best parameter
combination can be identified to increase the equivalent friction coefficient and improve the contact

effect between the tong die and the drilling tool.

Table 1. Orthogonal Experiment Factors and Levels Distribution

Factor  Bite Depth Tooth Apex Radius  Tooth Front Angle Radius at Drilling tool Joint

Sign ¢t (mm) 7 (mm) a1 (°) R (mm)

1 0.3 0.5 30 66.7 (101.6 Drilling tool)
2 0.6 1.0 40 79.4 (114.3 Drilling tool)
3 0.9 1.5 50 84.15 (127 Drilling tool)
4 1.2 2.0 60 88.9 (139.7 Drilling tool)

The orthogonal experimental method can effectively reduce the number of experiments and result in a
more uniform data distribution. Finally, the data results are summarized and analyzed using the range
analysis method or analysis of variance, leading to reliable conclusions. The experimental arrangement of

an orthogonal experiment is typically expressed in the form of an orthogonal table. In an experiment
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involving four factors, each with four levels, the standard orthogonal table chosen is Lis(4%). Here, L
represents the orthogonal table code, 16 is the number of experiments, and 4 represents the number of
levels for each factor. The experimental plan and results of the orthogonal experiment are shown in Table

2.

Table 2. Orthogonal Experiment Plan and Results

Experiment No. ¢t (mm) 7 (mm) o1 (°) R (mm) Results
1 1 1 1 1 0.8720
2 1 2 2 3 0.8983
3 1 3 3 2 0.9270
4 1 4 4 4 0.9550
5 2 1 3 3 0.9271
6 2 2 4 1 0.9545
7 2 3 1 4 0.8716
8 2 4 2 2 0.8976
9 3 1 2 4 0.8981
10 3 2 1 2 0.8716
11 3 3 4 3 0.9543
12 3 4 3 1 0.9259
13 4 1 4 2 0.9540
14 4 2 3 4 0.9264
15 4 3 2 1 0.8971
16 4 4 1 3 0.8711

After calculating the experimental results, it is necessary to perform a comparative analysis of the results
and summarize the conclusions. This paper uses the range analysis method to analyze the orthogonal
experimental results. The range analysis method, as a simple and intuitive statistical analysis technique,
evaluates the impact of different factors on the experimental results by calculating the range of the
average values of the experimental results corresponding to each level. It can quickly reveal the
significance of the impact of different factors on the experimental outcomes. The range analysis results

of the orthogonal experiment are shown in Table 3.
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Table 3. Orthogonal Experiment Range Analysis Table

Factors 1 Average 2 Average 3 Average 4 Average Range
Bite Depth 0.9131 0.9127 0.9125 0.9122 0.0009
Tooth Apex Radius 0.9128 0.9127 0.9125 0.9124 0.0004
Tooth Front Angle 0.8716 0.8978 0.9266 0.9545 0.0829
Radius at Drilling tool Joint  0.9124 0.9126 0.9127 0.9128 0.0004

From Table 3, it can be seen that the range of the average experimental results corresponding to different
levels of the tooth front angle a; is much larger than the range values of the other three factors. Therefore,
the tooth front angle a; has the most significant impact on the equivalent coefficient of friction f,
followed by the bite depth ¢. The effects of the tooth apex radius r and the radius at the drilling tool joint
R on the equivalent coefficient of friction f, are the smallest. The 3D surface plot of the mean equivalent

friction coefficient f; at the four levels of the four factors is shown in Figure 6.

Bite Depth Tooth Apex Radius

B Tooth Front Angle Radius at Drill Tool Joint

0.96
0.54
092

09
0.88

0.86
0.84
0.82

Equivalent Coefficient of Friction

3

Average Level

Figure 6. Mean Equivalent Friction Coefficient at Different Levels of the Four Factors

Based on Table 3 and Figure 6, it can be concluded that when designing the tong die, the tooth front angle
a1 and the tooth apex radius » need to be calculated and analyzed. Among these, the tooth front angle a;
is the primary influencing factor. Within a certain range, the equivalent friction coefficient £, increases as
the tooth front angle a; increases. However, when the tooth height and tooth pitch are fixed, increasing
the tooth front angle a; will cause the tooth pitch to increase, the number of teeth to decrease, and the
tangential force on each tong die to increase, which can lead to failure. Therefore, the tooth front angle
o, should not be too high, with the optimal range being between 35° and 45°. Since the tooth apex radius

r has a very minimal effect on the equivalent friction coefficient f,, it is considered a secondary factor.
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6. Tong Die Simulation Experiment Analysis

The tong die directly contacts the drilling tool, and due to the large clamping force, the mechanical
environment at the tooth tip is complex. Analyzing the mechanical performance of the tong die is
therefore necessary. In the previous discussion, the optimal range for the tooth front angle was determined
to be between 35° and 45°, based on the equivalent friction coefficient and tangential force. Since make-
up and break-out are inverse processes, the tooth front angle and tooth back angle are equal. Therefore,
the tooth apex angle range is 70° to 90°. For tooth apex angles of 70°, 80°, and 90°, corresponding tooth
apex radii are 0.9 mm, 1.0 mm, and 1.1 mm, respectively. Finite element analysis of the tong dies gripping
$216 drilling tool was carried out for these three parameters. During the simulation, the primary focus
was on studying the stress distribution when the tong die surface contacts the drilling tool. Since the tong
die is in a compression state, the total deformation of the tong die is very small, so this aspect was not
analyzed.

Figure 7 is stress distribution diagram of the tong die with 70° Tooth Apex Angle, and the stress
distribution on the left and right tong dies is shown in Figure 7a and Figure 7b, respectively. Among them,
the maximum stress on the left tong die is 1141 MPa, and the maximum stress on the right tong die is

1145 MPa.

B: Static Structural

Equivalent Stress 3

Type: Equivalent (von-Mises) Stress
Unit:Pa

Time: 15
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38169e8
2544968
121968
91044 Min

(a) (b)
Figure 7. Stress Distribution Diagram of the Tong Die with 70° Tooth Apex Angle. (a) Left Tong
Die, (b) Right Tong Die

Figure 8 is stress distribution diagram of the tong die with 80° tooth apex angle, and the stress distribution
on the left and right tong dies is shown in Figure 8a and Figure 8b, respectively. Among them, the
maximum stress on the left tong die is 1331 MPa, and the maximum stress on the right tong die is 1277

MPa.
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B: Static Structural

Equivalent Stress 3
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(a) (®)
Figure 8. Stress Distribution Diagram of the Tong Die with 80° Tooth Apex Angle. (a) Left Tong
Die, (b) Right Tong Die

Figure 9 is stress distribution diagram of the tong die with 90° tooth apex angle, and the stress distribution
on the left and right tong dies is shown in Figure 9a and Figure 9b, respectively. Among them, the
maximum stress on the left tong die is 1581 MPa, and the maximum stress on the right tong die is 1584

MPa.
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(a) (b)
Figure 9. Stress Distribution Diagram of the Tong Die with 90° Tooth Apex Angle. (a) Left Tong
Die, (b) Right Tong Die

From Figure 7 to Figure 9, it can be seen that the stresses on the tong die for tooth apex angles of 70°,
80°, and 90° are mainly concentrated on the curved surface. Since the contact between the tong die and
the drilling tool is a line contact, the maximum stress occurs at the tooth apex contact line. The stress
distribution on the front and back faces of the tooth decreases as the distance from the contact line
increases. The stress reduction rate on the front and back faces of the middle tong die is the same, meaning

that the stress distribution on the front and back faces is identical. For the tong dies on both sides, the
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stress on the tooth surface near the drilling tool’s centerline is higher, while the stress on the surface
farther from the centerline is lower.

Comparing the tong dies with different parameters, the stress values for the tong die with a 90° tooth
apex angle are the highest, followed by the tong die with an 80° tooth apex angle, and the tong die with
a 70° tooth apex angle has the lowest stress value. Moreover, the maximum stress values for all three
tong dies exceed the yield limit of the tong die material, 20CrMnTi, which is 885 MPa, causing plastic
deformation in the surface part of the tooth tip. This is considered normal. However, the tong die
experiences stress singularities, and a stress equivalent linearization method is still required to verify the
stress according to its type. The tong dies with 70° and 80° tooth apex angles meet the stress requirements,
while the tong die with a 90° tooth apex angle has a local film stress that exceeds its allowable stress
1.5Ko, (where K is the load combination factor, K = 1, and oy is the material yield strength). Considering
the relationship between the tooth front angle and the equivalent friction coefficient, the 80° tooth apex

angle is determined to be the best choice among the three parameters.

7. Conclusions

This paper is based on the issues faced by the tong dies of the clamping tong for the iron roughneck, and
designs the clamping tong. The tong dies are studied from multiple perspectives such as tooth shape
analysis, mechanical analysis, and contact condition analysis. The specific work and conclusions are as
follows:

The paper introduces the structural composition of the clamping tong, and mechanical analysis of the
tong die tooth profile angle is conducted, and a method for calculating the tong die height is derived.
An analysis of the contact conditions between the tong dies and the drilling tool is performed, and the
equivalent coefficient of friction is calculated, along with the necessary conditions to prevent slippage.
Additionally, the bite depth of the tong dies and the biting conditions are analyzed.

Through the orthogonal experimental method, the effects of various factors on the equivalent coefficient
of friction are obtained. The results are analyzed using the range analysis method, and it is found that:
the ranges of the tooth front angle, bite radius, tooth apex radius, and drilling tool joint radius are 0.0829,
0.0009, 0.0004, and 0.0004, respectively. This leads to the conclusion that the tooth front angle has the
most significant effect on the equivalent coefficient of friction.

Based on the optimal range of the tooth apex angle derived from the equivalent coefficient of friction,
experimental analysis is conducted on tong dies with 70°, 80°, and 90° tooth apex angles in the clamped
drilling tool state. The stress distribution is obtained through simulation, and stress verification is carried
out using the stress equivalent linearization method. The 80° tooth apex angle is determined to be the

optimal choice.
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