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ABSTRACT

The Christmas tree tubing hanger serves as a channel for oil, gas, and electrical flow, supporting the
tubing string and sealing the annular space. The sealing performance of the tubing hanger is important
for ensuring the safe operation of the subsea Christmas tree. The effect of precompression load on the
performance of the K-type metal seal was simulated and analyzed through two-dimensional and three-
dimensional contact models, and the impact of oil and gas operating pressures, temperatures, and the
elastic modulus on the sealing performance of the K-type metal seal was investigated. According to the
results, the maximum error between the theoretical calculation and the finite element method for the
contact stress on the exterior of the K-type metal seal was 4.72%. The contact stress of the sealing ring
increased at higher precompression and internal pressure. Temperature had a minimal impact on the
sealing performance of the seal, while reducing the elastic modulus of the sealing ring decreased its
equivalent stress. Finally, static pressure and pressure cycling tests were conducted in compliance with
the API 6A standard. The tests confirmed that the maximum sealing pressure of the K-type metal seal
satisfied the requirement of a 1.5-fold working pressure and validated that the seal exhibited good
sealing performance in oil and gas pressure-temperature cycling conditions. The K-type metal seal was
self-tightening, where the pressure enhanced the sealing effect, Hertz contact theory can be used for
preliminary parameter design in the early stage, and the sealing performance can be further verified
through elastic-plastic finite element method and experiments.
© 2025 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-
nd/4.0/).

1. Introduction

downhole production string. Its main functions include suspend-
ing the tubing string, sealing the annular space between the tubing

Subsea production systems are crucial for the development of
deepwater oil and gas fields, representing vital infrastructure for
the offshore exploitation of these resources (Jiao et al., 2024; Yang
etal.,2023a, 2023b). The subsea Christmas tree is connected to the
underwater wellhead and external transmission pipeline to con-
trol the flow and pressure of oil and gas (Meng et al., 2024; Mi
et al, 2023; Pang et al, 2024). The tubing hanger is a key
component that connects the subsea Christmas tree to the
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string and the Christmas tree or the casing string, and providing a
passage for production well fluids (Chen et al., 2020; Wang et al.,
2022b). The tubing hanger mainly consists of a drive ring, a
shrink ring, an upper body, a K-type metal sealing ring, a guide
sleeve, a locking ring, a body, an annular sleeve, a guide mandrel, a
guide block, and other components. Since the tubing hanger and
tubing string are situated in the main production passage of the
subsea Christmas tree, their failure significantly impacts the
overall reliability of the system (Pang et al., 2021; Saithala et al.,
2021). The horizontal section of the tubing hanger contains an
oil outlet, which serves as the passage for oil flow. Two K-type
metal sealing rings are positioned on both the upper and lower
sides of the outlet to seal the annular radial gap. The performance
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of these sealing rings is crucial for safe subsea oil and gas extrac-
tion. Seal failure can cause severe marine environmental pollution,
making effective sealing essential (Li et al., 2023a; Liu et al., 2024).
As the challenges of subsea oil development escalate, the tubing
hanger system requires enhanced technology, including higher
sealing pressure ratings, sealing materials resistant to acidic en-
vironments, and adequate sealing performance in varying tem-
perature conditions (An et al., 2022; Jiao et al., 2024; Li et al,,
2023Db). Since several countries have implemented patent protec-
tion and technological barriers for tubing hanger sealing tech-
nology, the sealing rings utilized in domestic offshore oil
development are primarily imported. Therefore, research on
annular K-type metal seals for tubing hangers is crucial for
advancing subsea Christmas tree sealing technology and for
localizing related metal seal components.

Based on API 17D and ASME VIII-1 standards, Luo et al. (2014)
established a calculation model for tubing hangers that considers
design pressure and thermal stress, and proposed a design
method for horizontal Christmas tree tubing hangers. Xie et al.
(2025) conducted a sensitivity analysis on the sealing perfor-
mance of K-shaped metal seals using a multi factor analysis
method, the results showed that the external contact width, inner
lip width, and groove radius were the main design variables
affecting the sealing performance. Current studies, both domes-
tically and abroad, mainly utilize finite element simulation to
assess the effect of parameters such as precompression, opera-
tional fluid temperature, pressure, and structure on the equiva-
lent stress and contact stress distribution of uniquely shaped
metal sealing rings in different working conditions. The pre-
compression load directly affects the contact performance.
Appropriate compression can effectively enhance the contact
stress of the sealing element. However, insufficient compression
may cause initial sealing failure, while excessive precompression
can crush the sealing ring. Therefore, reasonable compression
control is vital to ensure effective metal seal performance (Qin
et al., 2017). Zhang et al. (2015) used finite element method to
analyze the effects of interference fit, pressure, and temperature
on the maximum Mises stress and maximum contact stress of K-
shaped metal seals, the results showed that the maximum Mises
stress and maximum contact stress increased with the interfer-
ence fit, working pressure, and temperature. Ahmed et al. (2019)
analyzed sealing component performance using numerical and
experimental approaches to determine the compression magni-
tude. The results indicated a linear relationship between the
component sealing performance and the sealing compression.
Zhang et al. (2017), Wang et al. (2021), and Yun et al. (2020)
established a contact mechanics model based on Hertzian contact
theory to examine the relationship between the sealing width,
contact stress, and preload force of metal seals. The study
revealed the influence of precompression on the sealing perfor-
mance. Wei et al. (2016) combined the elastic superposition
theorem and finite element analysis to derive a formula for the
critical average contact stress required to ensure sealing. This
indirectly verified the impact of the degree of compression on the
sealing performance of the connector. Therefore, accurately
calculating and controlling the compression level was essential
for ensuring sealing performance. Medium pressure acted on the
sealing surface, directly affecting the sealing properties. Wang
et al. (2022a) employed contact mechanics derivation, indi-
cating that the sealing contact stress of the C-shaped seal in the
Christmas tree was positively correlated with medium pressure.
Zhao et al. (2015) used linear elasticity analysis and finite
element methods to show that the contact stress of the steel ring
in the Christmas tree was linearly related to the internal pressure
in operational conditions. An initial decline was evident at a

1520

Petroleum Science 23 (2026) 1519-1532

higher internal pressure, followed by a linear increase after
reaching a minimum value, while the internal pressure continued
to rise. Zhao et al. (2022), Liu et al. (2024), and Zhang and Hu
(2019) examined metal seal performance via mechanical anal-
ysis. The results showed that the fluid medium pressure
contributed to the sealing effect of self-tightening seals. Ernens
et al. (2019) combined contact mechanics and flow models and
introduced the concept of seal permeability to account for the
impact of surface morphology features. They established a
random numerical model to accurately predict metal-to-metal
seal leakage in tubing connections. Liu et al. (2024) assessed
the main causes of sealing failure in metal seals via mechanical
analysis and finite element simulations. They utilized the struc-
tural characteristics to propose the main criteria for diagnosing
metal seal failure. Zhang et al. (2023) conducted experiments to
reveal the impact of plastic deformation and micro-movement
behavior on the sealing performance of metal seals. Li et al.
(2020) used FEM for the multi-objective optimization of pipe-
line connector sealing structures and verified the sealing perfor-
mance via static pressure tests. Temperature changes affected the
material properties of the seal, causing thermal expansion of the
sealing components, which impacted the sealing efficacy. Li et al.
(2023b) applied heat transfer theory to ascertain the function of
radial temperature distribution in metal sealing rings within
subsea connectors, as well as to investigate how temperature
influenced their sealing effectiveness. Zhao et al. (2021) con-
ducted long-term experiments to determine the sealing perfor-
mance of metal seals in different temperature and pressure
conditions. The results indicated that the creep and plastic
deformation of the material in prolonged stress conditions were
closely related to temperature. Qiao et al. (2019) employed three-
dimensional finite element analysis to examine the metal sealing
performance of O-rings with different material properties and
sealing diameters. They found that temperature significantly
affected sealing contact stress and resilience. Zhang et al. (2024)
proposed a computational analysis method (ACM) that applied
thermal loads as concentrated forces on the gasket contact area
and verified the method via finite element analysis. Kim et al.
(2016) integrated elastic-plastic theory analysis, proposing an
enhanced approach to augment the elastic recovery ability of
metal O-rings by optimizing their shape topology, making it
particularly suitable for extreme environments. Liao et al. (2017)
examined the problem of stress relaxation in metal O-ring seals.
They developed a comprehensive model that included a sealing
contact model, a stress-strain model, and a dynamic equation
specifically for stress relaxation. Gong et al. (2022) investigated
the sealing performance of seals consisting of different materials
at high temperatures. The findings suggested that the sealing
efficacy displayed a quantitative correlation with the elastic
modulus, temperature changes, and sealing dimensions. There-
fore, it is essential for sealing component design to comprehen-
sively consider the effect of temperature and pressure. The elastic
modulus is an important parameter since it reflects the stiffness
of a material and its ability to deform under stress. Patel et al.
(2019) examined the sealing performance and applicability of
the hanger assembly via finite element analysis. The results
showed that the elastic modulus and Poisson’s ratio represented
key material properties that affect sealing performance. Yan et al.
(2016) assessed the factors influencing the sealing gaps in metal
seals via experimental and theoretical analysis. The results indi-
cated that the expansion coefficient and elastic modulus of the
seals significantly impacted the sealing gap. Al-Hiddabi et al.
(2015) analyzed elastomeric seal deformation using theoretical
methods. The results showed that the geometry and material
properties of elastomeric seals significantly affected the
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maximum sealing pressure, further validating the impact of ma-
terial characteristics on sealing efficacy.

In summary, several studies have investigated the factors
affecting the sealing efficacy of metal seals. Contact between a hard
metal surface and a non-ideal curved surface (plane) causes the
formation of a closed annular sealing belt. The uneven wave peaks
produce various small elastic-plastic deformations under pressure,
while different sealing pressure ratios prevent the outflow of the
sealing medium. The sealing ring performance is primarily affected
by the contact stress and width of the sealing surface, as well as the
temperature and sealing medium pressure difference. A sufficiently
large preload is necessary to mitigate the surface roughness of the
sealing contact and create a continuous, closed sealing belt of a
specific width, ensuring effective sealing. There is relatively little
research on the sealing of oil tree tubing hangers, and most of them
are analyzed based on finite element methods, this paper focuses on
the 5-1/8-inch underwater Christmas tree tubing hanger at a water
depth of 1500 m and a pressure level of 69 MPa, targeting K-type
metal sealing. The performance of the seal is analyzed according to
its sealing design requirements, while the contact stress of the K-type
sealing ring is theoretically derived based on contact mechanics
theory. Finite element analysis is conducted to explore the maximum
contact stress and equivalent stress at different initial compression
levels, working pressures, elastic moduli, and working temperatures
to determine the sealing properties of the tubing hanger sealing ring.
Hydrostatic pressure and pressure-temperature cycle test experi-
ments are employed to validate the designed parameters and anal-
ysis of the sealing structures in subsea Christmas tree tubing hangers.

2. Contact analysis of the K-type metal sealing ring

Upon installation, the K-type metal sealing ring exhibits an
interference fit with the tubing hanger and the tree. After suc-
cessful installation, it exerts a certain contact stress on the exterior
wall of the tubing hanger and the interior wall of the tree body.
Fig. 1 shows the structural form and cross-sectional structure of
the designed K-type metal seal.

The sealing contact between the K-type metal seal, the tree
body, and the tubing hanger presents a contact problem be-
tween two elastic bodies in space. This paper analyzes the
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contact between two spheres. The two elastic bodies only
exhibit one pair of contacts at point O in the absence of external
pressure (Fig. 2).

If it is assumed that My and M, are two points on the surfaces of
the two spheres with a distance from the common normal of r and
that Z; and Z, represent their distances from the tangent plane
where the two spheres touch, then:

(R —Z1)* +1* =R} (1)

(Ry — 25)* + 1% =R} 2)

Rq and R; denote the radii of the two spheres, respectively.
Egs. (1) and (2) yield the following:

r2

2 “2R, — 7,

(3)

O,

Fig. 2. Two elastic bodies in contact with each other in a two-dimensional plane.

Fig. 1. The structure of the K-type metal sealing ring.
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r2

Z= 2R, — 7,

(4)

If My and M, are close to contact point O, Z; is considerably
smaller than 2Ry, while Z, is lower than 2R,. Consequently, Z; and
Z; can be ignored, and the following relationship can be obtained:

2 )
Z “IR; Z; = R, (5)
Therefore, the distance between M; and M, is:
1 1 Ri +R
_ .2 _™ 2.2
Hto=r (2R1 +2R2) 2R,R, (6)

When pressure F is applied to any sphere, the displacement of
M along the Z; direction and M in the Z; direction are wy and wa,
respectively, while the distance between the two points on the Z;
and Z, axes farther away from point O (since deformation is ab-
sent, it can be ignored) is a. Therefore, the reduced distance be-
tween M and M3 is a — (w1 + w»). If My and M, coincide with a
point M on the contact surface after local deformation, then:

a— (o1 +wz)=2Z1 +2, (7)
Then:
o1 twy=a— (Z1+23) (8)
From Eq. (6), it is evident that:
w1 +wy = a— pr 9)
where g in Eq. (9) denotes the following:
. R1 + R2
p= R,R, (10)

The contact surface between the two spheres is circular due to
extrusion. Therefore, if point M represents a point on the contact
surface of the sphere below, the displacement of the point is:

e

where x4 and E; are the elastic constants of the lower elastic body.
Similarly, the upper and lower spheres are consistent due to
extrusion deformation:

o1 + @y = (ky + ko) / / qdsdy

Furthermore, k1 and k; in Eq. (12) represent the following:

1 —/4%
IZE]

(11)

1 =

(12)

1- ,u% 1- ;4%
ki = E; Ky = <, (13)
Equations (6) and (12) yield the following:
(ky +k2)//qudy/:a—/}r2 (14)
The points are obtained as follows:
©qo 2.2 2
(kﬁkﬁﬂ(za - ) —a—pr (15)

in Eq. (15), a is the radius of the contact surface circle obtained via
the extrusion deformation of the two elastic bodies and qg is the
maximum contact stress.

The Hertzian contact theory posits that when a semi-spherical
surface exists at the contact boundary of two spheres, the height at
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each point signifies the pressure magnitude at that location. For
the theory to hold true for any value, the constant terms on both
sides of the equation and the coefficient of must be equivalent,
leading to the following conclusion:

125n%aqy 125n2qy
12 ¢ 24a

These conditions and the maximum contact stress formula
show that the total pressure F is equal to the volume of the
hemisphere multiplied by the distribution scale, which can be
obtained as follows:

(k1 + k) (k1 +k2) (16)

o2 3
v g = F (17)
where v in Eq. (17) is the scale factor.
Available:
12F
= 18
0~ 125702 (18)

Substituting Eqs. (10) and (18) into Eq. (16), a, @, and qg are
expressed as follows:

J'tF(k] + ’(z)R] Rz] 1
a= UL RT3 19
e (19)
22 2
‘e [n F2(ky + kp)*(Ry + Ry) | 1 (20)
RiRy
_12F  12F [ (Ry+Ry) ]2
90 = 13542 ~ 125x LtF(k1+k2)R1R2 > (21)

In the two-dimensional space, the interface between the K-type
metal sealing ring and the tree bodies represents the contact be-
tween the arc surface and the straight line. Therefore, the me-
chanical model can be simplified as depicted in Fig. 3:

Based on the contact between the two spheres, R; in the for-
mula approaches infinity and its limit is determined to obtain the
simplified mechanical model illustrated in Fig. 3.

The applied load affects the relative displacement between the
metal sealing ring and the Christmas tree body, and is expressed as
follows:

212 2
_ [n F2(ky +k2)* | 1 (22)
Ry
The maximum contact stress qg is expressed as follows:
12F 12F 1 2
= = 3
90 = 12522 ~ 1251 LF(Iq n kz)RJ (23)

However, when examining K-type metal seals in preload con-
ditions, the displacement instead of the applied F load is used to

(0]

Fig. 3. A simplified diagram of the K-shaped metal seal mechanical model.
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calculate the contact stress level and determine the optimal seal-
ing ring interference range.
In the above formula, «is known and F is unknown, therefore:

1
(a3R2)2
n(ky + ko)

3
F_ a’Ry ,
J'I:2(k1 +k2)

When substituting Eq. (24) into Eq. (23), the maximum contact
stress of the K-type metal seal in preload conditions can be

expressed as:
)32
(Rz)

_ 12

T 12512 (kg + ko)

Under operating conditions, the pressure and temperature of
the oil and gas medium will affect the contact stress of the K-type
metal seal ring.

Temperature will indirectly affect contact stress through
changes in the elastic modulus of the material and thermal
expansion (changing compression). The equivalent elastic
modulus under temperature action is:

-1
()

in Eq. (26), vi(T) is the Poisson’s ratio of the material at tempera-
ture T, and Ej(T) is the elastic modulus of the material at temper-
ature T.

Among them, the elastic modulus of the material at T temper-
ature is:

Ei(T) = Eio[1 — ui(T — To) ]

1
2 =

(24)

1

do (25)

1—1,(T)?
E>(T)

1—uy(T)?
E{(T)

(26)

(27)

in the formula, Ejp is the elastic modulus of the material at the
initial temperature Ty, y; is the temperature coefficient of modulus,
which is used to characterize the sensitivity of the elastic modulus
of a material to temperature changes. For common steel materials,
ui is usually taken as 3 x 1074/°C.

Under the temperature of the oil and gas medium, the inter-
ference compression of the sealing ring is:

Ay = Z(z3 — 71)Ro(T — To) (28)
in Eq. (28), Z is the coefficient of thermal expansion constraint.
When there are geometric constraints, Z < 1, Usually set at 0.5; z; is
the coefficient of thermal expansion of the material.

According to Egs. (25), (26) and (28), the maximum contact
stress q(r) of the K-type metal seal ring under temperature action
can be obtained as follows:

12

- o+ A5T
90 = 12522 (kg + krg)

R, (29)

The K-type metal seal is a self tightening seal, and the medium
pressure will “convert” a portion of the circumferential load into
normal contact stress. Under the combined action of pressure and
temperature, the maximum contact stress of the K-type metal seal
ring is:
drp) =4q() + 1P (30)
in Eq. (30), 5 is the pressure transmission coefficient; p is the
pressure of the oil and gas medium.

Combining Eq. (29), the maximum contact stress of the K-type
metal seal ring under operating conditions can be obtained:
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- 12 a+ Adt
drp) = 12572 (kr1 + k12) Ry

+np (31)

3. Finite element analysis of the K-type seal
3.1. Establishment of the FEM of the K-type metal sealing ring

The K-type metal sealing ring has a regular geometric shape
and is distributed in a plane. Its thickness direction dimension is
much smaller than its diameter direction, and the characteristics
in the thickness direction are relatively uniform; The K-type metal
sealing ring is a cylindrical seal with the same circumferential
stress situation. The load and boundary conditions are consistent
along the thickness direction, and there is no need to specifically
consider the details in the thickness direction. Therefore, its
sealing contact can be simplified as a two-dimensional plane
stress problem. In this paper, a two-dimensional plane model was
used in the ANSYS Workbench 19.0 software to conduct a nu-
merical simulation analysis of the K-type metal sealing ring as-
sembly process involving interference preload. The non-contact
area of the tubing hanger, bushing, and Christmas tree body model
was reasonably simplified, the assembly and K-type metal sealing
ring were meshed. Meanwhile, in order to verify the accuracy of
the two-dimensional model, a three-dimensional contact model is
established. Fig. 4 shows the mesh models.

To verify the accuracy and stability of the numerical simulation
results, a grid independent analysis was conducted on the model.
Select an ambient temperature of 22 °C, a pre compression
reduction of 0.1 mm, and different grid sizes (3, 2.5, 2,1.,1, 0.5, 0.4,
0.3,0.2,0.1,0.05, 0.01 mm) for comparative analysis. Table 1 shows
the maximum equivalent stress distribution of the model under
different grid sizes. The results indicate that with the refinement of
the grid, the maximum equivalent stress results tend to stabilize.
When the grid size is reduced to below 0.1 mm, the change in
simulation results is extremely small, indicating that the numer-
ical solution at this stage is no longer significantly affected by
changes in grid size and meets the requirement of grid indepen-
dence. Therefore, considering both computational accuracy and
efficiency, the mesh size was ultimately selected as 0.1 mm.

The severe operational environment of K-type metal sealing
rings necessitated the selection of metal materials with a diverse
temperature range, high yield strength, good elasticity and plas-
ticity, and a certain degree of corrosion resistance. In this paper, a
K-type metal sealing ring was fabricated using Inconel 718, a
nickel-based high-temperature alloy, while the tubing hanger,
bushing, and Christmas tree comprised high-strength alloy steel
8630. The specific parameters are listed in Tables 2 and 3.

The model consisted of three contact pairs: the tubing hanger
and sealing ring, the bushing and seal, and the Christmas tree body
and sealing ring. All contact pairs were designed as friction con-
tact, with a friction coefficient of 0.15, using the enhanced
Lagrangian algorithm, Gaussian point detection, iterative forced
updates, and elastic slip permission.

As shown in Fig. 5, the operational environments were divided
into installation and working conditions. Fixed supports (A) were
established for the left tubing hanger and the upper bushing, while
displacement was used to simulate the right Christmas tree body
installation (B). In the working conditions, the oil and gas medium
pressure (C, D, E, F, G, H, and I) was applied at the bottom of the K-
type metal sealing ring and in the U-shaped groove.
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(a) Contact model
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(b) Two dimensional contact model mesh

(c) Three dimensional contact model mesh

Fig. 4. 2D and 3D geometry and mesh.

Table 1
Maximum equivalent stress under different grid sizes.

Grid size, mm Maximum equivalent

stress, MPa
3 333.35
2.5 377.72
2 404.36
1.5 357.27
1 395.39
0.5 411.07
04 420.00
0.3 411.15
0.2 420.80
0.1 403.77
0.05 403.09
0.01 405.37

3.2. Finite element analysis

The influence of precompression load on the efficacy of the K-
type metal sealing ring in installation conditions was analyzed to
determine the appropriate compression level. These findings were
also used in working conditions to investigate the effect of
different medium pressures, temperatures, and materials on the
sealing performance of K-type metal sealing rings.

3.2.1. The effect of precompression load on the sealing ring efficacy

There was a slight clearance between the metal sealing ring and
the surface of the sealing groove. By applying a sufficiently large
preload, the K-type metal sealing ring underwent elastic-plastic
deformation, which blocked the leakage pathway on the contact
surface. This compensated for the separation of the sealing contact
surface resulting from the pressure exerted by the oil and gas
medium, which ensured effective sealing.

The influence of precompression load on the K-type metal
sealing ring performance was analyzed at room temperature

1524

Table 2
The material parameters of the sealing ring and other components.

Parameter Inconel 8630 material
718 material

Young’s modulus, GPa 200 210

Poisson’s ratio 0.30 0.33

Density, kg/m> 8240 7750

Yield strength, MPa 1030 550

Coefficient of thermal 141 14.2

expansion, 10~

(22 °C). Fig. 6 shows the maximum equivalent stress cloud dia-
gram with compression (A) levels ranging from 0.01 to 0.5 mm.
The maximum equivalent stress was always located outside the
two U-shaped grooves of the K-type metal sealing ring. Since the
upper and lower exterior sides of the sealing ring consisted of lip-
shaped structures, they displayed low rigidity and significant
resilience. They were readily deformed during the installation
process, resulting in considerable equivalent stress on the exterior
of the sealing ring.

Fig. 7 illustrates the correlation between the peak equivalent
stress and varying degrees of precompression. At a compression level
below 0.25 mm, the K-type metal sealing ring entered an elastic
deformation state, while the maximum equivalent stress increased
linearly at a higher preload. Plastic deformation started to occur at a
compression level exceeding 0.25 mm, while the maximum equiv-
alent stress remained stable. Therefore, to prevent local yielding of
the K-type metal sealing ring, its maximum pre-tightening
compression level was controlled within 0.25 mm. Two contact
pairs were used for contact stress analysis: the tubing hanger and the
sealing ring (inside), and the Christmas tree body and the sealing ring
(outside). Further comparison revealed that the maximum equiva-
lent stress deviation between the two-dimensional and three-
dimensional results was controlled within 0.03%-3.35%, indicating
that the two-dimensional model has high accuracy and applicability
in revealing stress distribution mechanisms.
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Table 3
The heat transfer parameters of the sealing ring and other components.

Petroleum Science 23 (2026) 1519-1532

Inconel 718 material 8630 material

Parameter Temperature, °C
Thermal conductivity, 20
W/(m-°C) 60
100
121
140
180
Specific heat, 20
JI(kg-*C) 60
100
121
140
180

13.5 36.2
14.0 36.6
14.7 36.8
14.9 36.9
15.2 37.0
15.8 37.1
400 443
420 468
437 483
442 491

460 504
480 515

(b) Working conditions

(a) Installation conditions

Fig. 5. The load distribution in installation and working conditions.

Fig. 8 depicts the relationship between the inner and outer
contact stresses at different precompression loads. A higher pre-
tightening compression level increased the contact stresses on
the interior and exterior sides of the sealing ring. When the pre-
tightening compression exceeded 0.25 mm, the increase gradu-
ally slowed down. The highest contact stress was consistently
observed on the outer surface of the sealing ring, surpassing that
on the inner surface. According to the ISO 13628-7 sealing judg-
ment standard, effective sealing is achieved when the contact
stress is higher than twice the required sealing medium pressure
(138 MPa). At a maximum contact stress of 138 MPa, the interior
and exterior pre-tightening compression levels were 0.036 mm
and 0.04 mm, respectively. Fig. 9 illustrates the distribution of the
maximum contact stress across the outer contact width of the K-
type metal sealing ring at different precompression loads. At a pre-
tightening compression level of 0.05 mm, the contact stress was
twice the required sealing medium pressure. The maximum con-
tact stress and contact width changed gradually at a pre-
compression load of 0.25 mm. Therefore, the K-type metal sealing
ring displayed effective sealing at pre-tightening compression
levels ranging between 0.05 and 0.25 mm.

To verify the accuracy of the theoretical K-type metal seal
derivation, the preload compression « was set between 0.1 and
0.5 mm. The sealing ring design parameters included a
length = 24.80 mm, a width = 10.15 mm, and an outer curvature
radius Ry = 3.38 mm. The maximum theoretical contact stress
value of the K-type metal sealing ring exterior was obtained via
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substitution into Eq. (25). Table 4 shows the theoretical and
simulation values. At compression between 0.1 mm and 0.5 mm,
the error between the theoretically calculated maximum contact
stress on the exterior of the K-type metal sealing ring and the
calculated finite element value ranged between 0.25% and 4.53%.
The overall error was below 5%, which verified the accuracy of the
theoretical derivation. The difference range between the three-
dimensional and two-dimensional finite element calculation
values is 0.18%-4.72%, further verifying the accuracy of the two-
dimensional simulation model. Subsequently, the contact stress
on the exterior of the K-type metal sealing ring was predicted
using theoretical calculations to determine its sealing efficacy,
enabling rapid design parameter adjustment. Under preload con-
ditions, the contact between the K-type metal seal ring and the
Christmas tree can be approximated as an ideal elastic contact. In
the early stage of parameterized design of the K-type seal ring,
Hertz contact theory can be used to quickly determine the struc-
tural parameters of the seal ring.

Under operating conditions, the parameters in Tables 2 and 3
and the parameters of the K-type metal seal ring were substituted
into Eq. (31) to obtain the contact stress of the K-type metal seal
ring at different temperatures (20, 60, 100, 121, 140, and 180 °C)
and compression amounts (0.1, 0.15, 0., 0.25, 0.3, 0.35, 0.4, 0.45,
and 0.5 mm), as shown in Fig. 10. Overall, with the increase of
temperature, the maximum contact stress remains stable and
shows a slight upward trend. This change is relatively small, but
still reflects the comprehensive influence of temperature on the
elastic modulus and thermal expansion effect of the material. This
indicates that the performance of K-shaped metal sealing rings can
still maintain good stability under the influence of different tem-
peratures, and can adapt to a large range of temperature fluctua-
tions, which is consistent with the results of the two-dimensional
contact model.

3.2.2. The effect of working pressure on the sealing ring efficacy
The sealing properties of the sealing ring were analyzed at a
maximum working pressure of 69 MPa, installation pre-
compression loads between 0.1 mm and 0.5 mm, and different
medium pressures. At the same precompression load, both the
equivalent and contact stress rose as the medium pressure
increased (Figs. 11 and 12). A medium pressure below 20 MPa
significantly increased the maximum equivalent and contact
stress. A medium pressure exceeding 20 MPa restricted the in-
crease in both the peak equivalent and peak contact stress. The
same medium pressure and higher precompression load increased
the equivalent and contact stress. A precompression load of
0.25 mm limited the rise in the maximum equivalent stress and
the maximum contact stress. The maximum contact stress of the
K-type metal sealing ring exceeded the medium pressure by over
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Type: Equivalent (von-Mises) stress-top/bottom Type: Equivalent (von-Mises) stress-top/bottom Type: Equivalent (von-Mises) stress-top/bottom
Unit: MPa Unit: MPa Unit: MPa
Time: 1s Time: 2's Time: 3 s
40.022 Max 202.07 Max 403.77 Max
35.575 179.61 358.90
31.128 157.16 314.04
26.681 134.71 269.18
22.234 112.26 224.31
17.787 89.807 179.45
13.341 67.355 134.59
8.8937 44.903 89.726
4.4469 22.452 44.863
0 Min 0 Min 0 Min
A =0.01 A =0.05 A=0.10
Type: Equivalent (von-Mises) stress-top/bottom Type: Equivalent (von-Mises) stress-top/bottom Type: Equivalent (von-Mises) stress-top/bottom
Unit: MPa Unit: MPa Unit: MPa
Time: 4 s Time: 6's Time: 8 s
605.87 Max 1010.4 Max 1058.2 Max
538.55 898.11 940.58
471.23 785.84 823.01
403.91 673.58 705.44
336.59 561.32 587.87
269.28 449.05 470.29
201.96 336.79 352.72
134.64 224.53 235.15
67.319 112.26 117.57
0 Min 0 Min 0 Min
A=0.15 A=0.25 A=0.35
Type: Equivalent (von-Mises) stress-top/bottom Type: Equivalent (von-Mises) stress-top/bottom Type: Equivalent (von-Mises) stress-top/bottom
Unit: MPa Unit: MPa Unit: MPa
Time: 9s Time: 10 s Time: 11's
1043.1 Max 1052.5 Max 1061.4 Max
927.16 935.57 943.46
811.27 818.62 825.53
695.37 701.67 707.60
579.48 584.73 589.66
1 463.58 467.78 471.73
347.69 350.84 / 353.80 {
231.79 233.89 235.87
115.90 116.95 117.93
0 Min 0 Min - 0 Min R
A=0.40 A =0.45 A=0.50

Fig. 6. The equivalent stress cloud diagram of the K-type sealing ring at different precompression loads.

10-fold. The sealing ring complied with the sealing standard re-
quirements. Contrary to the absence of internal pressure during
pre-tightening, the contact stress increased at a higher internal
pressure, indicating that the K-type sealing ring functioned as a
self-tightening seal, where the pressure enhanced sealing efficacy.
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3.2.3. The effect of temperature on the sealing ring efficacy

The radial expansion of the sealing ring at a high temperature
increased the interference fit with the tubing hanger, consequently
elevating the contact stress and equivalent stress. Therefore, it was
also necessary to analyze the influence of different temperatures
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1100 on the K-type metal sealing ring efficacy. The parameters included
an installation precompression load of 0.25 mm, a seawater tem-
perature of 4 °C, and oil and gas medium temperatures of 20, 60,
100, 121, 140, and 180 °C, respectively.

In steady-state conditions, the distribution patterns remained
consistent at different temperatures. Fig. 13 shows the tempera-
ture distribution cloud diagram of the K-type metal sealing ring at
121 °C. The peak temperature occurred at the direct contact
interface between the U-shaped groove on the lower side of the
sealing ring and the oil and gas, with a progressive temperature
decline further away from the contact zone. The same temperature
increased the maximum contact stress as the medium pressure
rose (Fig. 14). A medium pressure of 30 MPa limited the rise in the

maximum contact stress. At a constant medium pressure, a higher
100 4 —— Two-dimensional calculation simulation value . . .
—_®— Three-dimensional calculation simulation value temperature resulted in a relatively stable maximum contact
0 . . . . . stress. This indicated that the K-type metal sealing ring efficacy
0 04 02 03 04 05 remained stable at different temperatures, and the sealing effect is
Precompression, mm not significantly affected by temperature, which is consistent with
the research results of Qin et al. (2017). Therefore, in complex
Fig. 7. The maximum equivalent stress at different precompression loads. working conditions, the sealing ring adapted to a wider range of
temperature fluctuations without significantly affecting its sealing
efficacy.
. ouside Furthermore, under the conditions of a pre compression
—@— Inside reduction of 0.25 mm and a medium pressure of 30 MPa, the in-
fluence of different temperatures on the sealing performance of K-
type metal seals is considered. The theoretical value is calculated
using Eq. (31) and compared with the two-dimensional and three-
dimensional finite element simulation values as shown in Fig. 15.
The results of the three are basically consistent, with a maximum
relative error of 4.24% between the two-dimensional and three-
dimensional simulation values and the theoretical values, further
verifying the reliability of the established theoretical calculation
method and two-dimensional finite element model.
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3.2.4. The effect of the elastic moduli of different materials
Changing the material’s elastic modulus also impacted the
equivalent and contact stress of the sealing ring. A higher elastic
o 01 0o 03 04 05 modulus increased the sealing ring rigidity, possibly modifying the
equivalent stress. The equivalent stress values of six different
nodes (A, B, C, D, E, and F) of the K-type metal seal were extracted
Fig. 8. The maximum contact stress at different precompression loads. at an installation precompression load of 0.25 mm, a medium
pressure of 30 MPa, a medium temperature of 121 °C, and an

elastic modulus increase from 200 to 240 GPa (Fig. 16).

1400 Although increasing the elastic modulus from 200 to 240 GPa
elevated the stress values at the six K-type metal sealing ring
nodes, this rise was not significant (Fig. 17). The cross-sectional
shape of point F changes significantly, resulting in a higher
equivalent stress than other points. Therefore, the influence of the
elastic modulus on the sealing ring was relatively small. A smaller
elastic modulus can reduce the equivalent stress at the U-shaped
groove of the K-type sealing ring (Fig. 6), improve the stress dis-
tribution state, delay its compression permanent deformation, and
enhance the sealing reliability and service life of the K-type sealing
ring.

200 A

precompression, mm

1200 A

1000 -

800 A

600 -

400

Contact stress, MPa

200 3.3. The sealing test of the sealing ring

3.3.1. Construction of the sealing ring test device

. . . . . . . . The sealing ring was subjected to a sealing test to verify the
accuracy of the previous theory and finite element simulation. The
Contact width, mm sealing ring, along with several corresponding tubing hangers and
Christmas tree bodies, was designed and manufactured. The con-
structed K-type metal sealing ring test bench (Fig. 18) mainly

Fig. 9. The K-type metal sealing ring outer contact width vs. the contact stress.
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Table 4

The theoretical and finite element contact stress on the exterior of the K-type metal sealing ring.

Petroleum Science 23 (2026) 1519-1532

Pre-compression,

Theoretical value

Two-dimensional

Three-dimensional simulation

mm of maximum contact simulation value of value of maximum contact
stress on the outside, MPa maximum contact stress stress on the outside, MPa
on the outside, MPa
0.1 597.74 571.61 567.24
0.15 732.07 705.64 733.41
0.20 845.33 807.04 831.86
0.25 945.10 918.92 923.98
0.30 1035.31 1030.58 1023.7
0.35 1118.26 11384 1108.2
0.40 1195.37 1198.4 1192.8
0.45 1267.98 1261.7 1277.7
0.5 1336.58 1286.1 1286.9
1400 1600
;;4;/;,__;?4»—#} 1400 -
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Fig. 10. Maximum contact stress of K-type metal sealing ring under different tem-

peratures and compression amounts.
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Fig. 11. The maximum equivalent stress at different compression levels and pressures.

consisted of a bushing, a Christmas tree body, a tubing hanger, a
pressure transmitter, pre-tightening bolts, and nuts, upper and
lower flanges, a sealing needle, a K-type metal sealing ring, a leg,

and a hydraulic pump.

After installation, the sealing ring was tightened using a high-
torque hydraulic wrench. A predetermined preload was applied,
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Precompression, mm

Fig. 12. The maximum exterior contact stress at different compression levels and

pressures.

Type: Temperature
Unit: °C

Time: 1s

121 Max

108

95

82

69

Fig. 13. Temperature distribution of the K-type metal sealing ring at 121 °C.

and oil was injected into the interior cavity of the experimental
device via the injection port at pressures of 20, 40, 60, 69, 80, 100,
and 103.5 MPa. Pressure was applied at each temperature level and
maintained for 30 min. A heating rod was used to heat the oil in
the tubing hanger body to simulate the actual conditions of high-
temperature oil and gas flow through the tubing hanger. The wire
was guided out through the sealing needle of the upper flange
while the pressure and temperature inside the experimental
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Fig. 14. The maximum contact stress at different temperatures and medium
pressures.
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Fig. 15. Comparison of maximum contact stress of K-type metal sealing ring at
different temperatures.

device were monitored, and the data were recorded using a
paperless recorder.

3.3.2. The K-type metal sealing ring hydrostatic pressure test
results

Table 5 shows the hydrostatic pressure test results of the K-type
metal sealing ring. Hydrostatic pressures of 20, 40, 60, 69, 80, 100,
and 103.5 MPa were applied at a preload compression of 0.1 mm.
Internal pressures of 20 and 69 MPa yielded maximum sealing
pressures of 19.6 MPa and 68 MPa, respectively. A loading pressure
of 103.5 MPa for 30 min yielded a maximum sealing pressure of
102.9 MPa, which satisfied the requirement of achieving a level of
1.5-fold that of the working pressure. The maximum pressure
declined by 2 MPa at a hydrostatic pressure ranging between 20
and 103.5 MPa, representing a maximum pressure change rate of
2%. No visible leakage or seepage was evident during the hydro-
static pressure test of the K-type metal sealing ring, which satisfied
the pressure drop requirement of less than 5% or 500 psi
(3.45 MPa) specified in the API 6A standard. This verified the
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Fig. 16. The K-type metal sealing ring node distribution.
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Fig. 17. The equivalent stress at different elastic moduli.

accuracy of the previous finite element and theoretical analysis
results.

3.3.3. The sealing ring pressure-temperature cycle test results

A preload compression of 0.1 mm was applied to further verify
the sealing ability of the K-type metal sealing ring during the
pressure-temperature cycling of oil and gas media. Fig. 19 shows
the pressure-temperature cycle test procedure of the K-type metal
sealing ring according to F.1.11 of the API 6A standard. Based on the
pressure level, temperature level, and seawater temperature at a
depth of 1500 m of the Christmas tree, a test pressure of 69 MPa, a
maximum test temperature of 121 °C, a minimum temperature of
4 °C, and a room temperature of 22 °C are set to simulate the
temperature and pressure of the oil and gas medium under actual
working conditions, the test procedure employed K-type metal
sealing rings ranging from a-q.

Table 6 shows the pressure-temperature cycle test results of
the sealing ring. During the cycle, the maximum pressure of the K-
type metal sealing ring declined by 1.5 MPa during the pressure
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(a) The composition of the test device (b) The test equipment (c) The sealing ring

1-Lifting ear, 2—Pressure transmitter, 3—Sealing plug, 4-Upper sealing platform, 5-Tubing hanger, 6—Christmas tree body, 7—Lower sealing platform, 8-Qil inlet connector, 9—Pre-tightening nut, 10-Pre-tightening bolt,
11-Upper flange, 12—Heating rod, 13—K-type sealing ring, 14—Location pin, 15-Lower flange, 16—Support leg.

Fig. 18. The K-type metal sealing ring and sealing test device.

Fig. 19. The pressure-temperature cycling experiment.

Table 5
The test results of the maximum K-type metal sealing ring pressure.
Loading Maximum sealing Pressure drop, MPa Pressure drop Required sealing Does it meet
pressure, MPa pressure, MPa change rate, % pressure the standards
20.0 19.6 04 2.00 19 Yes
40.0 39.3 0.7 1.75 38 Yes
60.0 59.1 0.9 1.50 57 Yes
69.0 68.0 1.0 1.44 65.55 Yes
80.0 79.2 0.8 1.00 76.55 Yes
100.0 99.3 0.7 0.70 96.55 Yes
103.5 102.9 0.6 0.58 100.05 Yes
holding period. This occurred during the n stage of the program exhibiting the most significant decline in the pressure change rate

and represented a pressure decline change rate of 2.16%. A 0.1 MPa of 2.85%. This complies with the API 6A standard, which stipulates
pressure decrease was evident during the q stage of the program, that the pressure decline must be less than 5% or 3.45 MPa. No
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Table 6
The pressure-temperature cycling experiment results of the sealing ring.

Petroleum Science 23 (2026) 1519-1532

Test procedure Temperature, °C Pressure, MPa

Pressure holding

Pressure drop, Pressure drop Does it meet

time, h MPa change rate, % the standards
a 22.0-121.3 0 - - - -
b 121.3 69.4 1 1.1 1.60 Yes
c 121.3-4.2 0 - - - -
d 4.2 69.3 1 0.9 1.30 Yes
e 4.2-22 0 - - - -
f 22~121.1 34.5-69.1 - - - -
g 121.1 69.1 1 1.2 1.73 Yes
h 121.1-4.2 34.4-69.0 - - - -
i 42 69.0 1 0.7 1.01 Yes
j 4.2-22.5 34.6-69.2 - - - -
k 22.5-121.3 0 - - - -
1 1213 69.3 1 13 1.87 Yes
m 121.3-43 0 - - - -
n 43 69.3 1 1.5 2.16 Yes
0 4.3-22.1 0 - - - -
p 22.1 69.1 1 0.8 1.15 Yes
q 22.0 3.5-6.9 1 0.1 2.85 Yes

visible leakage or seepage was evident during the test. The K-type
metal sealing ring exhibited excellent sealing ability in pressure-
temperature cycling conditions.

4. Conclusion

This paper examines the sealing performance of K-type metal
sealing rings. It theoretically derives the maximum contact stress
expression of K-type metal sealing in preloading conditions, sim-
ulates and analyzes the sealing ring efficacy at different working
parameters, constructs a K-type metal sealing ring test device, and
conducts hydrostatic pressure and pressure-temperature cycle
tests. The following conclusions are drawn:

(1) The theoretical formula for the preloading and operating
contact stress between the sealing ring and the Christmas
tree body was derived using Hertzian contact theory.
Furthermore, the theoretical relationship between the
maximum contact stress on the exterior of the K-type metal
sealing ring and the design parameters were determined,
which was compared and verified using the two-
dimensional and three-dimensional FEMs. The results
showed that compression between 0.1 mm and 0.5 mm
yielded a maximum error of 4.72% between the theoretically
calculated maximum contact stress on the exterior of the K-
type metal sealing ring and the finite element value, which
verified the accuracy of the theoretical derivation.

(2) Finite element simulation was used to analyze the efficacy of
the K-type metal sealing ring at different precompression
loads, working pressures, temperatures, and material elastic
moduli. Higher preload compression increased the contact
stress on the interior and exterior of the sealing ring. The K-
type metal sealing ring efficacy increased at preload
compression ranging between 0.05 mm and 0.25 mm.
Furthermore, a higher medium pressure increased the
equivalent and contact stress. The K-type metal sealing ring
was self-tightening, while the internal pressure enhanced
sealing performance. A higher temperature did not signifi-
cantly increase the contact stress of the K-type metal sealing
ring.

(3) A K-type metal sealing ring test device was constructed. The
hydrostatic pressure test results showed that the maximum
sealing pressure of the K-type metal sealing ring satisfied
the requirement of a 1.5-fold higher level than the working
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pressure. A higher test pressure gradually decreased the
pressure decline change rate. The K-type metal sealing ring
displayed a maximum pressure decline of 1.2 MPa during
the pressure-temperature cycle test, corresponding to a
change rate of 2.85%. No visible leakage or seepage was
observed during the test, which satisfied the requirements
of the API 6A standard. The K-type metal sealing ring
demonstrated excellent sealing ability in pressure-
temperature cycling conditions.
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