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Abstract: Taking the subsea collect connector as an example, the sealing characteristics of the sealing
structure of the subsea connector under transient thermal-structural coupling were studied. Based on
Airy’s thermal stress function, the mathematical model was established, the complex stress function
was used to solve the problem, and a three-dimensional transient thermal stress model of the core
sealing parts was obtained. The transient thermal-structural coupling stress model of the core
seal was obtained by linear superposition principle. The transient temperature field of the subsea
collet connector under different working conditions was analyzed. It was found that the larger the
temperature difference between the components was, the greater the difference of expansion rate
was, and the greater the impact on the sealing performance of LSG was in the process of temperature
variation from transient to steady distribution. Numerical simulations of various working conditions
under the transient temperature field were carried out. The results showed that sudden change of the
temperature and oil-gas pressure will bring about large fluctuations of the maximum contact stress
and equivalent stress of the seal, which was easy to fatigue wear, and thus affect the reliability of
the sealing performance. Finally, the experiment proves that the sealing ring can maintain sealing
performance under the conditions of temperature-cyclic loading. The coupled mathematical model
proposed in this paper could be used for the transient thermal-structural coupling theoretical analysis
of similar subsea equipment.

Keywords: subsea connector; transient thermal-structural coupling; sealing characteristics

1. Introduction

The subsea production system mainly consists of the subsea Christmas trees, subsea
wellhead, subsea connector, subsea manifold and jumper system [1]. Generally, the subsea
connector is used to connect different equipment, of which sealing contact performance
is critical to the safety of the subsea production system [2]. The subsea connector works
for a long time in a harsh environment with high internal temperatures and pressure and
low external temperature and high pressure. The temperature characteristics of the sealing
structure with the high internal temperatures and low external temperatures are essential
in ensuring the connector’s reliable operation. Therefore, it is necessary to study the sealing
performance of the subsea connector under thermal-structural coupling.

In recent years, an increasing number of scholars have begun to study contact problems
under structural load or temperature load. Using finite element numerical simulation and
experiments, Abid et al. [3-6] studied the sealing performance of the hub connector under
different combinations of temperature loads, internal pressure and external loads. They
pointed out that the change of the loads would lead to fatigue of the sealing gasket, espe-
cially at high temperature. Zhou et al. [7] studied the transient temperature field variation
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of the hub by establishing a heat transfer model considering the nonlinearity of the gasket
and then analyzed the effect of temperature load on bolt and gasket loads. Avanzini [8] pro-
posed a fatigue endurance prediction method by combining the equivalent strain range at
the critical sealing point and the material endurance curve to calculate the fatigue damage
of seals under an ultra-high-pressure environment. Omiya et al. [9] analyzed the thermal
stress in the bolt hub under internal pressure and temperature loads using the elastic theory
and numerical method in 2009. The results were verified by experiments, and the idea
that sealing performance improves with increasing temperature was presented. In 2014,
Omiya et al. [10] used the elastic—plastic finite element method to obtain the stress and con-
tact stress distributions of the pipe hub with different nominal diameters under the working
conditions of temperature cycle and internal pressure rise. The results indicated that temper-
ature must be considered when designing hub connections with large nominal diameters.
Sawa [11] investigated the relationship between the thermal expansion coefficient and
hub connect sealing through a series of experiments, indicating that when the thermal
expansion coefficient of the sealing gasket is greater than that of the hub, the sealing can be
maintained for a long time under high-temperature conditions. Luo et al. [12] proposed a
thermal fatigue experimental method based on accelerated endurance experimental theory
to analyze the causes of avionics connector performance degradation. Abdullah et al. [13]
attempted to use an axisymmetric finite element model to analyze contact pressure and
thermal stress during a single-disc frictional clutch engagement. The results showed that
the thermal deformation caused by local heat on the contact surface significantly affects the
contact pressure distribution. Xue et al. [14] proposed a method to calculate the leakage
rate of bolt hub connections under high-temperature conditions based on the relationship
between leakage rate and service time. The variation law of the bolt hub leakage rate under
high temperatures was obtained. The results showed that the leakage rate increased gradu-
ally with time. Zhang et al. [15] adopted the finite element method to analyze the stress
distribution of hub connection under the combined loads of internal pressure, bending
moment and temperature. The results showed that the higher the temperature, the smaller
the allowable bending to ensure the sealing performance. Barsoum et al. [16] analyzed the
interaction between thermal load and mechanical load on the hub structure of a service
port by establishing a coupling thermodynamic non-linear model. The results showed that
both yield and leakage might occur under high temperatures, which may give rise to the
damage of the service port structure. Tang et al. [17] analyzed the sealing performance
of flexible pipe fittings by establishing the hydraulic-thermal finite element model. The
results showed that the appropriate high temperature could improve the sealing ability.
Chen et al. [18] reconstructed the contact fractal model of the dry gas seal friction interface
by combining contact mechanics and probability theory, analyzed the influencing factors
of the contact, and obtained the variation law of thermal normal contact stiffness. Using
the energy conservation principle, Li et al. [19] established the finite element equations for
the stress field and temperature field of the sealing structure of the subsea wellhead con-
nector to carry out thermal-structural coupling analysis. The results showed that sealing
could be maintained by reducing the pre-compression when the temperature is excessively
high. Wang et al. [20] attempted to analyze the contact finger seal’s leakage, heat transfer
and thermal deformation properties by establishing a modified fluid dynamics and heat
transfer model for porous media, which was verified by the thermal stress module in
ANSYS Workbench. Zhang et al. [21,22] conducted the failure analysis of mechanical seal
by mechanical-thermal sequential coupling method and studied the friction behavior and
thermal effect of mechanical sealing gasket. Zeng et al. [23] proposed a sealing reliability
evaluation method for subsea pipeline connector under thermal-structural coupling, which
could improve the efficiency in an effective way. Liu et al. [24] studied the temperature
field and thermal error caused by the contact between the ball screw and nut by using the
finite difference method, and carried out a temperature and thermal error experiment of the
ball screw feeding system, which shows that this method plays a positive role in accurately
obtaining the temperature field of the feeding system. Zhang et al. [25] determined the
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tooth load distribution and surface contact stress by using the Hertz contact theory, and
proposed a method of combining the surface contact model with the finite element model,
then obtained the contact characteristics of disposable harmonic drives under full load,
which proved that the contact conditions of the gear can realize short-time transmission
under full load. Song et al. [26] used the computational fluid dynamics and the finite ele-
ment method to analyze the thermal-structural coupling of the frictional contact behavior
of the disc brake and optimized the diameter of the ventilation hole based on the coupling
analysis. The optimized result reduced the thermal stress and deformation of the structure
at high temperatures noticeably. Wen et al. [27] analyzed the coupling of the temperature
and thermal stress of the disc brake under multiple continuous braking contact conditions
by using ABAQUS software. Then the temperature distribution characteristics of the brake
disc surface were obtained through experiments and were compared with the finite el-
ement simulation results. Gao et al. [28] studied an active heat transfer wall-plate grid
sandwich panel structure. The heat transfer performance and thermal structure response
were analyzed by numerical simulation method on the basis of considering the mechanical
and thermal properties affected by temperature. Ma et al. [29] analyzed the thermal stress,
structural stress and fatigue life of aluminum brazing structures with fin-plate-side bar
specified in different standards, and evaluated and verified the fatigue life under coupling
stress by using finite element simulation software.

As can be seen from the above literature review, previous research mainly studied the
contact performance through experiments and the finite element method. Little research
can establish an effective mathematical model for calculation and analysis of the variation
of mechanical characteristics of the contact structure on the premise of fully considering
the interaction of temperature and structure. Different from the research methods of the
above scholars, this paper establishes a theoretical calculation model of three-dimensional
thermal stress of the subsea connector sealing structure based on generalized Hooke’s
law and complex stress function. The thermal-structural coupling theoretical calculation
model of the subsea connector sealing structure under the combined load of axial preload,
internal oil-gas pressure and temperature is established, which is also verified by numerical
simulation and experiment in the paper.

2. The Subsea Connector Structure

The subsea collet connector and clamp connector commonly usually use metal gaskets
as the primary seal. This paper takes the subsea collet connector as an example for analysis,
as shown in Figure 1. The core sealing structure of the subsea collet connector consists
of a lenticular sealing gasket (LSG), female and male hub. The actuator ring is driven
downward by a special installation tool to make the collet hold the female hub and male
hub and apply preload to the sealing structure to complete the connection and sealing. The
sealing structure of the subsea connector will generate cross-structural stress and thermal
stress when subjected to an external temperature load. If the coupling stress is excessively
large, the sealing structure will have an irreversible effect, especially on the sealing contact
surface. Therefore, it is necessary to analyze its mechanics and sealing contact properties
in detail under the action of thermal-structural coupling. The total height of the subsea
connector is 1710 mm; the biggest diameter is of the support board in the bottom connector
980 mm; the biggest outside diameter of the hubs is 338 mm; the internal bore diameter of
the hubs and gasket is 140 mm.
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Figure 1. Subsea Connector. (a) Installation tool and top connector; (b) the base and bottom connector;
(c) the key structure of the subsea connector; (d) drawing of the connector with the dimensions.

3. Thermal-Structural Coupling Mathematical Model of the Subsea Connector

Subsea connectors generate structural stress under the action of external load; under
the action of temperature load, the connector components expand as the temperature rises
and shrink as the temperature drops. Due to the constraint of each component, thermal
stress is generated. Therefore, it is necessary to study the coupling of thermal stress and
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structural stress [6]. The stress on LSG of the subsea connector can be divided into three
parts: first, the thermal stress generated in the structure by the combined effect of internal
and external temperatures; second, the structural stress generated by the internal oil-gas
pressure acting on the LSG and hub; and third, the structural stress generated by the axial
preload in the contact area of the LSG.

3.1. Three-Dimensional Stress Caused by Steady Temperature Field

According to the structural features of the subsea connector, the sealing structure can
be simplified to a thick-walled cylinder when the temperature field reaches a steady state.
Stresses can represent the stress state at any point inside the cylinder in three directions in
the cylindrical coordinate system, including the circumferential stress oy, the axial stress o,
and the radial stress o;. In order to calculate the thermal stress by use of the generalized
Hooke’s law and the thermal stress function method, assumptions are made as follows:
(1) the connector sealing structure is made of isotropic material; (2) the connector is only
subjected to internal oil-gas pressure, no other external load; (3) steady heat conduction
is conducted between components of connector sealing structure; (4) the female hub and
male hub are infinitely long, and the constraints on the hub from components such as the
jumper are ignored; (5) the connector sealing structure satisfies the generalized Hooke’s
law and the small-deformation theory.

Normally, an object expands when the temperature rises. Assuming that the expansion
of any section of the micro-unit is not hindered for a temperature variation of T (t =T — T,
Ty is the initial temperature and T is the final temperature), and the strain under free
expansion is [30]:

{ Exx = Eyy = €z = A*T 1)
Exy = &yz = Ezx = 0

where: &” is the thermal linear expansion coefficient. In fact, due to the mutual constraints
between the micro-units, thermal stress will be generated, and the strain of each micro-unit
is caused by the temperature variation and stress superposition. For plane strain, the
relationship between strain and stress under temperature can be expressed by Hooke’s
Law [30] as:

Exx = 1%{(Txx - ﬁ(axx + oyy + (Tzz)} +a*T

v

+
eyy = {0y — 1y (Oux + oy + 022} + ¥ T
ez = 11 {0 — 15 (O +0yy +0z2)} + 0T

e — (14v)oyy e — (14v)0oy, e — (14v)oy,
xy = T /fyz = = s€zx = T F

@

where v is the Poisson’s ratio, and E is the elastic modulus. For the plane, the coordinates
are taken as x and y, both are independent variables, and the volume force is not counted,
then the balance equation [30] is:

90y

90xx _
oo i o ° (©)
axy + T;y =0

Then the compatibility equation of strain can be given by:

Pery ey B
0x2 ay? T oxdy

(4)

In the plane strain state, it can be obtained from ¢, = 0 in Equation (2) that:

02z = V(0xx + 0yy) — a"ET (5)
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By substituting Equation (5) into Equation (2), the relation between strain and stress
in plane strain state can be obtained as follow:

.2
exx = 15 (0 — 50p) + (L +v)a’T
2
ey = 7= (0yy — £50u) + (L +v)a*T (6)
_ (Hv)oyy
E&xy = T E

The Airy’s thermal stress function x [30] is introduced so that Equation (3) can satisfy
the following equation:

%y 0%x 0%x
a2 T a2 T Ty @)

Oxx =

For the plane strain state, considering Equations (4), (6) and (7), it can be obtained
as follows:

AAY = — 1“_E AT = —kAT ®)
where, k = «*E/ (1 — v) [30], and:
2 92
A=+ 2
a2 " ay? ©)

The stress function of the isothermal elasticity problem is the solution of the homoge-
neous equation, and the stress function ) of the thermal stress problem is the solution of
the nonhomogeneous equation. ) can be decomposed into homogeneous equation solution
U and particular solution V [30]:

x(xy) =U(x,y) —V(xy) (10)

Then the solution of Equation (10) can be transformed into:
AAU =0
{ AV =kt (1)

The temperature load inside the subsea connector is of axisymmetric distribution, and
the core component of the connector is an axisymmetric structure. Therefore, the thermal
elasticity of the core component can be simplified to plane thermal strain and plane thermal
stress. In plane stress state, the thermal stress is solved using the complex stress function,
$1(2), P1(2) [30]. The explanation and derivation process are shown in Appendix A. Then
the thermal stress component can be obtained as:

2.2 .2
_ 109 _ kA 7 rprg—r 7
oy =12 (U-V) = 7(11170—7;%_2111%

(12)

2.2 2
__ kA 7 rergtr 7
ogp = "5 (In 7 + paIng - 1)
In the above study, only o, and ogg are obtained, assuming that the LSG is expanded
freely in the axial direction and the sum of the normal forces on the section perpendicular
to the z-axis is equal to zero, then ¢, can be obtained as follow:

o kA 1o
Opy = 7(21n7 +

2
2rj 70
— In— —
rg =T T

1) (13)



Machines 2022, 10, 213 7 of 24

By taking A = 7/In(ri/1p) and k = «aE/(1 — v) into the equation above, the thermal
stress of the core sealing component can be obtained:

0T = a*ET Ink — ﬁ’%*rz In @
r 2(1—v)In(r; /o) r r2rs—r? Tt
I 2.2, .2
T _ a*ET ro 4 Iirgtr o _
T = 2(1—v) In(r; /19) In= + 12 r5—r? In ri 1 (14)
0T = wEL___|opnfoq 26 g
z 2(1—v)In(r; /o) r r5—r? ri

where, «” is the linear expansion coefficient of steel, °C~1. E is the elastic modulus of steel,
MPa; v is the Poisson’s ratio of the material; 7 is the point radius of the solved stress, mm;
7 is the temperature difference between the component’s inner wall and outer wall, °C;
tj, rg are the radius of inner wall and outer wall of the component, respectively, mm.

3.2. Three-Dimensional Stress Caused by Transient Temperature Field

When the oil-gas temperature inside the connector varies, the stress state of the
connector is different from the state when the temperature is stable. When the temperature
varies drastically, the components inside the connector will have a large temperature
difference. Due to the constraints between the components, the thermal deformation of
the components will generate a relatively large thermal stress. With excessive thermal
stress, there is a risk of damage to connector components, which further leads to sealing
failure. During the rapid variation of oil-gas temperature, the heat of oil and gas is
transferred to the inner wall of the hub and the inner wall of the LSG in the form of
convection and then transferred to the outer wall of the connector by heat conduction
and heat radiation. In the process of oil-gas temperature variation, the distribution of
temperature inside the connector varies along the radial direction and varies with time.
Therefore, the temperature of any node of the connector also varies with time to form a
transient temperature field. The unstable thermal conductivity of temperature along the
radial direction can be approximated as the thermal conductivity of a flat plate, which
Fourier’s law can describe as [30]:

dT d2t

E = ﬂd@ (15)

where T is temperature, °C; t is the temperature rising time, s; r is the distance along the
radial direction at any point in the wall, m; and 4, is the thermal conductivity coefficient of
steel, m?/s.

Using the approximate method [30] to solve Equation (15), yields:

T 82
AT = o % (16)
where 7 is the temperature difference between inner and outer wall, °C; AT/At is the
temperature rise rate of the inner wall from start to stop, that is, the rate of temperature
variation with time of the inner wall, °C/s; and ¢ is the wall thickness, m.
Substitute Equation (16) into Equation (14) to obtain the approximate expression of
the transient thermal stress as follows:

o = W*ET 52 nf — ﬁ’%*rZ Inh
r 2(1—1/)Atln% 2a4 r 12 r5—r? 2
[ 2.2 .2
_ *ET 52 L0} rin—r o
of = & . In2+ % In2 -1
6 2(171/)At1n% 2a, rte ro-rF T (17)
[ 2.2 .2
T _ a*ET & lolp o 4 LT ro
= — > 2InL + % In-2 —1
% T 20-v)atin 7 24 =7
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3.3. Three-Dimensional Stress Caused by Internal Pressure

The subsea connector is subjected to multiple loads simultaneously under work-
ing conditions. Since the sealing structure is regarded as a thick-walled cylinder, the
three-dimensional stress caused by the internal pressure can be obtained according to the
Lame formula [31]:

p_ Pt _ P

Or = 2-3 -
5T rG—re T
2 2.2
P pri prori 1
Op =22+ 7 53 (18)
9 Vo—i’i rO—ri T
2
(TP _ P
z = 2_27
o~

3.4. Thermal-Structural Coupling Stress

To obtain the stress caused by the joint action of multiple loads, it is necessary to
couple the various stresses. There are two conditions for stress superposition [32]: (1) The
system can be described as a second-order linear differential equation; (2) the action of
the factors on the system shall not cause non-linear phenomena. The structural stress
and thermal stress of the LSG are both within the elastic range and can be expressed
by the linear second-order differential equation. Therefore, the conditions for using the
superposition principle are available. By applying the superposition principle, the coupling
stress-radial stress o, circumferential stress 0y and axial stress o, caused by multiple loads
can be obtained:

[ 2.2 .2 2 2.2
_ &« ET 52 rg _ Tirg—r 0 pri Pt 1 0
= a2 |7 T g N | ety e T
2.2 2 2 2.2
_ a*ET &2 o 4 it ) pr; proti 1 0
=——L8&=2L 2 |[n0 4 £ In2 — =
76 2(17V)Atlrl% 2a4 r + 2 r%—riz i + r%—riz + ré—rl2 r2 + 6 (19)
[ 2.2 .2 2
_ a*Et 52 ro 4 T ro _ pr; 0
Uz = 2(1—1/)Atln% 2ay 2In r T 12 rs—r? In ri + r3—r? +0;

4. Numerical Simulation of Thermal-Structural Coupling of the Subsea Connector

The simulation analysis of thermal-structural coupling stress of the subsea connector
requires the loads, including oil-gas temperature, preload, and oi—gas pressure to be
applied to the connector, which increases the complexity of the numerical simulation. In
this paper, the temperature field numerical simulation of the subsea connector is conduced
first. Next, the node temperature of the components obtained is applied to the connector as
steady loads together with the rest of the loads. Finally, the coupling thermal-structural
stress state of the connector under the action of the transient temperature field is obtained
through the steady solution. Nickel-chromium-iron corrosion-resistant alloy Incoloy825
is selected for the material of the LSG in the simulation, and 12Cr2Mol is selected for the
material of hub and collet. The material parameters are shown in Tables 1 and 2.

Table 1. Material model of Incoloy825.

Temperature Heat Capacity Elastic Modulus Thermal Expansion Coilgilr:i?i ty Poisson’s
o ko—1.K-1 P oc—1 :
(°Q) (J-kg1.K1) (MPa) Coefficient (°C—1) (Wom-1.K-1) Ratio
20 3.603 2.06 x 10° 1.64 x 1075 14.7 0.25
50 3.744 1.970 x 10° 1.65 x 10~ 15.2 0.25
100 3.901 1.955 x 10° 1.68 x 1075 15.8 0.25
150 4103 1.915 x 10° 1.70 x 107> 16.7 0.25
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Table 2. Material model of 12Cr2Mol.

. . . Thermal . ,

Temperature (°C) Heat Capacity Elastic Modulus Thermal Expansion Conductivity Poisson’s
ko—1.K-1 - oC—1 :

(J-kg 1. K1) (MPa) Coefficient (°C—1) (W-m-1.K-1) Ratio

20 3.603 2.1 x 10° 1.64 x 1075 14.7 0.3
50 3.744 1.970 x 10° 1.65 x 1075 15.2 0.3
100 3.901 1.955 x 10° 1.68 x 107 15.8 0.3
150 4.103 1.915 x 10° 1.70 x 107 16.7 0.3

4.1. Transient Temperature Field Analysis of the Subsea Connector

Under the rated working conditions, the outer surface of the subsea connector is
exposed to low-temperature seawater (3 °C). According to the boundary condition of the
third kind, this paper uses the equivalent thermal conductivity and composite thermal
conductivity obtained from the analysis in Section 3. The internal surface of the connector
is in contact with the high-temperature oil and gas. The internal surface temperature of the
connector in contact with oil and gas is set in different working conditions:

1. The condition of uniform temperature rise: after 100 s, the internal surface temperature
of the connector rises from 3 °C to 150 °C.

2. The condition of uniform temperature drop: based on the steady temperature dis-
tribution, after 100 s, the internal surface temperature of the connector drops from
150 °C to 3 °C.

3. The condition of instantaneous temperature drop: based on the steady temperature
distribution, the internal surface temperature of the connector instantaneously drops
to 3 °C.

4. The condition of temperature shock: after 100 s, the internal surface temperature of
the connector rises from 3 °C to 150 °C, and then after another 100 s, it drops from
150 °C to 3 °C.

4.1.1. Analysis of Temperature Field under the Working Condition of Uniform
Temperature Rise

The working condition of uniform temperature rise aims to simulate the process of
heat transfer in the connector when the wellhead is just opened. During the simulation,
the connector internal temperature is set to rise from 3 °C to 150 °C at a uniform speed
within 100 s, and the external environment temperature is 3 °C. As shown in Figure 2, the
temperature fields at 50 s, 500 s, 5000 s and 10,000 s are obtained. There is a temperature
gradient in the radial section inside of the connector. We can find that:

o  After 50 s, the oil-gas temperature inside the connector rises to 76.5 °C. The tempera-
ture of the inner wall of the hub and the inner wall of the LSG reaches 75.76 °C, and
the heat is mainly concentrated on the LSG. The temperature of the hub close to its
inner wall is relatively higher, and the temperature of the hub outer wall, clamp and
actuator ring is the same as the temperature of seawater.

o  After the temperature rising for 500 s, the oil-gas temperature reaches 150 °C and
maintains for a period of time. The overall temperature of the LSG and hub increases
significantly, and the heat is transferred to the collet through the outer wall of the hub.

o  After the temperature rising for 5000 s, the heat is transferred to the actuator ring.
However, the heat on the collet and actuator ring was mainly concentrated near
the hub.

e  Comparing the temperature field distributions at 5000 s and 10,000 s, the temperature
field tends to be stable after the temperature rising for 5000 s.
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L: Transient Thermal
Temperature

Type: Temperature
Unit: °C
Time: 50

75.758 Max
67.672
59.587
51.502
43416
35.231
27.246
19.161
11.075
2.99 Min

(a)

Q:Transient Thermal
Temperature
Type: Temperature
Unit: °C
Time: 10

140.26 Max
13047
120.67
110.87
101.07
91.267
81.467
71.668
61.868
52.069

42.269
32469
22.67
12.87
3.0706 Min

(a)

L: Transient Thermal

L: Transient Thermal Temperature

Temperature

L: Transient Thermal
Temperature
Type: Temperature
unit: °C

Type: Temperature
Unit: *C
Time: 10,000

Type: Temperature
unit: °C
Time: 500

Time: 5000

150 Max
133.67
117.35
101.02
84.698
68.372
52,046
35721
19.395
3.0697 Min

(b) (c) (d)

Figure 2. Transient temperature field of subsea collet connector under the working condition of
uniform temperature rise. (a) 50 s; (b) 500 s; (c) 5000 s; (d) 10,000 s.

150 Max
133.67
117.34
101.01
84.683
B58.354
52.024
35.695
19.366
3.0364 Min

150 Max
133.67
117.35
101.02
84.698
68.372
52.046
35721
19.395
3.0697 Min

During the temperature rising process, the temperature rise rate of each component is
different. The real-time expansion rate and thermal stress are also different, which would
lead to variation in the preload of the LSG. Therefore, the temperature rise process will
have a certain impact on the sealing performance.

4.1.2. Analysis of Temperature Field under the Working Condition of Uniform
Temperature Drop

The working condition of uniform temperature drop aims to simulate temperature
variation inside the connector as the wellhead closes and the oil-gas temperature flowing
through the subsea collet connector drops gradually. During the simulation, the connector
internal temperature is set to drop from 150 °C to 3 °C at a uniform speed within 100 s, and
the external environment temperature is 3 °C. Then the temperature fields at 50 s, 500 s,
5000 s and 10,000 s are obtained, as shown in Figure 3. We can find that:

e  After the temperature dropping for 10 s, the transient maximum temperature (140.26 °C)
is mainly on the LSG.

e  After the temperature dropping for 100 s, the transient maximum temperature (106.92 °C)
is concentrated in the seawater layer between the LSG and hub.

e  After the temperature dropping for 1000 s, the transient heat was mainly concentrated
in the seawater layer between the actuator ring and the collet, and the temperature
is 6.362 °C.

e  After the temperature dropping for 10,000 s, the overall temperature inside the con-
nector has been reduced to seawater temperature.

Q:Transient Thermal
Temperature
Type: Temperature
Unit: °C
Time: 100

Q:Transient Thermal
Temperature
Type: Temperature
Unit: °C
Time: 1000

Q: Transient Thermal
Temperature
Type: Temperature
Unit: °C
Time: 10,000

106.92 Max 6.362 Max
61219
5.8817
5.6416
5.4015
5.1613
4.9212

3 Max

I 3 Min

(b) () (d)

Figure 3. Transient temperature field of subsea collet connector under the working condition of
uniform temperature drop. (a) 10 s; (b) 100 s; (c) 1000 s; (d) 10,000 s.

Table 3 shows the temperature drop time of each component. Due to the initial
drop speed of LSG temperature being significantly faster than other components, the
instantaneous shrinkage will be greater than other components, which will impact the
sealing performance of the connector. However, in a short period, the temperature of each
component is reduced by 90%, but it takes a long time to reach the steady distribution of
the same temperature as the seawater.
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Table 3. The time required for each component to drop to the seawater temperature under the
working condition of uniform temperature drop.

Time for Temperature Drop (s)

Percentage of Temperature Drop

(%) LSG Female Hub Male Hub Collet Actuator Ring
20 14.4 124 74.4 102 274

40 194 174 114 154 464

60 23.4 234 164 264 974

80 27.4 354 264 364 1230

90 194 505 400 584 1770

100 3170 3870 3670 3570 3470

4.1.3. Analysis of Temperature Field under the Working Condition of Instantaneous
Temperature Drop

The working condition of instantaneous temperature drop aims to simulate the tem-
perature variation inside the connector when the subsea collet connector stops working,
and the oil-gas temperature is removed instantaneously within 10 s. The temperature field
inside the connector under the working condition of instantaneous temperature drop at
10's,100 s, 1000 s and 5000 s after the wellhead is closed is obtained by simulation as shown
in Figure 4. We can find that:

o  After the temperature dropping for 10 s, the maximum instantaneous temperature of
the connector is concentrated at the LSG, which is 142.49 °C.

e  After the temperature dropping for 100 s, compared with the temperature field figure
at 10 s, it is found that after the oil-gas temperature is instantly removed, the inner wall
of the hub and the inner wall of the LSG dissipate heat rapidity, and the temperature
drops drastically. The heat is mainly concentrated at the junction of the outer wall of
the LSG and seawater, and the maximum temperature is 122.8 °C; the temperature
field distribution of the collet and actuator ring is similar to that at 10 s; however, the
temperature is slightly lower.

e  After the temperature dropping for 1000 s, the overall temperature inside the connector
is relatively lower, and the highest temperature appears in the seawater layer between
the LSG and hub, which is 18.634 °C.

e  After the temperature dropping for 5000 s, the connector temperature is close to the
seawater temperature, with a maximum temperature of merely 3.0028 °C.

Q: Transient Thermal
Temperature
Type: Temperature

Unit: °C
Time: 5000

Q: Transient Thermal
Temperature
Type: Temperature

Unit: °C
Time: 1000

Q: Transient Thermal Q: Transient Thermal
Temperature Temperature

Type: Temperature Type: Temperature
Unit: ¢ Unit: °C

Time: 10 Time: 100

3.0028 Max
3.0026

14249 Max 122.8 Max 18.634 Max
132.53 114.25
122.57 105.7
11262 97.144
102.66 88.592
92.698 80.04

3.07 Min

(b) (c) (d)

Figure 4. Transient temperature field of subsea collet connector under the working condition of
instantaneous temperature drop. (a) 10 s; (b) 100 s; (c) 1000 s; (d) 5000 s.

Table 4 shows the time for a temperature drop of each component under the working
condition of instantaneous temperature drop. From Table 4, the time for a temperature
drop of each component is relatively close. Therefore, there is no sudden variation in the
temperature difference of each component, and there is no sudden variation in the force
between each component, which has little impact on the performance of the connector.
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Table 4. The time required for each component to drop to the seawater temperature under the
working condition of instantaneous temperature drop.

Percentage of Temperature Drop

Time for Temperature Drop (s)

(%) LSG Female Hub Male Hub Collet Actuator Ring
20 102 200 144 164 324

40 224 344 284 324 505

60 405 534 474 534 724

80 724 874 800 934 1050

90 1050 1240 1140 1640 1440

100 6870 6770 6770 6370 5770

T: Transient Thermal
Temperature
Type: Temperature
Unit: °C

Time: 10
16.364 Max

2.8367 Min

(a)

4.1.4. Analysis of Temperature Field under the Working Condition of Temperature Shock

The working condition of temperature shock aims to simulate the temperature varia-
tion inside the connector when the wellhead opens quickly and then closes quickly. The
connector internal temperature is set to rise from 3 °C to 150 °C within 100 s, and then drop
from 150 °C to 3 °C within 100 s; the external environment temperature is 3 °C. Then the
temperature fields under temperature shock at 10 s, 30 s, 60 s and 200 s are obtained, as
shown in Figure 5. We can find that:

e  After 10 s, the heat is mainly concentrated in the inner walls of the LSG and the hub,
and the maximum temperature is 16.364 °C.

e  After 30 s, the heat gradually diffuses to the outer walls of the LSG and the hub, with
a maximum temperature of 46.061 °C.

e  After 60 s, the temperature field distribution is similar to that at 10 s. However, the
temperature is relatively higher, and the maximum temperature is 90.606 °C.

e  After 200 s, the temperature is reduced to 3 °C. The heat is mainly concentrated at the
hub, and the maximum temperature is reduced to 63.181 °C.

T: Transient Thermal
Temperature

Type: Temperature
Unit: °C

T: Transient Thermal
Temperature
Type: Temperature
Unit: °C

T:Transient Thermal
Temperature

Type: Temperature
Unit: °C

63,181 Max
58.881

46.061 Max
42.952

37.378
33.077
28776
24.476
20175
15.874

(b) () (d)

Figure 5. Transient temperature field of subsea collet connector under the working condition of
temperature shock. (a) 10 s; (b) 30 s; (c) 60 s; (d) 200 s.

25437 Min

From Table 5, the LSG reaches the peak temperature at the earliest time, and the female
hub, male hub, collet, and actuator ring lag behind for a period of time, respectively. Consid-
ering the time of the temperature peak and the maximum temperature peak, the lenticular
seal, female hub and male hub are subjected to the greatest influence of temperature shock,
followed by the collet and actuator ring.

Table 5. The time required for each component to generate a temperature peak under the working
condition of temperature shock.

Name of Component

Peak Temperature (°C) Generation Time (s) Lag Time (s)

LSG
Female hub
Male hub
Collet
Actuator ring

105.37 118.02 18.02
36.112 190.83 90.83
54.438 140.83 40.83
18.352 170.83 70.83
4.0547 305 205
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4.2. Analysis of Coupling Stress Calculation Examples under the Transient Temperature Field

A certain axial preload is applied to the subsea collet connector. Then loads of temperature—
pressure rise, temperature—pressure drop, instantaneous temperature—pressure drop, and
temperature—pressure shock are applied sequentially to analyze the sealing performance of
the connector under the action of transient temperature field and pressure. The four working
conditions of the subsea collet connector in the transient temperature field are analyzed. The
load conditions are shown in Table 6, respectively. The working condition of temperature—
pressure rise aims to analyze the connector performance after the wellhead is opened
and a large amount of oil and water mixture is passed inside the subsea collet connector,
resulting in a simultaneous rise in oil-gas pressure and temperature; the working condition
of temperature-pressure drop refers to the seawater drawn from the vicinity of the wellhead
is far more than the oil and gas mixture, and the internal pressure and temperature drop as
it flows through the connector, thus to simulate the variation of sealing performance of the
connector at this time; the working condition of instantaneous temperature—pressure drop
aims to simulate the oil-gas temperature and pressure inside the subsea collet connector,
and the stress variation of the components of the connector; the working condition of
temperature—pressure shock aims to simulate the performance variation of the connector
when the wellhead is opened and closed rapidly, the high-temperature and high-pressure
oil and gas passes through and is suddenly cut off.

Table 6. Transient temperature field load conditions.

Case

Load Condition

Axial Preload

Transient Temperature Load Oil-Gas Pressure Load

Temperature-pressure rise

Temperature-pressure
drop

Temperature-pressure
instantaneous drop

Temperature-pressure
shock

~15 35
S 100k 5
§100 g 2
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4.2.1. Coupling Stress Analysis under the Working Condition of Temperature—Pressure Rise

The maximum contact stress variation of the LSG within 1000 s is shown in Figure 6a:
from 0 to 90 s, the maximum contact stress of the lenticular seal continues to rise. At90 s,
the contact stress reaches a peak value of 487.26 MPa, which is 10 s earlier than the time
when the temperature and pressure reach the peak. From 90 s to 110 s, the maximum
contact stress of the seal decreases to 458.6 MPa; from 110 s to 1000 s, the maximum
contact stress slowly fluctuates up to 472.6 MPa and reaches stability. The variation of the
maximum equivalent stress of the LSG is shown in Figure 6b. According to the coupling
stress theory analysis in 3 sections, the maximum equivalent stress of LSG is directly related
to the sealing contact stress and has a similar variation law: from 0 to 90 s, the maximum
equivalent stress rises gradually and reaches a peak of 258.91 MPa at 90 s; from 90 s to
130 s, the maximum equivalent stress gradually decreases to 232.29 MPa; from 130 s to
1000 s, the maximum equivalent stress slowly fluctuates up to 250.14 MPa. From 0 to 90 s,
as the temperature difference inside the connector increases, the temperature of the inner
wall of the LSG and the female and male hubs rise faster. As the temperature difference
between the inner and outer walls of the LSG gradually increases, the inner wall expansion
of the LSG is greater than the outer surface. The high oil and gas pressure makes the
LSG actively press the female and male hubs, resulting in a continuous rise in contact
stress. After 90 s, the temperature difference gradually decreases until a steady temperature
distribution is presented. The contact stress firstly decreases and then increases, and then
gradually stabilizes. The increase of temperature and pressure significantly influences the
maximum contact stress of the LSG, which proves that the metal seal is slightly deficient in
temperature compensation.
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(b)

Figure 6. Variations of maximum contact stress and maximum equivalent stress of LSG under

the working condition of temperature—pressure rise. (a) Maximum contact stress; (b) maximum
equivalent stress.

4.2.2. Coupling Stress Analysis under the Working Condition of Temperature-Pressure Drop

The variations of maximum contact stress and the maximum equivalent stress of the
LSG are shown in Figure 7. It can be seen that: as the temperature and pressure drop at
the same time, the tendency of the LSG to actively compress the female and male hubs is
slowed down, and the contact stress decreases. From 0 to 100 s, the maximum contact stress
decreases to 272.21 MPa; from 100 s to 300 s, as the connector starts to dissipate heat to the
outside, the temperature difference between the inside and the outside gradually decreases,
the contact stress decreases slowly, and the maximum contact stress decreases slowly to
210.06 MPa; from 300 s to 1000 s, the maximum contact stress fluctuates slowly but does
not change much, and finally stabilizes at 215.46 MPa. From 0 to 300 s, the maximum
equivalent stress generally shows a decreasing trend, during which it fluctuates slightly
due to heat dissipation, and it decreased to 107.15 MPa at 300 s. From 300 s to 500 s, the
maximum equivalent stress has a certain change, the maximum value is 112.55 MPa, and
the minimum value is 106.6 MPa after 500 s, and then tends to be stable.
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Figure 7. Variations of maximum contact stress and maximum equivalent stress of the LSG under

the working condition of temperature—pressure drop. (a) Maximum contact stress; (b) maximum
equivalent force.

4.2.3. Coupling Stress Analysis under the Working Condition of Temperature—Pressure
Instantaneous Drop

The oil-gas pressure and temperature are both set to the lowest under the working
condition of temperature—pressure instantaneous drop after 10 s. The maximum contact
pressure of the LSG and the equivalent stress variation are shown in Figure 8. From 0
to 10 s, due to the rapid drop of oil-gas pressure and temperature, the heat dissipation
efficiency of the LSG and the inner wall of the hub is higher than that of the overall hub,
which slows down the influence of temperature and pressure removal. Therefore, the
maximum contact stress slowly decreases to 445.68 MPa, and there is no sudden drop
of contact stress; from 10 s to 300 s, as the temperature and oil-gas pressure no longer
vary, the hub, collet and actuator ring continue to dissipate heat, and the sealing contact
stress is quickly reduced to 220.88 MPa; from 300 s to 1000 s, the temperature of the hub
is consistent with the temperature of the internal and external environment, and the heat
is mainly concentrated in the collet. As the heat of the collet continues to dissipate, the
expansion decreases, resulting in a tendency to compress the female and male hubs so
that the maximum sealing contact stress slowly rises to 228.9 MPa. After 500 s, the collet
maintains this value after the heat dissipates, thus reaching a steady state. Under this
working condition, as shown in Figure 8b, from 0 to 10 s, different from the variation of
contact stress, the maximum equivalent stress of the LSG presents a slight increase, and the
peak stress is 266.78 MPa; from 10 s to 300 s, the maximum equivalent stress of the LSG
continues to drop to 99.84 MPa; from 300 s to 1000 s, the maximum equivalent stress of the
LSG slowly rises to 106.67 MPa and remains stable, which is consistent with the reason for
the variation of the maximum contact stress.

4.2.4. Coupling Stress Analysis under the Working Condition of Temperature-Pressure Shock

The maximum contact stress and the maximum equivalent stress of the LSG under
the working condition of temperature—pressure shock are shown in Figure 9. From 0 to
20 s, the initial impact of temperature—pressure shock is not obvious, and the maximum
contact stress rises slowly to 296.81 MPa; from 20 s to 90 s, the temperature of both the
LSG and the hub begins to rise rapidly, and also by the effect of increased oil-gas pressure,
the tendency of the LSG to compress the hub outward is more obvious. Therefore, the
maximum contact stress quickly rises to the peak value, which is 487.26 MPa, and the peak
time is 10 s earlier than the peak oil-gas temperature and pressure; from 90 s to 100 s,
with the increase of temperature, the maximum contact stress is reduced to 462.11 MPa
for the expansion rate of hub and LSG is closer; from 100 s to 200 s, with the decrease of
temperature and oil-gas pressure, the tendency of the LSG to actively compress the hub
is rapidly reduced, and the maximum contact stress rapidly drops to 197.75 MPa; from
200 s to 2000 s, as the temperature and the oil-gas pressure load are restored to the initial
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state, the contact stress fluctuates with the components are dissipated outwards, and the
maximum contact stress stabilizes at 212.33 MPa after 2000 s. As shown in Figure 9b, under
the impact of temperature—pressure shock, the variation trend of maximum equivalent
stress of the LSG is similar to that of contact stress, except that there is a small fluctuation
at the peak. At 110 s, the stress peak is 260.46 MPa, which is 10 s later than the temperature
and pressure peak; from 200 s to 800 s, the maximum equivalent stress fluctuates with the
outward heat dissipation, and finally reaches 124.36 MPa after 2000 s, and then remains
stable. Temperature—pressure shock greatly impacts the performance of the LSG with large
fluctuations, which may give rise to fatigue wear, which should be avoided.
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Figure 8. Variations of maximum contact stress and maximum equivalent stress of LSG under the working

condition of temperature—pressure instantaneous drop. (a) Maximum contact stress; (b) maximum
equivalent force.

stress/MPa
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Figure 9. Variations of maximum contact stress and maximum equivalent stress of LSG under

the working condition of temperature—pressure shock. (a) Maximum contact stress; (b) maximum
equivalent stress.

5. Temperature Cycle Test of Sealing Performance

The temperature cycle test is mainly used to test the sealing performance and mechan-
ical properties of the subsea collet connector under temperature cycling variations. The
temperature load is applied inside and outside the connector by the temperature cycle
test device. The pressure is applied inside the connector with the hydraulic pump. The
temperature and strain variations of the key sampling point are obtained through the
temperature sensor and strain gauge of the key test point of the connector.

5.1. Temperature Cycle Test Device and Process

Figure 10 shows the schematic diagram of the temperature cycle test device, and
Figure 11 shows the physical object. The test device mainly consists of the temperature
cycle test box, the subsea collet connector, the liquid nitrogen container, and the console
station. The internal medium of the subsea collet connector is hydraulic oil, and the whole
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test process is operated through the console station. For the test process of temperature
rising, control the heater 12 to heat the hydraulic oil in the inner cavity of the connector to
the specified temperature. For the high-temperature insulation process, the temperature
sensor 10 in the hub of the connector and the control system jointly adjust the operation of
the heater 12 to maintain the internal high temperature of the connector; for the test process
of temperature dropping, start the cryogenic liquid pump 2, liquid nitrogen vaporizes
through vaporizer 3 and enters temperature cycle test box 5 until the temperature in
connector decreases to the specified value; for the low-temperature insulation process, the
work of the cryogenic liquid pump is adjusted through the air temperature sensor 9 and
the control system to maintain a constant low temperature inside the box; for the process of
pressure rising, the connector internal is pressed by the hydraulic pump 17. In addition to
the temperature dropping, the temperature inside the box is maintained at about 3 °C.
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1-Liquid nitrogen container; 2-Cryogenic liquid pump; 3-Vaporizer; 4- Thermal insulating layer;

5-Temperature cycle test box; 6-Fan; 7-Heat exchanger; 8-Nitrogen temperature sensor;
9-Air temperature sensor; 10-Connector temperature sensor; 11-Hot oil inlet; 12-Heater;
13-Connector; 14-Hot oil outlet; 15-Thermometer; 16-0il tank; 17-Hydraulic pump

Figure 10. Schematic diagram of temperature cycle test.

(d)

Figure 11. Device of temperature cycle test. (a) Temperature cycle test box; (b) connector and

connection line; (c) liquid nitrogen container; (d) console station.

The flow chart of the temperature cycle test of the subsea collet connector is shown in
Figure 12. The test can be divided into the following main steps:

1.  The temperature of the temperature cycle test box outside the connector is set to
3 °C throughout, the initial temperature of the inner cavity of the connector is room
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temperature, and the internal pressure is 0 MPa. The inner cavity of the subsea collet
connector is heated to 150 °C.

2. Pressurize the connector cavity, increase the internal pressure to 34.5 MPa, hold the
pressure for 60 min, and then depressurize to 0 MPa.

3. Reduce the temperature of the connector cavity to 3 °C.

4. Increase the internal pressure of the connector to 34.5 MPa, hold the pressure for
60 min, and then depressurize to 0 MPa.

5. Increase the temperature of the connector cavity to room temperature.

6. Increase the internal pressure of the connector to 34.5 MPa at room temperature and
then raise the temperature of the connector cavity to 150 °C, maintaining the inner
cavity pressure of the connector at more than 0.5 times of 34.5 MPa.

7. Set the internal pressure of the connector to 34.5 MPa and hold it for 60 min.

8.  Reduce the temperature of the connector cavity to 3 °C and maintain the internal
pressure of the connector at 34.5 MPa for more than 0.5 times during the temperature
drop process.

9.  Set the internal pressure of the connector to 34.5 MPa and hold it for 60 min.

10. Increase the temperature of the connector cavity to room temperature, maintain
the internal pressure of the connector at more than 0.5 times 34.5 MPa during the
temperature rise.

11. Depressurize the connector to 0 MPa and raise the internal temperature of the connec-
tor from room temperature to 150 °C.

12.  Set the internal pressure of the connector to 34.5 MPa, hold it for 60 min, and then
depressurize it to 0 MPa.

13.  Reduce the temperature of the connector cavity to 3 °C.

14. Set the internal pressure of the connector to 34.5 MPa, hold it for 60 min, and then
depressurize it to 0 MPa.

15. Increase the temperature of the connector cavity to room temperature.

16.  Set the internal pressure of the connector to 34.5 MPa, hold it for 60 min, and then
depressurize it to 0 MPa.

17.  Set the initial pressure in the connector cavity to 10% of 34.5 MPa, and then hold this
pressure for 60 min.

18. Depressurize the internal pressure of the connector to 0 MPa, and then end the test.
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Figure 12. Flow chart of temperature cycle test loading.

To ensure the stability of the pressure-holding process, the temperature variation rate

during the whole process should be less than 0.5 °C/min. In the pressure-holding stage,
the temperature load applied should maintain or exceed the specified test temperature
and be no higher than the specified test temperature of 11 °C. During the whole test, it is
required that the deep-water jaw connector has no leakage visible to the naked eye. During
the entire test process, there shall be no visible leakage in the subsea collet connector. In the
pressure-holding process, the same as the hydrostatic pressure test, an acceptable pressure
settling rate should not be exceeding 5% of the applied pressure or 3.45 MPa, taking the
smaller of the two.
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5.2. Analysis of Temperature Data
The holding-pressure data of the temperature cycle test is shown in Table 7.

Table 7. Holding-pressure data of the temperature cycle test.

Steps Temperature (°C) Pressure (MPa) Holding Pressure (min) Pressure Drop (MPa)
1 20.8-150.2 0 - -
2 150.2 34.6 60 0.9
3 150.2-3.1 0 - -
4 3.1 34.8 60 0.2
5 3.1-20.2 0 - -
6 20.2-151.0 17.3-34.0 - -
7 151.0 34.5 60 0.7
8 151.0-3.3 17.9-34.2 - -
9 3.3 34.5 60 0.5

10 3.3-20.5 17.5-34.6 - -
11 20.5-152.8 0 - -
12 152.8 34.8 60 0.7
13 152.8-3.1 0 - -
14 3.1 342 60 0.6
15 3.1-21.9 0 - -
16 21.9 34.6 60 0.1
17 21.9 3.5 60 0.1
18 21.9 0 - -

1. It can be seen that the connector is pressure-held at different temperatures. The maxi-
mum pressure drop is 0.9 MPa in the second stage, which is 2.6% of the initial loading
pressure and is within the allowable pressure settling range. After the temperature
and pressure cycle loading test, the connector maintains a pressure of 3.5 MPa in the
17th stage. The pressure drop is 0.1 MPa, 2.86% of the initial loading pressure and
less than 5% of the loading pressure. This shows that the connector still enjoys good
sealing performance after temperature and pressure cycles.

2. A comparison of the composite LSG after the test is shown in Figure 13.

Figure 13a shows the LSG after the hydrostatic pressure test of 1.5 times the rated
internal pressure. The LSG has uniform indentation without disorderly wear
and scratch. The seal width is approximately 2.17 mm measured by a vernier
caliper with an accuracy of 0.1 mm; meanwhile, the rubber O-ring is in good
shape without scratch and distortion.

Figure 13b shows the LSG after the temperature cycle test. The LSG has pro-
nounced indentation. There are some short scratches near the indentation, and
the overall seal width seems to be increased. The width of the indentation and
scratch is about 4.92 mm, which is 2.27 times that of the hydrostatic pressure test;
through observation, the rubber O-ring is in good shape without excessive wear.
The most obvious results emerge from the test is that under the multiple effects
of temperature load, pressure load and preload, rapid temperature rising and
dropping will lead to increasing wear of the spherical surface of the LSG. The
composite sealing structure can effectively address the insufficient temperature
compensation capacity of metal to ensure the sealing performance of the subsea
collet connector under loads of temperature and pressure cycles.
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Figure 13. The state of the composite LSG after the test. (a) After the hydro-steady internal pressure
test; (b) after the temperature cycle test.

6. Conclusions

In this paper, the heat transfer model of the seawater layer between various com-
ponents of the subsea collet connector was established and solved, and the transient
temperature field distribution of the connector was obtained; the stress and deformation
of each component of the subsea connector under thermal stress were considered, and
the thermal-structural coupling analysis model of the transient temperature field was
established. The comparison between the thermal stress theoretical analysis and numerical
simulation of key sealing components of the connector was conducted. Analysis of the
working condition of pressure shock under the transient temperature field was also per-
formed. It can be proved that the coupled mathematical model proposed in this paper can
be used for the transient thermal-structural coupling theoretical analysis of similar subsea
oil and gas equipment.

1. The transient thermal-structural coupling of the subsea connector was mathematically
modelled. The mathematical modelling of transient thermal-structural coupling
of the subsea connector was carried out. The calculation models of radial stress,
circumferential stress and axial stress of the LSG under combined loads of the axial
preload, internal oil-gas pressure and temperature were obtained.

2. Numerical simulations of the transient temperature field of the subsea collet connector
under four working conditions of uniform temperature rise, uniform temperature
drop, instantaneous temperature drop, and temperature shock were carried out, and
the study showed that: under each working condition, in the process of temperature
variation from transient to steady distribution, the larger the temperature difference
between the components, the greater the difference in expansion rate, the greater the
impact on the sealing performance of the LSG.

3. Numerical simulations of the working conditions of temperature—pressure rise,
temperature—pressure drop, instantaneous temperature—pressure drop, temperature—
pressure shock under the transient temperature field were carried out. The results
showed that the smooth variation of oil-gas pressure and temperature had little
impact on the sealing performance of the connector; when the temperature and oil
and gas pressure varied suddenly, the maximum contact stress and equivalent stress
of the sealing surface would fluctuate greatly, which was prone to fatigue and wear,
and thus to affect the reliability of the sealing performance, this situation should
be avoided.

4. After the temperature cycle test, the final connector holding pressure drop is 2.86%
of the initial loading pressure, indicating that the connector still enjoys good sealing
performance after the temperature cycle. After the temperature cycle test, there is
an increased seal width of the LSG. The rubber O-ring is in good shape without
excessive wear.

Although this paper has studied the transient thermal-structural coupling of the
subsea connector and obtained some research results, the sealing of the subsea connector
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under the temperature load still involves many problems. In future studies, we will carry
out the research on the wear and fatigue characteristics of the microstructure of the sealing
surface under irregular temperature disturbance, and find a way to solve the problem of
sealing surface wear.
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Appendix A

By using the complex stress function, ¢1(z), 11(z), the thermal stress can be solved in
plane stress state. S is the simply connected region bounded by L in the z-plane. According
to the analytic function:

C=¢+iy
Map S to the region bounded by the unit circle in the {-plane, then the stress function
in the {-plane is:
{ p =l =) a2
¥1(2) = Pa[w(0)] = 9(0)
and:

¢'1(2) = p1[w(D)] = ¢(0) (A3)

Thus, the partial differentiation of the solution U of the homogeneous equation can
be performed:

U w(@) e o
ox tioy —¢(€)+w,(z)¢<§>+¢<§> (Ad)
On the boundary of the unit circle (¢ = ¢'), it can be obtained as follow:
ou .U —t = .
15 =00 + ST @) +70) = fi0) + () (A5)
where s v 9V
f1+if2:i/so (X +iv)ds + 50 +ig. (A6)

The particular solution V on the right side of the above equation is not mapped to the
{-plane. Suppose the points z = x + iy and z; = x1 + iy; in z-plane are mapped to the points
(=C+in= re® and gy = &1 + iny = re'? in (-plane, then differentiation of the particular
solution V leads to the following equation:

vV 9V k /5 W' ({1)@0'(T) RdRdg (A7)
4

oy 2 (D) 0-¢
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while d¢ =1/i-d{1 /1, and substitute it into Equation (A7) to obtain:

vV 9V tw'(G)w
5 = e 0, ey Rk .

In Equation (A8), the first integral in the bracket is performed for 1J;1 < I {1, and the
second integral is performed for 11| > 1.
Using the following coordinates relations:

_ i _ i iz _ G W'(C1)
dz = ¢'%|dz|,d = €"|d|, e = WG] (A9)

The relations between the stresses represented by polar coordinates and rectangular
coordinates can be obtained as follows:

Orr + 099 = Oxx + Oyy
2.

Opyg — Opr + 2i0,9 = fz—/gg)) (ij Oxx + Ziaxy) (A10)

Uy +iug = f;,g& (x4 iuy)

Simplifying the hub and the LSG as a hollow cylinder, the two concentric circles of
the hollow cylinder can be mapped to two concentric circles C;, Cy with the radius of r;, ry,
respectively, on {-plane. By distinguishing subscripts of C; and Cy by m = 1,2, the boundary
condition of the point o on C;; can be obtained from Equation (A5):

2 2
i ¢<a)+5(<j%f)¢'<”;>+ §E = [A0) +ifa@)], (A1)

Due to its circular dually connected domain, the stress functions ¢(¢) and (Z) on
{-plane can be represented by the Laurent series as follows:

P0) =90 +44(0) = T anl"+ L aul "

P P (A12)
PO = 9O +y(0) = ¥ pul" + £ pul ™

The temperature distribution under the axisymmetric steady temperature field is:
T=Alnr+B (A13)
Under this condition, the particular solution of Equation (11) is obtained as:
V= k{Ar2 Inr+ (B — A)rZ}/4 (A14)

By differentiating x, v in Equation (A14), it can be obtained as follow:

VAV k A
Frr <A1 r—+B>g (A15)

According to the Equation (A11), the following can be obtained:

o [ @)+ 2 g T

4y do _L/ (E)V oV, do
27 c’o—¢ 2milc,

$+@) —; (19
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Its conjugation form is:

1 [ o w() de 1 [ 9V AV, do
st e, BV S @ 00 T = o [ (GG A1)

By complex integration of the inner and outer boundaries according to the Cauchy
integral formula and its generalization formula, the following can be obtained:

Y a_ngfn_’_ y nwnriz(nfl)gfnJrZ_'_ y ﬁnr?ngfn =0
n=3 n=1

n=1

N

a

[ee] [ee] [ee]
El anrlz”g’” + rl«zulg’l — 71‘2 21 na_, "2 4 21,8,”@*” = %(Alnri — é + B)?’
n= n= n=

ot [e] 00 (A18)
L " a2y — ¥ mearg "2 o+ B parg ™' = §(Alnro— 4+ B)C
oo e} e}
o+ ¥ acnrg N+ 1 ©onanl" P4 L Bul” =
n=1 n=2 n=1
According to the Equation (A18), the following can be obtained:
2 42 .
o = j{Aimpsdin) 4 gl
o Arzri2 7
pr = {2 | (A19)
g =p_n=0(n=23,...... )
0y =pr=0,(n=23...... )

By substituting Equation (A19) into Equation (A12), the following can be obtained:

A2 Inrg—r?Inr;
(@) = §{ At 44 gl

1’077’1-

22 (A20)

I 0" (1l

lp(é) - k{2(r%ri2) In T }g

Then:
k[ A(#2Inrg —r?1Inr; A Ardr? r
U=+ (02021 J——+BrL%A—f¥7m£ Inr (A21)
4 g — 17 2 2(rg—r7) i
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