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ARTICLE INFO ABSTRACT

Editor-in-Chief: Prof. Nastia Degiuli Taking the maximum contact pressure as the objective function for, the optimal design

Associate Editor: PhD Tvana Marti¢ model of the offshore flange connector was established to analyze the impact of the
flange cone's angle and the curvature radius of the lenticular gasket's contact surface

Keywords: on the sealing performance of the connector. An optimized three-dimensional model

Structural parameters of the offshore flange connector was constructed using the MATLAB software's

Maximum contact pressure fmincon function to obtain the optimal size of the cone angle and curvature radius. The

maximum contact pressure and maximum equivalent stress values of the non-
optimized and optimized offshore flange connectors under the cross combination of
two design pressures and six operating temperatures were analyzed by Workbench
software, and the sealing performance of the non-optimized and optimized offshore
flange connectors was compared according to the sealing judgment basis. The results
show that compared with the previously studied offshore flange connector, the sealing
structure of optimized offshore flange exhibits maximum increase in contact pressure
increase but maximum decrease in equivalent stress. Under actual operating
circumstances, the optimized offshore flange connection performs better in sealing and
is less prone to breakage.

Optimal design model

Sealing performance

1. Introduction

With the depletion of onshore oil resources, oil extraction is gradually shifted from land to sea. One of
the most crucial mechanical components for the exploitation of undersea oil resources is offshore production
system, which consists of submarine pipelines and their connectors [1,2]. One of the key components in the
leakage of offshore oil production equipment is offshore flange connector, which mainly serves to divert
offshore oil pipelines and repair pipeline ruptures, and it is mainly comprised of flange, lenticular gasket, and
bolt [3,4]. The offshore flange connector is often used for submarine pipeline connection at a water depth of
about 500 meters, where most of the connections of offshore flange connectors are directly controlled by
divers, or offshore sealing chamber is used as a workspace to connect undersea working machinery. Under
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the influence of bolt preload, the two flanges pinch the lenticular gasket such that the curved surface of the
gasket and the conical surface of the flange are in close contact, producing the main body of a sealing structure.

Since offshore flange connector will withstand the effect of internal high temperature oil and gas
medium and external seawater pressure load for a long time, its sealing structure will deform and fail, resulting
in leakage. Therefore, the contact surface of the sealing structure must be under sufficient pressure to suffer
plastic deformation [5]. Thus, most of the microscopic concave and convex surfaces are tightly adhered to
meet the sealing requirements [6]. Zhao [7] et al. analyzed and simulated the contact pressure of the metal
sealing ring of the submarine X-TREE wellhead connector by using the mechanical analysis method of high
pressure vessel sealing, and pointed out that the structural parameters of the metal sealing ring are the main
factors affecting the change in contact pressure. Jing [8] et al. constructed the mathematical link between
structural factors and contact pressure, and used this mathematical model as the goal function to optimize the
X-O composite seal. Li [9] et al. analyzed the effects of the preload force, contact width, and working pressure
on the sealing ring's contact pressure through finite element method and emerged to a theoretical conclusion
about the relationship between the contact pressure and structural characteristics of the sealing ring of
submarine wellhead connector. Guo [10] et al. explored the influence of structural parameters of a V-shaped
sealing ring on its maximum contact pressure, and then used it as a design parameter to optimize the structure
of the V-shaped sealing ring with the help of Workbench software. Yang [11] et al. established a numerical
analysis model of O-ring seal with skeleton, obtained the optimal combination parameters to ensure sealing
performance, and conformed the rationality of the sealing structure through experiments. Huang [12] et al.
improved the performance of the seal significantly by using the finite element method to optimize the dip
angles, width, and rear support structure of the metal ring sealing surface. Cheng [13] et al. used the control
variable approach to study the impact of various structural parameters on the self-tightening metal U-shaped
sealing ring's sealing performance and came up with the ideal structural size for the sealing ring to retain
optimum sealing performance. Ren [14] et al. performed multi-objective optimization on VL sealing rings
using Isight software, determined the optimal geometric size for the rings and enhanced their sealing
capabilities.

According to the research results mentioned above, previous research was mostly focused on seals such
as submarine wellhead connectors, but with little research on the structural optimization of offshore flange
connector. Especially in the process of verifying the sealing performance of the optimized submarine well
connector, the impact of the operating temperature factors of the extracted crude oil on its sealing performance
is not taken into account. However, one of the essential elements influencing metal sealing performance is
sealing structure mentioned in the aforementioned literature, which provides a theoretical reference for the
optimization of the sealing structure of the offshore flange connector constructed in this paper.

In light of the aforementioned issues, this research improved the sealing structure of offshore flange
connector, established its corresponding three-dimensional model, and utilized MATLAB's fmincon function
to obtain the optimal sealing structure size [15]. Furthermore, the maximum contact pressure and maximum
equivalent stress values of non-optimized and optimized flange connectors were analyzed by Workbench
software under two design pressures and six temperature conditions. The results indicated that the optimized
offshore flange connector had better sealing performance in actual working conditions.

2. Sealing principle and sealing judgment basis of offshore flange connector

2.1 Sealing structure and sealing principle of offshore flange connector

Figure 1 depicts the structural layout of offshore flange connector. Its sealing function is achieved by
tightening the bolt with offshore operation tool, causing the curved surface on both sides of the lenticular
gasket and the contact cone of the two flanges to form a sealing structure under the action of bolt preloading
force.
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Fig.1 Diagram of the offshore flange connector’s structure

2.2 Sealing judgment basis for offshore flange connector

The offshore flange connector has been working in an environment with high temperatures and pressures
for a long time, and its sealing form is dominated by metal-to-metal contact sealing. The sealing pressure ratio
defines the unit area of pressure applied to the sealing surface and is an essential indicator that reflects the
metal sealing performance. The higher the sealing pressure ratio, the more pressure there has to be on the unit
surface, the better the sealing performance. The sealing pressure ratio of the flange and the lenticular gasket
are correlated with maximum contact pressure [16] in the contact process, which is expressed as:

_4h8,

P (0
T

where Pmax 1s the maximum pressure value of the contact surface between the flange and the lenticular gasket,
MPa; P is the sealing pressure ratio, MPa.

The formula shows that the maximum pressure of the sealing surface is proportional to its sealing
pressure ratio. Under the premise of not exceeding the tensile strength of the material, the greater the specific
pressure of the sealing surface, the greater the maximum contact pressure, and the better the metal sealing
performance. Thus, maximum contact pressure may be used as a direct indicator of sealing performance.
Studies have shown that the contact pressure between the two metals must be higher than double the yield
strength of the softer metal materials in order to create an efficient metal sealing [17]. Wang [18] et al. proved
the rationality of the sealing determination basis through the theoretical derivation of the elastoplastic contact
model. Moreover, Buchter [19] also proved the accuracy of the decision basis through experiments.

As the hardness of the flange is greater than that of the lenticular gasket, the yield strength of the
lenticular gasket material is taken as a reference. At the same time, the contact pressure of the sealing surface
must be lower than the material's tensile strength so as to prevent the lenticular gasket from fracturing.
Although the yield strength of the lenticular gasket material will decrease as operating temperature rises, this
will not affect the results of the study. Due to the selection of the yield strength of lenticular gasket under low-
temperature working conditions, this value is too large, making seal judgment reference value also too high.
If the sealing structure under high-temperature conditions can meet the judgment basis of low-temperature
conditions, it will also satisfy the judgment basis under high temperatures. Therefore, the sealing judgment
basis established in this paper is that the contact pressure of the sealing surface is between the tensile strength
and twice the yield strength of the lenticular gasket material, and the greater the contact pressure of the sealing
surface in this range, the better the sealing performance.
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3. The geometric model and optimal design model of offshore flange connector

3.1 Geometric model of flange and lenticular gasket

Using the German DIN2627 flange design standard as a guide and referring to the structural sizes of 6in
flanges, a geometric model for flange is designed in this study. There are 12 bolt holes on the flange. The
construction and assembly schematic of the flange are shown in Figure 2.

Fig.2 Structure design and assembly diagram of flange

As shown in Figure 2, d is the inner diameter of the flange, @> is the diameter of the bolt hole; ds is the
boss diameter of the flange; f'is the height of the boss; b is the height of the bolt hole; H is the height of the
whole flange; s is the thickness of the pipe wall; x is the distance between the upper and lower flange ends,
which is 26 mm; ds is the diameter of the bottom of the flange contact cone; and the angle of the flange contact
cone is 20°. The structural dimensions of the flange are shown in Table 1, unit is mm.

Table 1 Flange’s dimensions

di |doy| ds | dy | ds | D K | S|S8S|f] b H
150 | 42 | 302 | 218 | 183 | 475 | 390 | 35|35 | 3 | 105 | 200

With reference from the German DIN2629 lenticular gasket design standard, Figure 3 displays the
structural design of the lenticular gasket.

he

by
by
by

>

Fig.3 Structural design diagram of the lenticular gasket
4
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As shown in Figure 3, d; is the inner diameter of the lenticular gasket, d> is the outer diameter of the
lenticular gasket, D is the center circle diameter of the lenticular gasket, /1 is the thickness of the inner wall
of the lenticular gasket, /> is the thickness of the outer wall of the lenticular gasket, a is the angle of the flange
contact cone, and r is the curvature radius of the lenticular gasket.

The contact center circle diameter Dx of the lenticular gasket and flange can be calculated by:
D, =(d +ds)/2 (2)

The contact surface of the lenticular gasket's curvature radius 7, can be calculated by:
Dy

= 2¢c0s(90° - ) 3)

The thickness of the lenticular gasket contact center can be calculated by:
— ds =Dy

= x+ tan 70° @
The inner wall thickness of the lenticular gasket can be calculated by:

hy=h +2xh —2xh, ®)
The exterior wall thickness of the lenticular gasket can be calculated by:

hy=h +2xh —2xh, (6)

where A, hp, and A can be calculated using the following three formulas:

ha=r—%><4l4><r2—d12 (7)
hb:r—%x‘/4xr2—D§ ®)
hczr—%x«Mxrz—dzz )

The calculated structural dimensions of the lenticular gasket are shown in Table 2, and unit is mm.

Table 2 Dimensions of the lenticular gasket

Dk r d1 dz hl /’lz hk ha hb hc

166.2 | 243 | 150 | 210 | 37.7 | 13.7 | 32.1 | 11.86 | 14.65 | 23.86

3.2 Force analysis of sealing structure

Since both the flange and the lenticular gasket are axis-symmetric structures, their force states are
likewise symmetrical. The force of lenticular gasket is analyzed in Figure 4.
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Fig.4 Diagram of the force acting on the lenticular gasket

The bolt preloading force F acts on the lenticular gasket, forming contact stress P on the sealing surface.
The bolt preloading force in an operational condition [20] can be calculated by:

_oln’rD, cos(a - p) N D}

B E" cos(p) 4 (19)

where s is the yield strength of lenticular gasket material, » is the contact surface's curvature radius, Dy is the
diameter of the contact center circle, o = 20° is the flange's cone angle, p = 8.5° is the angle of friction between
the flange and the lenticular gasket, g is the designed pressure of the offshore flange connector, g = 34.5 MPa;
E” is the equivalent elastic modulus, and its relation is expressed as [21]:

1 1=y 1-v

= + 11
E E  E (1)

Ey and E; are the elastic modulus of the materials for the lenticular gasket and the flange, respectively;
vi and v, are the poisson ratio of materials for the lenticular gasket and the flange, respectively, vi=1v>=0.3.
According to Figure 4, F is bold preloading force, P is the normal component force of the lenticular gasket,
and fis the tangential component force of the lenticular gasket. The force balance relationship can have the
following outcomes:

p— Fcos(p)

cos(a— p) (12)

The two-dimensional force of the contact between the lenticular gasket and the flange is analyzed in

lenticular

Figure 5.

Fig.5 Two-dimensional contact force between the flange and the lenticular gasket

The initial contact between the flange and the lenticular gasket is line contact. The linear load P, on the
contact center circle between the flange and the lenticular gasket is expressed as:

P Fcos(p)

= = 1
® nD, =D, cos(a—p) (13)
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According to the two-dimensional contact theory of a cylinder in contact mechanics [22], the pressure
distribution in the contact area between the flange and the lenticular gasket is give as:

p(x) = g2 2y (14)
th

The maximum contact pressure occurs at the point of contact at x = 0, whose value can be calculated by:

_ap (PbE* j”z 1 \/ FE’ cos(p)

T T rD, cos(a — p)

Po (15)

As can be seen from formula (15), the contact pressure is influenced by the bolt pretightening force F
as well as the sealing structural parameters », and Dx. According to research, the contact pressure of the sealing
surface is an important indicator affecting sealing performance. Therefore, sealing performance can be
effectively improved by changing the structural configurations of the offshore flange connector [23].

The contact seal width b is calculated by:

b - 4Rr _ 4 Fcos(p)r (16)
E* @\ E'D,cos(a - p)

The sealing half width a is obtained. The normal distribution force ¢g(x) is applied within the width of
the seal. Assuming any element to be ds, the stress caused by any point (xo,z0) in the lenticular gasket is
expressed as:

-. _ 22, J.+a p(x)(x,—s)*ds
0 7 d-al(x, =8+ Z; T
O-yo = ,ul(o-xo +O-ZO)
_2% [ s
7 a5+ 227

(17)

O =
%0

By substituting formula (14) into formula (17) and integrating in the direction of the zo axis, the principal
stress inside the contact region of the lenticular gasket can be obtained as:

P 1
Oy, = —ﬁ—ag[(a2 +2z7)a* +z,2) 2—2z,]

4 R,

0y, == mﬂb J@+z2-2) (18)
2R, -

oz, :——ﬂb (a*+z,%) 2

The maximum contact stress is calculated by:

:%\/(

3.3 Optimal design model of sealing structure

Omax O-xo - O-yo )2 + (O-yo - GZO )2 + (Gzo - O-xo )2 (19)

By analyzing the maximum contact pressure, it is known that changing the sealing structure parameters
can effectively improve the sealing performance of the offshore flange connector. Due to
Dy = 2rcos (90°-a) = 2rsin(a), formula (15) can be rewritten as:

Dy = L\/ FE" cos(p) _ L\/ FE" cos(p) (20)

nir \| 2sin(e) cos(ax — p) o sin(2a — p) +sin(p)

7
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In this paper, p is the friction angle between metal and metal, which is invariable. It is feasible to enhance
the contact pressure of the sealing surface while maintaining the same bolt preloading force by changing the
angle of the flange contact cone and the curvature radius of the lenticular gasket, which will improve the
sealing performance of the offshore flange connection. Therefore, the angle of the flange contact cone and the
curvature radius of the lenticular gasket are used as design variables for the sealing structure optimization
model, with formula (20) serving as the objective function.

Since the angle of the flange contact cone is between 0° and 90°, it can be obtained from the objective
function that the smaller sin (2a-p) is, the larger Po is. Po increases in size as r, while the curvature radius of
the lenticular gasket decreases. However, the size of the lenticular gasket imposes restrictions on both a and
r. The values of a and r are subject to the following relationship because the contact center circle diameter Dx
between the lenticular gasket and the cone of the flange lies between the inner diameter di and the outer
diameter @> of the lenticular gasket: 4, < D, = 2rsin(a) < d,

The sealing performance of the offshore flange connector is improved with the increase of objective
function values. However, the value of Py should not be higher than the tensile strength of the lenticular gasket.
Using the established sealing judgment basis for offshore flange connector, the following results may be
attained: 26, <P, <o, -

The yield strength of lenticular gasket material is given in the formula above as os, while its tensile
strength is given as op. The yield strength and tensile strength of the lenticular gasket, which is made of 316
stainless steel, are 205 MPa and 515 MPa, respectively. Hence, three sealing structure optimization parameters
of the offshore flange connector can be obtained:

e
2. Subject to: 410Mpa < po< 515 MPa
3. D=a,r]

D stands for design variable, 0°< a < 90°, 150 mm < 2rsin(a) < 210 mm. After the optimized design

parameters are identified, the program is prepared in MATLAB. Figure 6 shows the comparative data of
optimization parameters.

5157 N Fo—pj |
Hl B =

Fig.6 Comparative data for optimization parameters

As can be seen from Figure 6, the maximum Py value is 515 MPa, while the constraint conditions require
Py to be less than 515 MPa, so the most reasonable Py value is 512 MPa, corresponding to the angle of the
flange cone a of 23.8°, and the curvature radius of the lenticular gasket » of 223 mm. The structural dimensions
of the optimized lenticular gasket are shown in Table 3, and unit is mm.
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Table 3 Optimized dimensions of the lenticular gasket

Dy r d d> h hy | he | ha | hp he

180 | 223 | 150 [ 210 | 37.8 | 11.2 | 26 | 13 | 18.9 | 26.3

It can be seen from formulas (18), (19) and (20) that changing the seal structure parameters a and » can
change not only the contact pressure of the seal structure, but also the maximum equivalent stress. The
maximum contact pressure reflects the stress of the contact surface, while the maximum equivalent stress
reflects the stress of the whole sealing structure. The greater the maximum contact pressure of the contact
surface does not necessarily mean the greater the maximum equivalent stress of the whole sealing structure.
A series of zo values are substituted into formula (18), and finally formula (19) is calculated. omax1 represents
the equivalent stress before optimization, and omax2 represents the equivalent stress after optimization, as
shown in Table 4, unit is MPa. The maximum equivalent stress of the optimized sealing structure is calculated
to be less than that of the non-optimized sealing structure, thus verifying the rationality of the finite element
simulation results.

Table 4 Comparison of equivalent stress of sealing structure

20 1 1.5 2 2.5 3

Omax1 | 63.9 | 48.36 | 38.115 | 31.23 | 26.378

Omax2 | 62.52 | 46.39 | 36.33 | 29.68 | 25.03

4. Finite element analysis of non-optimized and optimized offshore flange connectors

4.1 Establishment of finite element analysis model of offshore flange connector

After the creation of non-optimized and optimized flange and lenticular gasket, build a three-
dimensional model of the parts and assemble them with Soildworks was constructed. Due to the symmetry of
the constructed offshore flange connection, a quarter of the offshore flange connector is utilized as the
geometric model for finite element analysis, according to literature [24]. Symmetrical symmetry restrictions
were placed on the two cutting sides of the geometric model, the mesh was further divided and refined on the
contact surface between the lenticular gasket and the flange [25], as illustrated in Figure 7. In order to decrease
the number of divided mesh and facilitate calculation, the model was imported into Workbench software for
finite element analysis. The augmented Lagrange algorithm was adopted as the contact mode between the
flange and the lenticular gasket to improve the calculation accuracy and convergence.

Table 5 Material properties of each part of the offshore flange connector

Part Materials Poisson ratio elasticity modulus(Gpa) Yield strength(MPa)
Flange 12Cr2Mol 0.3 210 620
Lenticular gasket 316 0.3 201 205
Bolts and nuts 50Cr 0.3 210 930
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Fig.7 Modeling of finite element analysis

The bolt preloading force was computed using formula (10), and the average preload for each bolt was
calculated to be 74.6 KN. The preloading force of 74.6 KN was respectively applied to the three bolts of the
geometric model, and a medium pressures of 34.5 MPa and 41.4 MPa was respectively applied to the inner
wall. Then the temperature of the sealing structure of the offshore flange connector was set according to six
operating temperatures to finally calculate the contact pressure under these conditions. The material attribute
of each component of the offshore flange connection is specified in Table 5.

4.2 Setting of boundary conditions and load constraints of offshore flange connector

As crude oil stored in the seabed is very viscous, it is necessary to transport high-temperature and high-
pressure media in the oil production equipment to reduce the viscosity of the crude oil and further facilitate
its exploitation. With the increase in medium transport temperature, oil production equipment generally has a
temperature of higher than 100 °C, and even 150 °C [26]. At the same time, offshore flange connector is also
affected by the pressure difference between the internal and external medium in the submarine operation
process. Given the complexity of offshore oil production, the standard pressure difference for offshore
connectors is generally 34.5 MPa. The safety factor is 1.2 times, that is, the design pressure under working
conditions was set to 41.4 MPa [27]. The contact pressure of the sealing structure under the two pressure
differences was then compared and analyzed. Therefore, the contact pressure of non-optimized and optimized

sealing structures was explored under the two pressure conditions at the operating temperatures of 25 °C,
50 °C, 75 °C, 100 °C, 125 °C, and 150 °C.

4.3 Interpretation of result

The contact pressure of the sealing structures under the condition of six operating temperatures and two
design pressures were solved using the statics module of Workbench software. The two extreme temperatures
of each design pressure are provided as an example to precisely depict the contact pressure distribution
between the flange and the lenticular gasket in the offshore flange connector. The cloud diagram of the contact
pressure of non-optimized and optimized sealing structures at 25 °C and 125 °C under the design pressure of
34.5 MPa is given in Figure 8.

10
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Fig.8 Contact pressure cloud diagram of the sealing structure with two limit temperatures under the design pressure of
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The cloud diagram of the contact pressure of non-optimized and optimized sealing structures at 25 °C
and 125 °C under the design pressure of 41.4 MPa is given in Figure 9.

As can be seen from the two figures, the maximum contact pressure of the sealing structure under other
combination conditions was more than twice the yield strength of the lenticular gasket material, which met
the sealing judgment basis of the offshore flange connector, and the maximum contact pressure formed a 360°
annular stress band, effectively preventing the radial leakage of crude oil.

Figures 10 and 11 depict the maximum contact pressure of the sealing structure under the condition of
the two design pressures and various operating temperatures.

—=— Non-optimized sealing structure
455 - —e— Optimized sealing structure b

—=— Non-optimized sealing structure
—e— Optimized sealing structure

~

ey
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15
T
1
s
]
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!

s
B
S

40 25 50 75 100 125 150 25 50 75 100 53 750

Temperature (°C) Temperature (°C)

Fig.10 Contact pressure diagram of 34.5 MPa Fig.11 Contact pressure diagram of 41.4 MPa

Figures 10 and 11 show that: 1) The maximum contact pressure of non-optimized and optimized sealing
structures decreased with the increase in operating temperature, because the higher the operating temperature,
the lower the elastic modulus of the flange and the lenticular gasket materials, and the smaller the maximum
contact pressure of the sealing surface [28]; 2) Under the design pressure of 34.5 MPa, the maximum contact
pressure of non-optimized sealing structure did not meet the sealing judgment basis at the operating
temperature of 150 °C, but it is not the same case with that under other working conditions; 3) The maximum
contact pressure of optimized sealing structure exceeded that of non-optimized sealing structure at each
operating temperature under the two design pressures, and thus satisfied the sealing judgment basis at each
operating temperature. 4) As shown in Figure 10, under the design pressure of 34.5 MPa, the contact pressure
of the optimized sealing structure increased by 3.4% at the maximum, 0.6% at the minimum, and 2.2% on
average compared with that of the non-optimized sealing structure, It can be seen from Figure 11 that under
the design pressure of 41.4 MPa, the contact pressure of the optimized sealing structure increased by 11.8%
at the maximum, 2.3% at the minimum, and 5.9% on average compared with that of the non-optimized sealing
structure.

As can be seen from Figures 12 and 13, the maximum equivalent pressure of the offshore flange
connector emerged on the contact sealing surface between the flange and the lenticular gasket. The cloud map
of the maximum equivalent pressure at two limit temperatures under two design pressures serves as an
illustration.

As can be seen from Figures 12 and 13, the maximum equivalent pressure of the offshore flange
connector emerged on the contact sealing surface between the flange and the lenticular gasket. The cloud map
of the maximum equivalent pressure at two limit temperatures under two design pressures serves as an
illustration.Under the two design pressures, the maximum equivalent pressure of the offshore flange connector
at two limit temperatures was lower after optimization compared to that before optimization, and the optimized
offshore flange connector was less likely to be damaged. Figurse 14 and 15 depict the maximum equivalent
pressure distribution of offshore flange connector for each operating temperature under the two design
pressures.

12
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Fig.12 Equivalent stress diagram of the offshore flange connector under design pressure of 34.5 MPa
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Fig.13 Equivalent stress diagram of offshore flange connector under design pressure of 41.4 MPa

13



J. Qin et al. Brodogradnja Volume 75, Number 2 (2024) 75207

325 350
—=— Non-optimized sealing structure
—e— Optimized sealing structure

—=— Non-optimized sealing structure
—e— Optimized sealing structure

w
<]
S

[

2

S

L

w
o
w
@
=
1

310

S
b3
1
w
]
S
L

w

=3
T
L

Maximum equivalent stress (MPa)
8
!

Maximum equivalent stress (MPa)

e

25 50 75 100 125 150 25 50 75 100 125 150
Temperature (°C)

)
=3
S
1
w
S
S

Temperature (°C)

Fig.14 Maximum Equivalent Stress diagram of non- Fig.15 Maximum Equivalent Stress diagram of non-
optimized and optimized sealing structure under design ~ optimized and optimized sealing structure under design
pressure of 34.5 MPa pressure of 41.4 MPa

As can be observed from the two figures, 1) The maximum equivalent pressure of the non-optimized
and optimized offshore flange connectors under the two design pressures initially decreased and then increased
with the increase in the operating temperature, because the materials of the flange and the lenticular gasket
shows high brittleness at low temperatures, with a large binding force between molecules, and thus are easy
to break. At this time, pressure concentration and crack propagation led to the maximum reduction in
equivalent pressure in the pressure concentration area. When the offshore flange connector worked at high
temperature, the activity of metal atoms between the sealing contact surface increased, the materials of flange
and lenticular gasket started to change from brittleness to toughness, and as metal material is more prone to
plastic deformation, and the maximum equivalent pressure in the contact stress concentration area began to
rise with the increase of thermal stress; 2) At each operational temperature, the maximum equivalent pressure
of the optimized offshore flange connector was lower than that of the non-optimized offshore flange connector.
As shown in Figure 14, the maximum equivalent pressure of the optimized offshore flange connection
decreased by 3% at the minimum, 8.5% at the maximum, and 4.6% on average compared with that of the non-
optimized offshore flange connector at the design pressure condition of 34.5 MPa. As shown in Figure 15, the
maximum equivalent pressure of the optimized offshore flange connection decreased by 2.3% at the minimum,
11.8% at the maximum, and 5.9% on average compared with that of the non-optimized offshore flange
connector at the design pressure of 41.4 MPa. The smaller the maximum equivalent pressure, the less likely
the offshore flange connector was to be damaged; 3) In terms of the non-optimized sealing structure, the
inflection point of the maximum equivalent pressure changed with temperature at about 100 °C under the
design pressure of 34.5 MPa and that at about 75 °C under the design pressure of 41.4 MPa; The optimized
sealing structure inflected at approximately 125 °C under the two design pressures.

The horizontal ordinate interval of each numerical point in Figures 14 and 15 25° C. In order to further
identify the precise inflection point, simulation was carried out at the interval of 1 °C close to each point. The
numerical point at the interval of 1 °C was much more accurate than that at the interval of 25 °C, making it
possible to determine the precise inflection point of the maximum equivalent pressure. The inflection points
of the maximum equivalent pressure of the non-optimized and optimized sealing structures are respectively
amplified in Figures 16 and 17.
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As can be seen in Figure 15, the maximum equivalent pressure of the non-optimized sealing structure
exhibited an inflection point at a temperature of 103 °C under the design pressure of 34.5 MPa, while that of
the non-optimized sealing structure has an inflection point exhibited an inflection point at a temperature of
103 °C under the design pressure of 41.4 MPa. As can be seen from Figure 16, the maximum equivalent
pressure of the optimized sealing structure exhibited an inflection point at a temperature of 125 °C under the
design pressure of 34.5 MPa, while that of the non-optimized sealing structure has an inflection point exhibited
an inflection point at a temperature of 120 °C under the design pressure of 41.4 MPa. Combined with the two
figures, the inflection point for both the non-optimized and optimized sealing structures was delayed under
the design pressure of 34.5 MPa compared to that under the design pressure of 41.4 MPa, indicating that the
larger the pressure difference, the farther the inflection point, the larger the rising interval of the maximum
equivalent pressure, and the more inclined the sealing structure towards failure. The maximum equivalent
pressure of the optimized sealing structure was lower than that of the non-optimized sealing structure at the
inflection points under the two design pressures. The increase range of the equivalent pressure by thermal
stress is constrained by how far the inflection point delays. The maximum equivalent pressure of the optimized
offshore flange connector was lower than that of the non-optimized offshore flange connector at high operating
temperatures, which indicates that the optimized sealing structure was less susceptible to damage during high-
temperature operation.

5. Conclusion

The optimal design model of the sealing structure of offshore flange connector was built in this study,
and its optimal dimension was determined by the fmincon function in MATLAB software. Additionally, using
Workbench software, the maximum equivalent pressure and maximum contact pressure of the non-optimized
and optimized offshore flange connectors were compared and analyzed under the cross-combination of
pressure and temperature factors, and the sealing performance of the non-optimized and optimized sealing
structures was compared using the sealing judgment basis established in this paper. The following conclusions
are drawn:

(1) The biggest innovation of this paper is to obtain the optimal dimension of the sealing structure
through computer programming, which provides a theoretical reference for further improving the sealing
structure of offshore flange connector. The optimized flange cone angle is 3.8° higher than that of the non-
optimized one, and the curvature radius of the contact surface of the optimized lenticular gasket is 20 mm less
than that of the non-optimized one. By maximizing the flange cone angle and the curvature radius of the
contact surface of lenticular gasket, the sealing performance of the offshore flange connector is improved.

(2) The maximum contact pressure of the optimized sealing structure meets the sealing judgment basis
of the offshore flange connector under the combination of two pressures and six temperatures. The maximum
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contact pressure of the optimized sealing structure is greater than that of the non-optimized sealing structure,
resulting in its better sealing performance.

(3) The maximum equivalent pressure of the optimized sealing structure is lower than the maximum
equivalent stress of the non-optimized offshore flange connector. Moreover, compared with the non-optimized
sealing structure, the inflection point of maximum equivalent pressure of the optimized sealing structure with
temperature changes lags behind, with a smaller increase range caused by thermal stress and relatively low
maximum equivalent pressure, making it difficult to destroy under actual working conditions. In the future,
offshore flange connector should be developed to adapt to greater operating water depths, resist greater
pressure shocks and be easier to install.
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