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Design of spherical/conical seal structure for tubing or casing premium threaded
connections based on Hertz theory
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By using Hertz theory, the location of yielding and the expression of contact center pressure are obtained after interference
fit of the spherical/conical seal structure of premium threaded connections. Combined with the structural characteristics of
premium threaded connections, the expression of contact pressure is calculated. The magnitude of contact length and contact
pressure of spherical/conical seal for premium threaded connections are calculated by using the Herz theory and the results
are compared with those obtained by the finite element method. According to the calculation results, a CBS4 premium
threaded connections with a new spherical/conical sealing structure is designed, and finally a machining test is conducted to
prove the feasibility of the method. New premium threaded structure is obtained with small errors compared to the results
of Hertz theory and finite element simulations, which is similar to experimental tests. The research results are applicable to
a certain range of tubing or casing premium thread connector.
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Introduction path and can be installed many times. Compensate for
the shortcomings of this structure of taper/taper surface,
In the process of natural gas extraction, hundreds to achieve the optimization of cost and performance.

of oil casing are connected by threads to form a pipe The current means of research on premium threaded
column of thousands of meters long. The gas pressure sealing structures at home and abroad are mainly the
inside the column often reaches tens or even hundreds finite element method and the physical evaluation test
of MPa, which puts high requirements on the pipe method. Song Weiwei et al. [3] used ANSYS finite
column, especially the connection threads. The premium element analysis software to establish finite element
threads are designed with a metal/metal sealing structure, model of a premium threaded joint with 177.8 mm
which provides a certain contact pressure to seal the outer diameter and 9.19 mm wall thickness. Xie et al. [5]
gas medium inside the pipe and ensure the sealing investigated the metal/metal sealing structure of a special
performance of the joint. The metal/metal sealing threaded joint under hot recovery well conditions by full-
structure of special threaded joints has various forms, scale test method. Gao et al. [6] investigated the seal
commonly used are tapered/tapered, spherical/tapered, design of special threaded joints for oil casing by using
cylindrical/spherical, cylindrical/columnar, spherical/ a combination of finite element technique and full-scale
spherical, etc [1, 2]. Many of these structures have been tests. Zhang et al. [7] established finite element models
gradually withdrawn from the market due to their poor for two sealing structures of premium thread with taper/
performance in practice, and only two structural forms taper and sphere/taper using the finite element method.
that tapered/tapered and spherical/tapered are widely Song et al. [8] designed a pressure-holding drilling tool
used. The structure of taper/taper surface is used in for subsea drilling rigs, and analyzed the two sealing
oilfield engineering, which has the advantages of high structures using finite element software. In the above
contact stress on the sealing surface and better sealing literature, on the one hand, cone/taper structure sealing
performance. However, it is easy to lead to local stress contact stress is large, which can realize good gas sealing
concentration, and when installed, it is easy to damage performance and can be widely used in engineering
the sealing surface. The sealing structure of spherical/ practice. On the other hand, scholars have also started
taper, which is not only has good sealing performance, to work on the structure of spherical/conical research.
but also in engineering practice, the spherical structure Comparing the two structures, the conical structure, the
is not easy to stress concentration, with a long contact sealing contact stress is large, but the stress contact on it’s

sealing contact surface is prone to stress concentration,
e i o and the sealing surface is easy to deformation and
Tgffeosg f ?64‘1;?2%801 damage wheq installed in engineering prgcti.ce. Sphgﬁcal
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contact surface is gentle and long contact path, which
not easily occur stress concentration.

Xu et al. [9] studied a theoretical model for calculating
the pressure of gas seals in spherical/cone structures
using Hertz theory. Ying Zhang et al. [10] used the basic
assumptions of Hertz theory to develop a mechanical
model of the contact stress on the sealing surface of
premium threaded joints under dynamic loads for the
vibration of oil tubing columns in gas wells. However,
when designing the sealing structure of a premium
threaded joint, the designer is most concerned with the
magnitude of the contact pressure and contact length
on the sealing surface, and there is little literature on
the calculation of these two parameters by theoretical
equations. For this reason, in this paper, the contact
pressure on the sealing surface and the size of the contact
length after interference fit of the spherical/tapered seal
structure are calculated, which used Hertz theory and
compared with the finite element results. Based on the
calculation results, a new seal structure was designed and
processing tests were conducted to prove the feasibility
of the calculation method. Therefore, it provides a new
means of analysis and calculation for the design of
sealing structures with premium threaded joints.

Theoretical model of spherical/conical seal
structure

The sphere/taper metal seal of oil casing belongs to
a typical uncoordinated contact mechanics problem in
premium thread connector. In three-dimensional space,
the structure of contact for the overfilling elastic contact.
when it can be expanded from the thread along the
circumferential direction, the spherical contact surface
is approximated to the cylinder. According to the elastic
mechanics, the cylindrical and plane elastic contact can
be equated to the cylindrical surface and plane contact,
which is approximated to the Herz contact.

In the case of the sealing structure of the premium
thread, the spherical surface with radius R can be
considered as part of a cylinder, and the tapered
surface can be considered as a plane tangential to the
spherical surface, with the length L of the plane being
the circumference of the oil casing at the sealing surface,
as shown in Fig. 1. For the other common metal/metal
seal structure of premium threads, the tapered/tapered
structure, can also be considered as a special case when
the radius of the sphere is infinite, and the following
analysis still applies.

According to Hertz theory, when a cylinder is in
contact with a plane, the contact area is a rectangle of
length L and width 2a, see Fig. 1. The contact pressure
p distribution is semi-elliptical cylindrical in shape [11],
and the magnitude can be expressed as:

p(x) = ——a? — x2 (1)
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Fig. 1. Schematic diagram of cylindrical and planar contact.

In the formula, x is the radial distance of the contact
point from the contact center, a is the contact half-width,
and F is the external load.

When x = 0 (at the center of the contact area), the
maximum contact pressure is applied, with the value

@

In the formula, E* is the equivalent elastic modulus,
E*=E/(1-u2), and E is the elastic modulus. p is the
Poisson's ratio, and R is the radius of the cylinder.

Based on the relationship between the contact pressure
and the external load causing the contact pressure, the
value of the contact half-width a is obtained as:

4FR _ 2p,R
wE'L  E*

©)

Puttock used a mathematical simplification to derive
an approximate solution for the crushing displacement
of the cylinder [12]:

5 =——[1-in(—==)] @)

mwE*L3

The above equations are all derived in the elastic range
based on the elastic theory, in the elastic contact process.
The contact pressure increases with the increase of the
load F, which eventually reaches the yield strength or
even exceeds the yield strength of the material. Green
further deduced the critical values of the parameters
of the cylindrical and planar contact. respectively, as
follows [13]:

Critical contact pressure:

pl](.‘ =CY (5)
Critical contact half-width:

2 K 2RCY
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Critical unit contact load:

2
F. _=R(CY) )
L E*
In the formula, Y is the yield limit of the material and
C is the coefficient.The expression is as follows:

1
r—— < 0.1938
C= 1—-2u = (®)
—2.906p% + 2.975u + 1.164, u> 0.1938

Design of sealing structure and calculation of
parameters for special threaded joints

The author designed a premium threaded joint
CBS4 with a spherical/tapered sealing structure. One
specification of this premium threaded joint (®139.7%9.17
mm P110 steel grade) has passed the evaluation test of
CAL-IV that is the highest level specified in API RP
5C5-2017 [14] standard, and is being further promoted
to the oilfield. Other specifications are still under further
trial production. In this paper, the design of the sealing
structure and the calculation of parameters of this joint
are illustrated by taking the CBS4 premium thread of
®139.7x9.17 mm P110 steel grade as an example.

As shown in Fig. 2, the metal/metal sealing structure
of the CBS4 premium threaded joint adopts the form of
spherical surface of the pipe body and tapered surface of
the coupling, and the taper of the coupling sealing taper
is set to 1:10. The shoulder surface of the coupling and
the end surface of the pipe body are inverted to 15°, thus
forming a -15° reverse torque shoulder, which serves as
the making up positioning and controls the interference
between the thread and the metal sealing structure. At the
beginning of the joint, the spherical surface of the pipe
body is tangent to the conical surface of the joint at point
A. In the initial contact between the spherical surface
and the conical surface, the joint is under the action
of a certain torque of the making up. After the joint is
screwed into place, the spherical surface and the conical
surface form a radial interference fit, which generates a
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certain contact pressure and plays a major role in sealing.
At the same time, the torque shoulder contact produces
an axial interference fit, which plays an auxiliary sealing
role. The tangent point A of the spherical surface of
the pipe cannot be too close to the shoulder. If it is
too close, on the one hand, the sealing surface will be
affected by the axial interference of the shoulder. On the
other hand, it is also easy to damage the sealing surface
during the downhole process. Through repeated tests and
calculations, the distance B from the CBS4 cut point A
to the table shoulder was set at 12.5 mm.

For the spherical/tapered seal structure of the above
CBS4 premium thread, the key of design is to determine
the size of the spherical radius R and the size of the
interference between the spherical/tapered surfaces. As
shown in Fig. 2, if the tapered surface and the spherical
surface are expanded in the circumferential direction, they
become a plane and a cylindrical surface, respectively.
Also, since the stiffness of the joint is much greater than
that of the pipe body, the contact between the two parts
can be regarded as a Hertz contact between the cylinder
and the plane.
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Fig. 3. Relationship between sealing surface contact radius and
contact width.
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Fig. 2. Schematic diagram of a special threaded joint sealing structure.
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Using the Hertz contact theory, once the radius of
the spherical surface is determined, the contact length
and contact pressure of the spherical/tapered seal can
be calculated. For a CBS4 premium threaded joint of
®139.7x9.17 mm P110 steel grade, the material yield
limit Y=758 MPa, Poisson's ratio u=0.3, and the value of
coefficient C can be obtained according to equation (8):
C=1.795. further using equation (5), the critical contact
pressure between sealing surfaces pOc=CY=1360.6
MPa. That is to say, in seal design, the contact pressure
between the spherical/cone seal should not exceed
1360.6 MPa. Otherwise the sealing surface will be
permanently deformed after the making up, affecting the
sealing performance of the joint in the repeated upper
and making up states.

The material of the joint is mild steel and the modulus
of elasticity E=2.1x105Pa, then the equivalent modulus
of elasticity E*=230769.2Pa is obtained from equation
(2). If the radius of the spherical surface R=64 mm,
the contact half-width of the spherical/tapered seal can
be obtained by substituting the above parameters into
equation (6): ac=0.7547 mm in the Fig. 3. In the case
of the radius of the spherical surface R=64 mm, the
contact width of the sealing surface of the joint should
not exceed 2ac=1.509 mm, otherwise it will lead to the
yielding of the sealing surface.

For the CBS4 premium thread, the diameter of
the sealing surface at the apex of the sealing sphere
D=133.5 mm, then the length of the sphere and tapered
surface after expansion in the circumferential direction
is L=nD=419.4 mm. Further substituting the value into
equation (7), the maximum contact force generated
between the sphere/tapered surface is Pc=676.4 kN. This
contact force is the load value obtained by multiplying
the contact pressure by the contact area.

Substituting this contact force into equation (4), the
maximum interference between the sealing sphere and
the tapered surface is calculated as 6=0.1214 mm in
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Fig. 4. Relationship between sealing surface contact radius and
sealing interference.
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Fig. 5. Relationship between sealing surface interference and
contact width.

the Fig. 4. It is the local deformation of the sphere
with respect to the tapered surface, and for premium
threaded joints. The interference also includes the rigid
displacement of the joint and the pipe body due to the
force, so it is slightly larger than this calculated value.

As can be seen, with the known mechanical properties
of the material and the radius R of the sealing spherical
surface, it is easy to calculate the contact width and seal
surface interference of the spherical/tapered seal of the
premium threaded joint using Hertz theory in the Fig. 5.
Furthermore, it is possible to obtain the value of the load
generated by the contact width on the sealing surface
and the size of the interference between the spherical/
tapered surface.

For the premium thread, the integral of the contact
pressure along the contact length on the metal sealing
surface is generally defined as the sealing strength, and
the greater the sealing strength the better the sealing
effect [15]. After obtaining the contact length and critical
contact pressure of the spherical/tapered seal structure, the
seal strength magnitude can be estimated. After setting
different R values for repeated comparisons, the design
parameters for the ®139.7x9.17 mm CBS4 premium
threaded spherical/tapered structure were determined as
follows: spherical radius R=64 mm and interference
6=0.1214 mm.

Hertz theory and finite element method
comparison analysis

The reliability of the above design of the spherical/
tapered seal structure of the premium threaded joint based
on Hertz theory needs further verification. In this paper,
the analytical model of CBS4 premium threaded joint
of ®139.7x9.17 mm P110 steel grade was established
by using ABAQUS finite element software, and the
calculation results of the two methods were compared
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Fig. 6. Structure of the CBS4 premium threaded.

and analyzed.

The geometric parameters of the finite element
model are as follows: CBS4 joint has a thread guiding
surface angle of 20°, a bearing surface angle of 3°, a
torque table shoulder surface angle of -15°, a pin thread
tooth height of 1.10 mm, a box thread tooth height of
1.25 mm, a pitch of 5.08 mm, a taper of 1:16, and a
spherical radius of the sealing structure of R=64 mm in
the Fig. 6. According to the symmetry of the joint, axial
displacement is applied at each node of the symmetry
surface of the joint Constraint. The finite element model
and mesh of the premium threaded joint are shown in
Fig. 7. A four-node quadrilateral bilinear non-coordinated
axisymmetric cell was used for the mesh, and the mesh
was locally refined at the threads, sealing surface and

shoulders to increase the accuracy of the analysis results.

The friction between the threads, sealing surface and
shoulder surface was simulated using the Coulomb
model, and the friction coefficient was taken as 0.02
[16]. The material of the coupling and the pipe body
are the same, with modulus of elasticity 2.1x105 MPa,
Poisson's ratio 0.3, yield strength 758 MPa, tensile
strength 980 MPa, and elongation 15%. According to the
test results, the interference between the inner and outer
threads is 0.1+0.06 mm to ensure that the torque shared
by the threads accounts for 30-60% of the total torque, so
the model takes a nominal interference of 0.05mm and
keeps it constant. According to the calculation result of
Hertz theory, the maximum interference of the spherical/
tapered surface is 0.12 mm, beyond which the seal

Fig. 7. Finite element model and meshing of a special threaded joint.
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Fig. 9. Finite element simulation results considering both elasticity and plasticity.

surface will show local yielding. Therefore, the finite
element model sets the interference between the sealing
spherical and tapered surfaces to 0.05, 0.10 and 0.12
mm, respectively in the Fig. 8 and Fig. 9. Studying the
contact length and contact pressure distribution of the
sealing surfaces under such interference, the calculation
results are shown in Fig. 10.

Firstly, assuming that the material is linearly elastic
and plasticity is not considered, the contact pressure
distribution along the sealing surface is semi-elliptical,
see Fig. 11a, which is in accordance with the Hertz

1200
§ e essseteane,,8=0.12mm
at "-.\ f
- 800 o .._,,.....1-...-,.,_.”‘ % e
g ...;:._‘,m -‘_"”" 'l.. - 8_0 . ]. Omm
@ 600 & % \
g & L
5 00 B e osmms A
g # R
e 200 4
O . :
0 “ 'uou"» .‘lun
0 05 1 15 2 25

Sealing surface contact length ( mm )
(a) Consider only elasticity

Fig. 10. Distribution of contact pressure along the sealing surface.
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Fig. 11. Finite element simulation results for three radii.
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contact theory as shown in Fig. 1. When the seal surface
overfill is 0.05 mm, the contact width of the spherical/
tapered surface is about 1.2 mm, which is lower than the
critical width (2ac=1.509 mm) calculated in the previous
section, indicating that the seal surface has not reached
the critical state at this time; when the seal surface overfill
is 0.10 mm, the contact width of the spherical/tapered
surface is about 1.54 mm, which is slightly larger than
the critical contact width, and further observation of the
contact point at the equivalent VME stress. The contact
point reaches 764 MPa, which is slightly greater than
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the critical stress of 758 MPa. Continuing to increase
the seal surface interference to 0.12 mm resulted in a
further increase in contact pressure and contact width
with a constant trend in distribution, both of which are
consistent with Hertz contact theory.

Considering the elasticity and plasticity of the material
at the same time, the calculation results are shown in
Fig. 10b. When the overfilling amount of the sealing
surface is 0.05 mm, the contact pressure distribution
curve is the same as Fig. 10a, and the material is in the
elastic range. When the seal surface overfill increases
to 0.10 mm, the contact pressure distribution curve is
also basically the same as Fig. 10a. It excepts that the
curve on the left side crosses with the overfill amount
equal to 0.05 mm, indicating that local yielding of the
seal surface occurs, but the seal surface contact width
is basically unchanged, still about 1.54 mm, indicating
that the yielding area is small. Compare the maximum
contact pressure of Fig. 10b with that of Fig. 10a: In
Fig. 10a, the maximum contact pressure of the curve
with a seal overfill of 0.10 mm is 819 MPa, and in Fig.
10b, the corresponding maximum contact pressure is 822
MPa, which basically remains the same. Continuing to
increase the seal surface overfill to 0.12 mm, the contact
pressure also continues to increase if material yielding is
not considered (in Fig. 10a). If yielding is considered, the
maximum contact pressure is 840 MPa, which is only
18 MPa greater than the 822 MPa at 0.10 mm overfill,
indicating that significant yielding of the seal surface has
occurred at this time.

To further verify the reliability of the spherical/tapered
seal structure using Hertz theory, the contact pressure and
critical contact width of the seal surface were calculated
using Hertz theory and the finite element method for
spherical radii R=70, 60, and 50 mm, in the Fig. 11.
The calculation results are shown in Fig. 12 and Table 1.

It can be seen that for the premium threaded joint with
®139.7x9.17 mm P110 steel grade. The maximum error
of the contact width calculated by using the Hertz theory
is 8.5% compared with the finite element calculation
result, and the maximum error of the contact pressure
calculation formula modified by the Hertz theory is
7.6% compared with the finite element result, which
is acceptable in engineering. This error is acceptable
in engineering, thus indicating that it is feasible to use
Hertz theory to calculate the sealing parameters of the
premium threaded joints and to design the spherical/
tapered sealing structure of the premium threaded joints.

Table 1. Comparison of calculation results of sealing parameters.
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Fig. 12. Contact pressure distribution for different spherical radii.

Physical test verification

Two pairs of premium threaded joints of ©139.7x9.17
mm P110 steel grade (including two each of pin and
box threaded joints) were machined by CNC machine.
The sealing surface of the box thread is tapered with a
taper of 1:16, and the sealing surface of the pin thread
is spherical with a spherical radius of R=64 mm, and the
spherical surface is tangential to the tapered surface after
tightening with an interference of 0.10 mm.

After the joints were machined, a layer of soft metal
(copper alloy) was plated on the surface of the box
threads, with a thickness of about 8 to 10 um on the
sealing cone surface, and the pin threads were left
without surface treatment. The box and pin threads
were then joined together using an make up tester, and
the upper buckling torque was set to 9950 N-m. The
morphology of the box and pin threaded joints after
two up-and-down cycles is shown in Fig. 13. Since the
morphology of the 2 pairs of joints is close, only the
results of sample No. 1 are given here.

Since metal/metal is interference contact, it is very
difficult to detect the contact pressure on the contact
surface. The contact pressure on the sealing surface
cannot be obtained by resistive strain measurement, and
the errors of photoelasticity measurement and ultrasonic
measurement are large [17]. Therefore, this test failed
to measure the magnitude of the contact pressure.But
the contact width was measured relatively accurately.
As shown in Fig. 13a, the soft metal of the inner thread
sealing cone extruded on the outer thread sealing sphere,

Contact pressure(MPa)

Contact width (mm)

Hertz Theory Finite Element Method Error(%) Hertz Theory Finite Element Method  Error (%)
R=70 760.3 702.6 7.6 1.54 1.60 3.9
R=60 790.5 762.1 3.6 1.37 1.45 5.8
R=50 816.3 8132 0.4 1.18 1.28 8.5
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Fig. 13. Contact width test results.

forming a uniform band trace with a width of about
1.3-1.5 mm, which is very close to the calculated value
(1.37 mm) with an error of about 8%. Therefore, it can
be proved that the method of calculating the contact
pressure and contact length of the sealing surface of
the premium threaded joint using Hertz theory in this
paper is feasible, and the design of the spherical/tapered
sealing structure of the premium threaded joint using this
method is also feasible.

In addition, the CBS4 premium thread of ®139.7x9.17
mm P110 steel grade has also passed the evaluation test
of CAL-IV, which is highest level specified in API RP
5C5-2017 standard. Without leakage, it proves that the
design of the spherical/tapered sealing structure by this
method is reliable.

Conclusion

(1) For the spherical/tapered seal structure of the
special threaded joint, the expressions for calculating the
sealing surface contact pressure and contact width were
obtained based on the Hertz theory, and a new spherical/
tapered seal structure with good gas sealing performance
was designed based on the calculation results. The Herz
theoretical model of sphere/taper contact can be extended
with corresponding dimensions and applied to oil casing
and tubing with different radii and wall thicknesses.

(2) For the CBS4 premium threaded joint of
®139.7x9.17 mm P110 steel grade designed in this
paper, the contact pressure and contact length of the
sealing surface calculated by Hertz theory have very
small errors compared with the FEM analysis results. A
variety of radius sizes of the sphere/taper sealing surface
model, which compare with the same size of the taper
to taper model, and result in a more detail study of the
two models.

(3) The design method of spherical/tapered seal
structure of premium threaded joints obtained in this
paper is clear in concept and fast in calculation, which
provides a new analysis and calculation means for the
design of seal structure of special threaded joints.
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