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Abstract

In order to design a new type of long-life and reliable casing hanger, this paper studied
the failure mechanisms of the rubber sealing structures of the slip hanger and the mandrel
hanger. Through tensile and compressive tests, the tests and analyses of different rubber
structures were completed, data fitting was carried out, and the constitutive relationship of
the rubber material was obtained. A superior constitutive model was applied to the sealing
materials of the hanger. Numerical calculations were used to obtain the strength and sealing
performance variation laws of the rubber sealing components with different structures,
and the reasons for the failure of the conventional hanger were found. The results show
that the rubber components and the ball-shaped metal sealing components will lose their
elastic deformation under high-pressure and large-load conditions, and the reliability will
decrease. Finally, a new type of metal sealing structure was designed. Compared with the
previous metal sealing structures, this paper conducts a more in-depth and detailed study,
and further presents the superiority of metal sealing in terms of structural dimensions and
working principles. Experiments were conducted, and the results showed that this sealing
structure can meet the usage requirements of the casing hanger with large loads and high
pressure. The research results provide theoretical and application guidance for the design
of long-life and reliable performance hanger sealing structures.

Keywords: sealing structure; rubber; constitutive relationship; strength; stress

1. Introduction

With the increase in production and wellhead pressure, the safety of the casing head of
high-temperature and high-pressure gas wells is related to the integrity of the well [1,2]. The
damage to the integrity leads to the destruction of the cement ring structure of the casing,
resulting in wellhead uplift or wellhead leakage accidents [3-5]. With the development and
utilization of ultra-deep wells and even 10,000 m wells, higher quality requirements have
been put forward for high-temperature and high-pressure wellhead casing hangers [6]. At
present, the demand for casing hangers with a pressure of over 140 MPa at the wellhead
is gradually increasing. Experts and scholars have conducted some related research on
casing hangers for ultra-high-pressure wellheads. Yingying Wang et al. [7] utilized the
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structural axial symmetry characteristics of the C-shaped metal sealing ring, decomposed
it into the cantilever beam model and the simply supported beam model for theoretical
analysis. Zhi Zhang et al. [8-12] analyzed the failure causes of the Cava hanger by using
optical microscopy, scanning electron microscopy, an energy dispersive spectrometer and
other techniques. The research results mainly prove that the Cava hanger cannot adapt to
the ultra-high pressure operating conditions. Liu Yang et al. [13-15] conducted a systematic
study on the metal sealing structure of the gas wellhead under 140 MPa high pressure
and extreme temperature by using a fully metal-sealed hanger device. Janardhan Rao
Saithala et al. [16] studied high-pressure/high-temperature sulfur-containing gas well
tubing hangers. The microstructure study analyzed by optical and scanning electron
microscopy (SEM) revealed several harmful metallurgical phases. Yong Chen et al. [17]
introduced the structure and working principle of the ¢ 273.1 mm casing hanger device,
derived the mechanical balance equation of the main seal and the casing head step, analyzed
the sealing performance of the casing hanger device. Jing Zeng et al. [18,19] discussed
the lateral load-bearing stability of conventional wellhead devices and suction anchor
wellhead devices under the influence of wellhead loads. Harshkumar Patel et al. [20-22]
proposed a finite element modeling method to evaluate the performance and applicability of
conventional elastomer hanger sealing components. For this purpose, a three-dimensional
computer model composed of liner, casing and sealing assembly elements was used to
evaluate the sealing performance based on the contact stress generated at the interface of
the sealing tube. Pablo Cirimello et al. [23,24] studied the failure problem of a 5 “ casing
hanger in an oil well. The analysis found that the combined load of internal pressure, casing
weight and tightening torque caused the structural stress of the hanger to approach the yield
strength of the material. Shuangjin Zheng et al. [25,26] established the calculation models
of the wellbore temperature field, pressure field and the lifting force height at the wellhead,
developed the experimental device for the lifting force at the wellhead, and conducted
experimental studies on the lifting of the wellhead under different working conditions.
Feng et al. [27] designed different types of metal sealing structures for the sealing problem
of ultra-high pressure mancore-type tubing hangers, analyzed the interrelationship of
sealing rings under different load conditions and different parameters, and optimized them
using the response surface method. The contact pressure of the optimized sealing structure
has been improved to a certain extent. It ensures the sealing performance and can also
extend the service life of the sealing parts.

The above literature has studied the limitations of conventional casing hangers and
conducted in-depth research on the sealing structure of mandrel hangers. It has proposed
various types of metal sealing structures and verified the rationality of metal sealing
structures. This paper mainly draws on the research results of predecessors and aims to
conduct in-depth research on the existing four commonly used sealing structures under
various complex working conditions. The existing literature has not yet conducted relevant
research on whether the sealing effect of metal seals and sealing parts meets the actual
requirements when there are defects. In fact, similar working conditions are more likely to
occur at the four-way wellhead. During transportation, movement and installation, the
sealing parts often get knocked and collided. The surface accuracy of the mandrel, four-way
and sealing parts is not as accurate as the factory surface. In order to obtain analysis results
that are consistent with the actual working conditions we will provide theoretical guidance
for the actual service assessment of the four-over-wellhead mandrel type oil casing hanger.

2. Research on the Sealing Structure of the Mandrel-Type Hanger

The existing patents and products for the suspension devices inevitably require the
use of rubber seals at the sealing parts, which are prone to aging. Under various harsh
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external conditions, the lifespan of the rubber seals will be greatly affected, significantly
reducing the reliability of the rubber seals. This cannot guarantee permanent sealing and
safety at the later stage. Figure 1 shows a case of failure of the rubber ring in a slip hanger.

Slip seat

Slip

EXPRPLEIIE0000 008000 0000001

Base

Inner rubber ring  Quter rubber ring

Figure 1. Three-dimensional and physical structure of the slip casing hanger.

As shown in Figure 2, the existing mandrel-type casing hanger is usually composed of
a combination of rubber and metal to form the main sealing unit. The operators have not
taken effective protective measures for the installation of the mandrel-type casing hanger.
During the transportation and installation process, the surface of the metal sealing ring will
be damaged, forming defects, which will have a certain impact on the sealing performance.
The research on the sealing performance of defective seals will be conducted in this paper.

Metal
sealing
ring

Figure 2. The sealing ring before and after use.

The sealing structure of the mandrel hanger was tested in an indoor environment and
was later used for on-site installation. Figures 3 and 4 show the cases of the failure of the
sealing rubber ring after the indoor test and the on-site use.
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Failure of rubber sealing ring

Figure 4. Failure of the rubber ring after on-site use.

3. Constitutive Model of the Sealing Material of the Hanger

The finite element method was mainly used to analyze the working mechanism of
the rubber sealing ring, as explored in the previous literature, which has certain guiding
significance for the strength and sealing performance of the rubber sealing ring, but did not
consider the optimal constitutive equation of the rubber sealing ring. Only the conventional
Yeoh model or Mooney-Rivlin model are used to simulate and analyze the mechanical
behavior of the rubber sealing ring, and the advantages of these two models are not
elaborated. The common rubber sealing materials and new materials are comprehensively
considered in this paper, and comparative experimental research is carried out, and the
better constitutive model and performance parameters of the rubber sealing ring are
obtained, providing more reference data for the selection of rubber core materials in the
future [28,29].

3.1. Neo—Hookean Model and Mooney—Rivlin Model
The strain energy density function can be decomposed into strain partial energy and

volume strain energy, and its polynomial form is shown in Equation (1).

N ‘ o1 2i
W= Y GCjh-3)(L-3)/+ ) EU_ 1) 1)
it =1 i—1 Vi

In Equation (1), the parameter N is the order of the polynomial, I and | are the two
variables, I1 and I, is the deformation tensor invariant, Cijis the material constant, which
describes the shear properties of the material, the value of D; determines whether the
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material is compressible, if all D; are 0, | is the elastic volume ratio. Considering the
incompressibility of rubber, Rivlin proposes the following equation:

W= Y Ci(li—3)(L-3) )
ij=0

In Equation (2), Cj; is the material constant. The model is relatively complex, and
on this basis, an appropriate model is generally obtained by simplification. For example,
if N =1 is taken, only the first term is retained, and the Neo-Hookean model as shown
in Equation (3) is obtained, and only the first two terms are retained, the Mooney—Rivlin
model is obtained as shown in Equation (4).

W = Cyo(I; —3) ©)

W = Cio( —3) + Co1 (I — 3) (4)

The Mooney-Rivlin model is more accurate than the Neo-Hookean model, but it also
yields a constant shear modulus, which does not accurately describe the mechanical behavior
of the carbon black filler vulcanized rubber, and it does not predict multiaxial data.

3.2. Yeoh Model

In the process of studying the effect of vulcanized rubber, Yeoh simplified the model
to order ?)TVZ = 0, so that it was found that in uniaxial tension and uniaxial compression
through experiments, the stress of the simplified model decreased with the increase of (I;
— 3), reaching a minimum value and then increasing again. Thus, he came up with a cubic
strain energy function, the Yeoh model [30,31]:

W = Cio(I; —3) + Cap(Iy —3)* + Cap(I; — 3)° 5)

where Cqg, Cyp, and Csp are temperature-dependent material constants, separately. The
Yeoh model is simple in form and has sufficient accuracy, but it does not explain the axial
tensile experiment well [32-34].

3.3. Sampling of Rubber Core Materials

Due to the good wear resistance and oil resistance of nitrile rubber, nitrile rubber is
mostly used as the sealing material of the hanger. In order to find better materials for
processing the sealing components of the suspension device, this paper selected six common
rubber materials and conducted a mechanical performance analysis. Obtain a more superior
constitutive model. In this paper, uniaxial tensile and uniaxial compression experiments
were carried out on six materials, including carbon black nitrile rubber (sample 1), silica
black bubble nitrile butadiene rubber (sample 2), graphene nitrile butadiene rubber (sample
3), silica dense nitrile rubber (sample 4), calcium carbonate nitrile butadiene rubber (sample
5) and natural rubber (sample 6) as shown in Figures 5 and 6.
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Figure 5. Uniaxial tension experiment samples.
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Figure 6. Uniaxial compression experiment samples.
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3.4. Mechanical Experiments of Rubber

The mechanical behavior of rubber is usually studied in experiments by uniaxial
tension and uniaxial compression. According to the relevant regulations [35], a total of
6 dumbbell-shaped samples were prepared of nitrile rubber, with a length of 65 &= 0.5 mm
and a height of 10 & 0.5 mm, as shown in Figure 7. The uniaxial tensile test equipment is
shown in Figure 8.

65
20
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>
4

(a) Sample 1

(b) Sample 2

Figure 8. Uniaxial tensile test.

According to the relevant regulations [36,37], a total of six rectangular samples of
nitrile rubber were prepared, with a length of 55 £ 0.5 mm and a height of 7.5 + 0.5 mm,
as shown in Figure 9c. The uniaxial compression experimental equipment is shown in
Figure 9a,b.
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Figure 9. Specimen structural dimensions.

In Figure 10, the tensile and compressive strengths of samples 1 and 3 are large, and in
order to determine the final rubber material, the nonlinear behavior of the rubber needs to
be described by a suitable constitutive model, and the model parameters should be fitted by
experimental data. These experimental results are of great significance for understanding
the deformation characteristics and engineering applications of rubber. After the sample
is compressed, in order to facilitate the observation of the stress—strain relationship of the
sample material, it is still similar to the tensile curve, and the deformation amount is taken
as positive.

115 4.5+
10 ~— Sample 1 4.0 Sample 1
9 - Sample 2 ’ Sample 2
o 8] +— Sample 3 354 ——Sample 3
% 7] -— Sample 4 g 304 Sample 4
% Sample 5 = Sample 5
4 61 Sample 6 . 257 . Sample 6
= 54 O 50
n 4 o
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34
2] 1.04
14 0.5
0 _ T T T T T T T T 1 OO T T T T L
0 2 4 6 8 10 12 14 16 18 0.0 0.1 0.2 0.3 0.4 0.5
Strain Strain
(a) Tensile test (b) Compression test

Figure 10. Uniaxial tensile and compression test data.

3.5. Experimental Data Processing

The experimental data were fitted [38—40], and the constitutive model of the rubber
material was preferentially obtained. All the models are close to the experimental data when
the strain is small, in Figures 11 and 12, but it is found that the polynomial second-order
model is in the best agreement with the experimental data when the nominal strain is 300%.
The rubber of the hanger has a large deformation during operation, so the polynomial
second-order model is selected as the constitutive model of the rubber material [30-32].

For the silica type, the tensile strength and compressive strength curves of sample
1 (with carbon black nitrile rubber) are smooth, the mechanical properties are relatively
stable, and the tensile strength and compressive strength are high, so it is more appropriate
to choose sample 1 as the material of the rubber core, According to the fitting results, the
parameters of the polynomial second-order constitutive model are: Cj9 = —0.058 MPa,
Cyo = 13.64 MPa, C3p = 0.039 MPa, Cp; = —29.056 MPa, Cp = 22.10 MPa.
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Figure 11. Fitting results of tensile test of rubber material.
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Figure 12. Fitting results of compression test of rubber material.

4. Finite Element Calculation of the Slip Hanger
4.1. Finite Element Analysis Model of Sealing Structure of Slip

The physical structure of the slip casing hanger is shown in Figure 13a. The material
of the slip is 20CrMnTi, with a yield strength of 835 MPa and a tensile strength of 1080 MPa.
The material of the slip seat is 35CrMo, with a yield strength of 835 MPa and a tensile
strength of 980 MPa. The material of the casing is 42CrMo, with a yield strength of 930 MPa
and a tensile strength of 1200 MPa. The elastic modulus of these materials is 2.1 x 10° MPa
and the Poisson’s ratio is 0.3. The polynomial rubber constitutive model is adopted in
the rubber sealing ring, and the material parameters are obtained from the previous test.
During the entire analysis process, the four-way connector of the hanger and the bottom
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of the casing are fully constrained. A pressure load of 50 t to 400 t is applied to the upper
surface of the sealing ring. Figure 13a is the assembly diagram of the sealing structure,
Figure 13b is the finite element model of the sealing structure, and Figure 13c is the loading
model of the sealing structure. CAX4I is used as the grid type for the sealing component.
The finite element mesh consists of a mixture of quadrilateral and triangular elements.

Casing Four-way
-

Slip seat

Outside
ring

Inner ring

Base

@ ) - ©

Figure 13. Assembly of sealing structure and load and boundary conditions. (a) Assembly diagram
of the sealing structure; (b) The finite element model of the sealing structure; (c) The loading model
of the sealing structure.

4.2. Analysis of the Calculation Results of the Slip Seal Structure

The stress distribution of each component of the sealing structure under different
suspended loads is shown in Figure 14. The maximum stress of each component varies
between 299.9 and 889.7 MPa when the suspended load of the casing is 50-400 t. As the
load on the upper pressure ring increases, the stress on the lower support ring does not
change much. The main difference is that the contact area between the inner wall of the
casing and the pressure ring and the outer wall of the casing experiences a significant
increase in stress. With the increase in pressure, the deformation also gradually increases.
The rubber sealing ring undergoes significant deformation when the suspended load of
the casing is 200400 t, and the contact area also increases accordingly. Finally, it adheres
tightly to the mandrel and the four-way sealing surface, effectively completing the sealing.

It shows that the maximum stress of the rubber ring varies between 0 and 33.6 MPa
when the casing suspension weight is between 50 t and 400 t in Figure 15. The stress at the
compressed position on the upper surface of the rubber ring is relatively large, while the
stress at the central part of the upper surface of the rubber ring is relatively small. When the
casing suspension weight is 300 t, the maximum stress of the rubber ring reaches 24.6 MPa.
The rubber ring is fully compressed and a significant deformation has occurred on the
upper part of the rubber ring when the suspension weight of the casing is 400 t.

It shows that the maximum stress of the rubber ring varies between 0.1 MPa and
49.8 MPa when the casing suspension weight is between 50 t and 400 t in Figure 16. The
stress at the compressed position on the upper surface of the rubber ring is relatively large,
while the stress at the central part of the upper surface of the rubber ring is relatively
small. When the casing suspension weight is 300 t, the maximum stress of the rubber ring
reaches 33.5 MPa. The rubber ring is compressed as a whole, and a significant deformation
has occurred at the upper part of the rubber ring. This will cause the rubber to undergo
excessive deformation and lose its elasticity, seriously affecting the sealing performance
and service life of the sealing structure.
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|

Figure 14. Stress contour of the sealing structure under different pressure conditions.
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Figure 15. Stress contour of the outer rubber ring under different pressures.
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Figure 16. Stress contour of the inner rubber ring under different pressures.
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Based on the analysis results of contact pressure, the path on the contact surface of
the outer surface of the inner and outer rubber sealing structure was selected, as shown
in Figure 17. According to the contact pressure data, the curve of pressure changes at the

nodes on the contact path was edited.

Figure 17. Selection of contact path of inner and outer rubber sealing ring.
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It shows that the contact pressure of the outer rubber ring varies between 50 and
200 MPa when the upper load P is constant in Figure 18, and the suspended weight of the
casing varies between 50 t and 400 t, and the contact pressure of the outer rubber ring varies
between 120 and 160 MPa. The average contact pressure basically meets the requirements
of the minimum sealing pressure ratio. As the load increases, the contact pressure also
gradually increases. From the variation in the contact pressure curve, it can be seen that the
curve shows a wavy pattern change, and in some places, there are sawtooth-like abrupt
changes, which will cause severe deformation of the rubber.
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Figure 18. Variation curve of contact pressure between the inner and outer rubber rings.

5. Research on Performance of Incomplete Sealing Structures
5.1. Analysis of Rectangular Rubber Seal Structure

Since the rubber sealing structure adopted in Figure 19 is quite similar to the aforemen-
tioned structure, and the rectangular rubber seal at the bottom still has problems of aging and
failure in sealing. Similar to the aforementioned calculation method, a calculation model is still
established based on the actual dimensions of its structure to analyze the sealing performance
and load-bearing capacity of the mixed structure of metal and rubber seals.

The upper H-shaped metal seal is a structure that achieves sealing through manual
excitation. By applying mechanical force P externally, the H-shaped metal seal under-
goes plastic deformation to achieve upper auxiliary sealing, thereby sealing the annular
space between the four-way and the mandrel. However, during the actual transportation,
movement and installation processes, defects were formed on the surfaces of the mandrel,
four-way connectors and seals. There are three different types of defects at various positions
in Figure 20.
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Figure 19. Structures of the hanger with two types of rubber sealing systems.
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Figure 20. Structure and defect distribution of the mandrel hanger.
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It shows that the stress of the rectangular rubber sealing ring rises significantly as
the lower load increases in Figure 21, and its deformation gradually intensifies with the
increase in pressure. In particular, the rectangular rubber sealing ring undergoes significant
deformation due to compression when the upper load reaches 200 t to 400 t. Although this
enhances the sealing effect to a certain extent, the degree of deformation has approached or
even exceeded the load-bearing limit of the material, posing a potential risk of structural
failure. The stress on the rubber is relatively large when there are defects, with the maximum
stress ranging from 18.4 MPa to 22 MPa. Compared with the absence of defects, the
deformation of the contact parts between the sealing ring, the four-way and the mandrel is
relatively small. When there are no defects, the stress that the rectangular rubber sealing
ring bears ranges from 0.7 MPa to 12.7 MPa, and the deformation at the contact part is
relatively large.

Stress : MPa
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17.0 160
156 145
141 130
127 116
113 101
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70 57
55 42
41 27
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20.3 10.7
1856 27
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. 27
32 17 7
.5 - 0.7 F
i (¢) Defect I1I (d) No defect

Figure 21. Stress diagrams of rectangular sealing rings under different pressures.

Figure 22 shows the selection of contact path data. Figure 23 shows the contact
pressure law curves of sealing rings with different defects. Under the three defect states,
the contact pressure of each sealing ring varies between 0 and 100 MPa, and the curve
laws are approximately the same. When there are no defects, the contact pressure varies
between 200 and 300 MPa. The absence of defects can improve the sealing performance of
the rectangular sealing ring. When the suspended weight of casing reaches a certain level,
the rubber material will lose its elastic deformation ability, which will accelerate the aging
and failure of the rubber [13].

324 start  £nd
10.8 (a) Defect I (b) Defect I (¢) Defect I1I (d) Path of node

0.0

Figure 22. Selection of contact paths for rectangular sealing rings.
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Figure 23. Contact pressure curve of the sealing ring.

5.2. Structural Analysis of H-Type Rubber

Impose full constraints on the bottom of the four-way, that is, fix its six degrees of
freedom. By means of stepwise loading, tensile loads F = 50400 t are applied successively
on the lower end face of the mandrel, while pressure loads P = 20-70 MPa are applied on
the upper end face of the sealing pressure ring. The specific loading method is shown in
Figure 24.

Mandrel Four-way

i | = - Defect
| . H-type
‘{ | Defect geal i:lO ocation
; NN location Ce
{1 ring
1
]
= }qg Defect I (b) Defect I (c) Defect III
m‘——ﬁ. o A':h.&‘,.*m (a) B

Figure 24. Assembly drawing of the sealed structure and the finite element model.

It shows that the stress of the H-shaped rubber sealing ring rises significantly as
the load on the compression ring increases in Figure 25, and its deformation gradually
intensifies with the increase in pressure. In particular, the H-shaped rubber sealing ring
undergoes significant deformation due to compression when the load reaches 40 MPa
to 70 MPa. Although this enhances the sealing effect to a certain extent, the degree of
deformation has approached or even exceeded the load-bearing limit of the material,
posing a potential risk of structural failure. When the upper applied load range is from
20 MPa to 70 MPa, the maximum stress endured by the H-shaped rubber sealing ring is
between 0.08 MPa and 13.08 MPa, and the overall stress level gradually decreases with
the height direction. At the three defect locations, rubber can be squeezed into the defect
gaps, maintaining the sealing performance to a certain extent. The stress of the rubber is
relatively large when there are defects on both sides, with the maximum stress ranging
from 22 MPa to 35.5 MPa, which is relatively dangerous.
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Figure 25. Stress contour of sealing rings.

Figure 26 shows the contact path, and Figure 27 shows the contact pressure law curves
of sealing rings with different defects. Under the three defect states, the contact pressure
of each sealing ring varies between 0 and 100 MPa, and the curve laws are approximately
the same. The contact pressure varies between 100 and 300 MPa when there are no defects.

The absence of defects is conducive to improving the sealing performance of the H-ring
seal [13,14].

17 (2) Defect] (b) DefectII () Defectn  (d) Path ofnode

Figure 26. Selection of contact paths for H-ring seal rings.
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Figure 27. Contact pressure curve variation in the sealing ring.

5.3. Analysis and Evaluation of S-Type Rubber Rings

The geometric analysis model, including the mandrel, four-way, ball-drum metal
sealing structure and S-type rubber sealing structure, is shown in Figure 28. Among them,
Figure 28a is the assembly diagram of the sealing structure, and Figure 28b is the finite
element model of the sealing structure.
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Figure 28. Casing hanger suspension system and sealing structure. (a) Assembly diagram of the
sealing structure; (b) Finite element model of the sealing structure.

As shown in Figure 29, the stress and deformation of each component, the spherical
drum-type metal sealing structure and the S-shaped rubber sealing ring are analyzed. It
shows that the maximum stress of the lower support ring is 865.5 MPa, and the stress and
deformation of the lower rectangular rubber sealing structure are relatively large. It shows
that the maximum stress range of the four-way step position is 258.7-577.1 MPa when the
lower tensile load F = 50400 t is applied, and the stress of the lower support ring does not
change much. As the tensile load increases, the stress of the spherical drum-type metal
sealing does not change significantly. When the lower tensile load F = 150 t is applied, the
stress on the lower support ring changes significantly, but overall, the maximum stress is
within the yield strength of the support ring material, so it can work safely under the action
of the maximum tensile load.

(a)50t  (b)100t  (c)150t  (d)200t (e) 300t () 400t

Figure 29. Stress diagrams of the sealing structure under different hanging weights.

Under different tensile loads, the stress distribution of the S-type rubber sealing ring is
shown in Figure 30. When the lower tensile load varies between F = 50400 t, the maximum
stress of the S-type rubber sealing ring ranges from 3.7 MPa to 4.4 MPa, and the stress in
the outer circumferential direction changes slightly. The stress increase in the S-type rubber
sealing ring is not obvious, and the maximum stress is in the middle of the rubber ring,
with a concentrated stress area. This stress area presents an elliptical structure, and this
elliptical structure gradually becomes larger as the load increases. From the stress variation
in the S-type rubber sealing ring, the rubber ring basically does not undergo excessive
deformation. Therefore, within this load increase range, the rubber ring works safely and
will not fail within a short period of time.
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Figure 30. Stress contour of S-shaped sealing ring.

As shown in Figure 31, when a certain load P = 120 MPa is applied to the upper end
surface, and the suspended weight of the casing varies between 0 t and 300 t, the maximum
stress of the ball drum metal sealing ring changes between 228.7 MPa and 282 MPa. The
maximum stress of the ball-drum metal sealing ring is 282 MPa when the suspended weight
of the casing is 400 t. At this point, the maximum stress of the ball-drum metal sealing ring
reaches its material yield strength. After the suspended weight of the casing exceeds 400 t,
the upper part of the ball-drum metal sealing ring is basically in the plastic deformation
stage. According to the selection principle for the compressive pressure of high-pressure
metal seals [41-45], the minimum sealing compressive pressure should be 1.2 to 1.4 times
the pressure of the sealing medium. The contact pressure of the metal sealing ring is
between 1.2 and 1.5 times the yield limit, which can form a good gas pressure seal.

Stress/MPa
282.0 ﬁ

260.7
239.3
218.0
196.7
175.3
154.0

132.6 g

i ‘i
o: .
260 (a) 50t (b) 100t (c) 150t (d) 200t (e) 300t () 400t

Figure 31. Stress contour of ball-drum shaped sealing ring.

Based on the analysis results of contact pressure, the path on the outer surface contact
area of the ball-drum type metal sealing ring was selected, as shown in Figure 32. According
to the contact pressure data, the contact pressure variation curves of the nodes on the contact
path were edited, as shown in Figure 33. From the contact pressure variation curve of the
S-type rubber ring in Figure 33a, when a certain load P is applied to the upper part, and the
casing suspension weight varies between 50 t and 400 t, the contact pressure on the contact
path of the S-type rubber ring changes between 2 and 6 MPa. The load variation is small,
and there is a closed area in the middle of the contact pressure curve. Overall, the contact
pressure is much smaller than the pressure of the external fluid medium. Therefore, this
rubber ring basically does not play a sealing role.
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Figure 32. Selection of the contact paths of the two sealing rings.
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Figure 33. Curve showing the variation in sealing ring contact pressure.

6. Research on the Metal Structure Design of the Hanger

In order to overcome the aforementioned difficulties and the shortcomings of the
existing sealing structures, a mandrel-typed casing hanger of all-metal sealing structure
with 3U-type is designed in this paper to ensure the permanent safety of oil and gas
extraction operations, and to prevent failure accidents of later sealing leakage as shown in
Figure 34. This hanger can be used in the long-term extraction process, where the wellhead
and the oil production tree act as multi-level barriers, providing the highest safety margin.
Under the protection of the multi-level all-metal sealing barrier, the formation fluids cannot
directly leak into the atmospheric environment.
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Figure 34. Overall design drawing and sectional drawing of sealing structure.

The overall design drawing of the sealing structure includes the design of the upper
and lower sealing assemblies in Figure 35.

LiL)

Figure 35. Up and down sealing design and enlarged view.

Double U

/ Single U

L

After comparing the advantages and disadvantages of the design schemes, the final
scheme selected is the upper double U sealing structure and the lower single U sealing
structure. Finally, the main design points were determined:

(1) The design taper is 6°, which makes the radial force generated during opening larger
and the contact area larger, and the sealing performance more reliable.

(2) Using a circular contact surface, compared with a linear contact surface, the opening
contact area is larger, and the sealing performance is more reliable.

(8) The sealing performance is more reliable. Reducing the wall thickness is more con-
ducive to the opening of the sealing steel ring.

As shown in Figure 36, the shape and size of the lower metal sealing structure are
presented. The main body is in an H-shaped structure, and the sealing part is designed as a
circular contact surface, an elliptical contact surface, and a combined contact surface of a
straight cone and an elliptical shape.
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Figure 36. Design process of metal sealing structure.

6.1. The Metal Sealing Structure Design of the 10 3/4" Hanger

In order to meet the requirements of large-sized mandrel type casing hanger, a 10 3/4”
full-metal sealed mandrel type casing hanger was designed. It was confirmed that the final
designed product can meet the casing hanging function of 105 MPa. The overall design
drawing and the local enlarged drawing of the sealing structure are shown in Figure 37.

2330

Double U

‘ o4 Single U
_oem |
I

Figure 37. Overall design drawing of the 10 3/ 4" full-metal sealing casing hanger.

1045
[ e
RG]

The structural drawing and key dimension parameters of the 10 3/4” full-metal sealed
hanger are shown in Figure 38.

Key parameters:
(1) . Sealed contact
surface dimensions

(2) . Initial gap size

gllmm\ 1.3mm

and 0.7mm

Figure 38. Overall design of gap size for the sealing contact surface.

In order to meet the requirements for high-pressure sealing performance testing of
large-sized mandrel type casing suspension devices, a 10 3/4” full-metal sealed mandrel
type casing suspension device for high-pressure sealing performance testing was developed,
as shown in Figure 39.
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Figure 39. Test device of 3U all-metal sealing.

Through the design and calculation of the annulus formed by the double U, the steel
ring, the locking screw, and the upper four-way pipe, a pressure of 112 MPa was applied
to the upper annulus, which is equivalent to applying a 650 t axial load to the 45° conical
surface of the four-way pipe to verify the bearing capacity of the 45° conical surface of the
four-way. A pressure of not less than 112 MPa was applied, and the pressure was stabilized
for no less than 5 min. The test was conducted three times to verify the bearing capacity of
the 45° step of the four-way. The calculation conversion relationship of the test pressure is
shown in Figure 40 and Table 1.
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Figure 40. Bearing verification design diagram of the four-way.

Table 1. Parameters for axial load test of mandrel.

T D d Cross-Sectional Area I’re::z:e /P Axial Force/F
ype (mm) (mm) (mm?) ®
(MPa)
426 330 56,972 105 610
1
103/4 426 330 56,972 112 651
426 330 56,972 120 698

6.2. Analysis of the Test Results of the 10 3/4"" Metal Sealing Structure

A pressure cycling test of 105 MPa was conducted on the closed loop space formed
by the 10-3/4” x 105 MPa double U sealing ring, and the upper cover flange P seal for no
less than 20 times. The test pressure was not less than 105 MPa. The holding pressure time
after each pressure stabilization should not be less than 15 min. As shown in the test curve
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diagram: The first pump stabilized for 15 min, with a pressure drop of 0.65 MPa; the second
pump stabilized for 15 min, with a pressure drop of 1.21 MPa, as shown in Figure 41. As in
references [13-15,17], a comparison was made and it was found that the contact pressure
on the sealing surface should also be less than the yield limit of the harder material.
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(b) Test pressure curve of Pump No. 2
Figure 41. Test results of the double U sealing ring (The red curve is the temperature curve).

Apply a pressure of 70 MPa to the annulus formed by the single U. The test pressure
must not be lower than 70 MPa. After the pressure stabilizes, the holding time must not be
less than 15 min. The test medium is nitrogen. The pressure drop during the stabilization
period should not exceed 2.5 MPa for it to be considered qualified. The stabilization time is
60 min. The sealing effect is good. The test result is stable pressure, no leakage, and good
sealing effect. The test pressure of the first pump is 70 MPa. The stabilization time is 15 min,
and the pressure drop is 0.80 MPa. The test pressure of the second pump is 71.90 MPa. The
stabilization time is 15 min, and the pressure drop is 0.98 MPa, as shown in Figure 42.
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(b) Test pressure curve of Pump No. 2

Figure 42. Test results of the single U sealing ring (The red curve is the temperature curve).
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The experimental research on the 105-type hanger has led to the following conclusions:

Through the structural design and finite element calculation of the 105-type hanger, it
was found that under the maximum weight of the casing, the reliability of the lower
seal is good and can meet the requirements of on-site use.

This time, multiple pneumatic sealing tests were conducted on the 10-3/4” hanger
product. The pressure was stable at 105 MPa, and the stable pressure time was
60 min [13-17]. The sealing effect was good, and the test results showed that the
pressure was stable, and there was no leakage.

7. Conclusions

Through simulation optimization comparison and experimental research, the follow-

ing conclusions have been drawn:

)

@)

The polynomial second-order model is in the best agreement with the experimental
data when the nominal strain is 300%. The rubber of the hanger has a large defor-
mation during operation, so the polynomial second-order model is selected as the
constitutive model for the rubber material.

The stress at the compressed position on the upper surface of the rubber ring is
relatively large, while the stress at the central part of the upper surface of the rubber
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ring is relatively small. The maximum stress of the rubber ring reaches 24.6 MPa
when the casing suspension weight is 300 t. The rubber ring is fully compressed and
a significant deformation has occurred on the upper part of the rubber ring when the
casing suspension weight is 400 t. The sealing effect is better in the elastic deformation
state. When the suspended weight reaches a certain level, the rubber material will lose
its elastic deformation ability, which will accelerate the aging and failure of the rubber.

(3) The stress of the rectangular and H-shaped rubber is relatively large with the maxi-
mum stress ranging from 18.4 MPa to 35.5 MPa when there are defects. Compared
with the absence of defects, the deformation of the contact parts between the sealing
ring, the four-way and the mandbrel is relatively small. When there are no defects, the
stress that the rectangular rubber sealing ring bears ranges from 0.7 MPa to 12.7 MPa,
and the deformation at the contact part is relatively large. When the sealing structure
is in a defect-free state, the rubber ring remains relatively intact and will not undergo
significant local deformation. This can effectively extend the service life of the rubber
sealing ring.

(4) Under the three defect states, the contact pressure of each sealing ring varies between
0 and 100 MPa, and the curve laws are approximately the same. When there are no
defects, the contact pressure varies between 200 and 300 MPa. The absence of defects
can improve the sealing performance of the rectangular sealing ring.

(5) Multiple air pressure sealing tests were conducted on the 10 3/4” mandrel-type
casing suspension products. The pressure was stably maintained at 105 MPa, with
a stabilization time of 15 min. The sealing effect was good. The test results showed
stable pressure, no leakage, and excellent sealing performance. Therefore, the metal
sealing structure can effectively seal the gas pressure and can also significantly extend
the service life of the sealing structure.
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