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Abstract: With regard to the sealing structure characteristics of the underwater clamp connector,
based on the Hertz contact theory, this article studies the method of solving the extreme value of
the radius of curvature on the two curved surfaces at the sealing contact point; first, the method of
calculating the extreme value of the radius of curvature at any surface point of the rotary part is
obtained, and then the equivalent radius of curvature is solved. Using finite element simulation to
study the contact sealing characteristics without considering the edge thickness and width of the
sealing gasket, it is verified that the Hertz contact theory is applicable to the metal contact theory
of underwater clamp connectors. Then, the sealing simulation with the influence of the detailed
dimensions of the sealing gasket is compared with the theoretical result of the direct application of
the Hertz contact theory in the underwater clamp connector contact, and the theoretical correction
coefficient of metal contact seal for underwater clamp connectors is introduced to solve the errors.
The pressure sealing experiment is carried out on six-inch flange and metal sealing gasket, which
proves that the coefficient can greatly enhance the theoretical calculation accuracy of the contact
sealing of the underwater clamp connector.

Keywords: clamp connector; contact sealing; contact stress; sealing theory; correction coefficient

1. Introduction

Deep-sea oil and gas exploration equipment is built onshore, installed independently
on the seabed, and connected by underwater clamp connectors to form an integral subsea
production system [1]. In practical work, the connector has to ensure the pipeline sealing
under the burden of internal oil pressure changes and external disturbance impact [2].
Therefore, it is important to study the relation between the sealing and the force of the
underwater clamp connector.

Reference [3] established the sealing theory of the clamp connector based on the
Hertz contact theory, which mainly focuses on the contact angle and arc radius of the
lens sealing, and verifies the relevant theories by finite element simulation and experi-
ments. Reference [4] analyzed the mechanical state of the metal sealing under preload
and operation, and summarized the design and theoretical calculation method of the
metal sealing applicable to the high-pressure wellhead connector. Reference [5] showed
the theoretical relationship between the contact stress of the metal sealing gasket and its
structural parameters and working pressure based on the mechanical analysis method
of the double-cone structure in a high pressure vessel. The equation of the unit sealing
load of the metal sealing gasket under the condition of residual preload can be obtained
from this relationship. This article also derived the change rules of contact stress and
working pressure during the sealing process of the metal sealing gasket, and the structural
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parameters of the metal sealing gasket were the dominant factors influencing the rules.
Reference [6] obtained the boundary condition of the connector sealing performance and
the equation method of the contact pressure of the sealing surface based on the static
metal sealing mechanism. A comparative experiment was also conducted to show that the
connector optimized by this equation method has better sealing performance. Reference [7]
attained the boundary condition of the underwater connector sealing and the equation
of critical average contact pressure to ensure the connector sealing based on the principle
of elastic superposition. Reference [8] obtained the relationship between the seal contact
load and the locking force, and developed the contact model between the lenticular gasket
ring and the flange based on the Hertz contact theory. In order to meet the requirements
of connector sealing and strength, utilizing this model, the compression limit equation
is further proposed. Reference [9] analyzed the leakage principle of the subsea connec-
tor and developed a new fractal porous media model. Besides, the permeability of the
clamp connector can be worked out based on this media model and observation of the
length-dependent mechanical model. Reference [10] attained the loading and unloading
characteristics of the gaskets through experimentation, and these characteristics can be
used to analyze the sealing performance of the bolt flange. By analyzing the sealing per-
formance, it is proven that the distribution of contact stress has a greater impact on the
sealing performance than the rotation limit of the flange allowed by ASME. Reference [11]
put forward a sealing parameter and its critical value through the results of experiments
and developed a new sealing standard. This standard can be used to compare and evaluate
different types of metal-to-metal seals, especially in the petroleum industry. Reference [12]
conducted a mechanical analysis of the pressure vessel’s closed system, and worked out
some equations that can be used for design purposes. Stress concentration has also been
studied numerically and analytically, and an approximate equation has been proposed to
predict the contact area. Reference [13] showed a sealing structure based on static seal, and
this structure can be used in the deep sea because of its better pressure sustainability. Finite
element analysis was applied to the sealing structure for optimization and this analysis
proved that the sealing structure could meet the demand. Reference [14] assumed a sealing
structure for subsea pipeline maintenance and came up with an equation based on the
principle of uniform contact pressure distribution and the thick-walled cylinder theory.
Based on the analysis of finite element analysis results and theoretical calculation results,
the acceptance criterion was developed. Reference [15] designed a sealing structure which
can be used for the maintenance of underwater oil and gas pipelines. An equation that can
be utilized to calculate the contact pressure was proposed based on the principle of mean
pressure of the contact surface and the thick-walled cylinders theory. The finite element
analysis was conducted and compared with the results of experiments, which proved the
correctness of this equation. Reference [16] simplified the sealing structure and proposed a
theoretical model related to the contact stress of the seal. The finite element method for
analyzing the sealing structure was also conducted to verify the accuracy of the model.
Reference [17] studied the connection mechanism of the spherical convex contact connector,
and found that reducing the curvature radius of the end face of the spherical convex ring
plays a good role in increasing the connection performance under low axial pressure.

Scholars at home and abroad have done a large amount of work on sealing contact
characteristics; however, most of them directly apply the ready-made sealing theory with-
out modifying it. Therefore, the experimental results and theoretical results generally
have large errors, which need to be further studied. In this article, based on Hertz contact
theory, the problem of addressing the seal of underwater clamp connectors is studied, the
method for solving the extreme value of the radius of curvature of the contact point of the
seal is analyzed, and the calculation method of the seal contact characteristic suitable for
the underwater clamp connector is obtained. Finite element analysis was performed on
the contact characteristics of the sealing structure and it was compared with theoretical
analysis to solve the error correction coefficients under different working conditions. The
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core sealing structure of the underwater clamp connector was tested and studied to verify
the applicability of the error correction coefficient.

2. The Structure and Sealing Force of the Underwater Clamp Connector

The mechanical transmission of the underwater clamp connector is shown in Figure 1.
The torque is transmitted to the clamping radial force of the clamp through the threaded
connection of the tightened bolt, the clamp converts the radial force exerted by the clamp
into the axial force of the flange by holding the flange tightly, and the two flanges clamp the
sealing gasket to generate contact stress so as to achieve the final sealing requirement. In
the underwater clamp connector, the metal sealing gasket and flange are directly used for
sealing, as shown in Figure 2; the two flanges squeeze the metal sealing to form a sealing
gasket; the axial force of the two flanges is the main factor in determining the sealing
pressure; the thickness of the metal sealing edge, spherical radius, contact angle, and width
are important dimensions related to sealing. Two non-coordinated solids initially come
into contact at a point or line. Under a small load, they begin to deform at the point of
contact, resulting in contact over a finite area, generating contact stress and strain; the
sealing pressure can be obtained from the mean value of contact stress over the contact
width, which can link the load pressure (in N) to the sealing pressure (in MPa) through
contact theory and the sealing empirical equation.
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3. Research on Contact Sealing Theory of Underwater Clamp Connector
3.1. Comparison of Differences between Hertz Contact and Connector Contact Models

Hertz contact theory [18,19] provides an accurate solution for the approximate half-
space contact problem, and analyzes in detail the contact problem between a rigid sphere
and an elastic half-space which is a classical dharma contact. As shown in Figure 3, this
problem is used as the basic model of the contact problem, which is used for analyzing
more complex models.
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As shown in Figure 4, the two elastic cylinders in the complex model extended by the
Hertz contact model are in parallel contact. The normal pressure, F, and the indentation
depth, d, are linearly proportional:

F =
π

4
E∗Ld (1)

where E* is the equivalent elastic modulus; L is the contact length of the cylinder in direction y;
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The exact expression of the indentation depth and its relationship with the normal
force F are related to the size and shape of the object. However, the correlation between the
two is minimal.

The parallel contact between two elastic cylinders is the same as the contact between
two elastic spheres. The contact half-width, a, is:

a ≈
√

Rd (2)

where R is the equivalent radius of curvature, which can be solved as follows:

1
R

=
1

R1
+

1
R2

(3)

where R1 and R2 are the circle radius of the x-z sections of the two contacting cylinders.
In the x-z section, the contact stress function p(x) distributed along the x-axis in the

z-axis direction is:

p(x) = p0

√
1−

( x
a

)2
(4)

Among them, the maximum contact stress p0 (unit MPa) generated at the contact
center at x = 0, z = 0 is:

p0 =
E∗
2

d
a
=

E∗
2

(
d
R

) 1
2
=

(
E ∗ F
πLR

) 1
2

(5)



Machines 2021, 9, 262 5 of 20

The actual contact model and cross-section between the flange of the underwater
clamp connector and the metal sealing gasket are shown in Figure 5a,b. As shown in
Figure 5c, the contact area rotation model (a) is expanded along the normal direction of the
x-z plane. As shown in Figure 5d, when the metal sealing gasket and the flange contact
half-width, a, are much smaller than the length of the arc segment of the metal sealing
gasket, and the thickness of the edge of the metal sealing gasket is large enough, the force
is equivalent to the contact of a cylinder with a radius equal to the radius of the sealing
gasket arc and a cylinder with an infinite radius (Hertz contact model) after the tangential
expansion of the revolving protrusion of the arc [20,21]. In Figure 5a, the hollow part of the
sealing gasket axis will affect the calculation results of Hertz contact theory. As shown in
Figure 5e, the metal sealing gasket is added to a solid model and the model in Figure 5e is
used as an underwater clamp connection. According to the calculation model of Figure 5e,
the calculation model of the contact problem of the connector is applied to the contact
problem of the underwater clamp connector with reference to the Hertz contact theory.
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Figure 5. Contact model of flange and metal sealing gasket. (a) Actual contact model; (b) Cross section of the contact point;
(c) Tangential expansion; (d) Cylinder model; (e) Calculation model.

Two elastic bodies of arbitrary shape with smooth surface and continuous second
derivative are in contact, the two elastic bodies must have the maximum radius of curvature
R1
′ and R1

′′ and the minimum radius of curvature R2
′ and R2

′′ at any section plane of each
contact point, and each relative principal radius of curvature is, respectively, R′and R′′ [22];
the equivalent radius of curvature of the connector sealing contact point, Re, can be
expressed as:

1
Re

=

√
1
R′

1
R′′

=

√√√√( 1
R1
′ +

1
R2
′

)√(
1

R1
′′

1
R2
′′

)
(6)

It can be inferred from Equation (6) that the equivalent radius of the contact point Re
is related to the maximum and minimum radius of curvature of the two elastic contact
surfaces at the contact point. In the next section, we will analyze the solution of the extreme
curvature radius of the flange and the sealing gasket at the contact point.
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3.2. Research on the Radius of Curvature Extreme Value of the Sealing Contact Point of the
Underwater Clamp Connector
3.2.1. The Extreme Value of the Radius of Curvature at Any Point on the Flange Cone

As shown in Figure 6, the surface of the flange cone is a flared mouth formed by a
revolving straight line; take a random point A on the flared mouth surface, and the radius
of curvature on the plane OA-y on the straight line OA is ∞, which means the maximum
radius of curvature at any point on the flared mouth formed by a revolving straight line
is ∞, R1

′ = ∞.
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Draw the vertical plane 1 of the straight line OA through point A, and plane 1 intersects
the axis of rotation y at OA and makes the curvature circle of point A on plane 1. After
adjusting the angle α and the position of point A several times, it is found that the center of
the vertical curvature circle of the straight line OA passing point A is entirely on the y-axis,
and the curvature is the minimum curvature of any cross section passing point A.

According to the above conclusions, the minimum value of the radius of curvature of
any point A, R2

′ has been solved as follows:

R2
′ =

xA

cos α
(7)

where xA is the coordinate of point A in the x-axis direction; α is the angle between AO and
the y-axis.

3.2.2. The Extreme Value of the Radius of Curvature at Any Point on the Contact Point of
the Metal Sealing Gasket

As shown in Figure 7, the contact area of the metal sealing gasket is formed by circular
arc rotation, which is the same as the research method of the flared mouth formed by a
revolving straight line (after many measurements). It can be concluded that any circular arc
revolves around any axis y to form a curved surface. The center of the circle of maximum
or minimum curvature at any point A on the non-edge of the upper concave surface, OA,
must be on the axis y or on the line of symmetry y with point A as the center axis; the line
segment, AOA, corresponds to one of the extreme values, and another extreme value of the
radius of curvature is the arc radius, Rarc.
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According to the above conclusion (this conclusion only discusses the case where the
concave surface faces the y-axis side, and the rest is the same), the extreme value of the
radius of curvature (line segment AOA) of any point A has been solved and, the same as
Equation (7), is as follows:

AOA =
xA

cos αA
(8)

where αA is the angle between the tangent of the arc at point A, LA, and the rotation axis, y.
As the position of point A on the arc changes, the model formed by each tangent, LA, and
the axis, y, can be regarded as a flared mouth model, which means that when the Rarc is
infinite, the arc rotation model is equivalent to the flared mouth model. The extreme value
of the radius of curvature of the metal sealing gasket contact point is judged as follows (see
Appendix A for details):  R1

′′ = max
{

Rarc, xA
cos αA

}
R2
′′ = min

{
Rarc, xA

cos αA

} (9)

3.3. Application of Hertz Contact in Underwater Clamp Connector

To apply the Hertz contact theory to underwater clamp connectors, it is necessary to
compare and analyze the differences between the two models to verify whether the Hertz
contact theory is applicable to the contact seal of underwater clamp connectors, so as to
obtain the connector contact theory calculation equation.

First, give the relationship between the axial force, Fa, exerted by the flange on the
sealing gasket and the normal pressure of the metal sealing gasket (ignoring friction), F:

F =
Fa

sin α
(10)

In the connector, the relationship between the normal pressure of the flange to the
sealing gasket, F, and the pressing depth, d, is as follows:

F =
π2

4
E∗dcd (11)

where dc is the diameter of the circle of revolution at the contact center point in Figure 5b, mm;
E∗ is the equivalent elastic modulus. Since the contact between the flange and the sealing
gasket is in an elastic deformation state, E∗ can be solved by the following Equation [18]:

E∗ =
1− ν2

1
E1

+
1− ν2

2
E2

(12)
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where ν1 and ν2 are Poisson’s ratio of flange and sealing gasket material; E1 and E2 are the
elastic modulus of flange and sealing gasket material.

According to Equations (6), (7) and (9), the equivalent radius of curvature of the
connector contact area, Re, is:

1
Re

=

√√√√√( 1
∞

+
1
dc

2 cos α

)√√√√( 1
Rc

1
dc

2 cos α

)
=

√√√√2 cos α

dc

√
2 cos α

Rcdc
(13)

Then, the contact half-width, a, is:

a ≈
√

Red (14)

According to Equations (4) and (5), the relationship between the maximum contact
stress pmax and the pressure at the contact center, F, can be obtained as:

pmax =

(
E ∗ F

π2dcRe

) 1
2

(15)

According to Equation (4), the average contact stress on the contact width 2a, p, can
be calculated:

p =
pmax

2a

a∫
−a

√
1−

( x
a

)2
dx =

πpmax

4
(16)

Equation (16) can be directly solved by the commonly used integral Equation (17).

∫ √
a2 − x2dx =

x
2

√
a2 − x2 +

a2

2
arcsin

x
a
+ C (17)

3.4. Derivation of Contact Sealing Theory of Underwater Clamp Connector

Under working conditions, the underwater clamp connector requires the flange to
provide sufficient axial force to squeeze the metal sealing gasket, so that it can contact
and seal against the thrust caused by the internal and external pressure difference, and
the residual compression force is sufficient to ensure the sealing and avoid leakage. In
engineering, the contact compaction effect and the sealing pressure are connected through
an experiment. The experiment found that there is a linear relationship between the sealing
pressure and the contact stress, and defines the ratio of the average contact stress applied to
the unit effective area to the internal pressure, which is called the gasket coefficient, which
is expressed by m. When the material of the metal sealing gasket is Incoloy 825, the gasket
coefficient m = 6.5 [23], namely:

p = mpin (18)

In Figure 5e, the theoretical calculation equation of contact sealing of the ideal calcula-
tion model of underwater clamp connector is obtained by combining Equations (10), (15),
(16) and (18):

pin =
1

4m

√
E∗Fa

dcRe sin α
(19)

The above equation shows that the sealing pressure pin is related to material parameters m
and E∗, structural parameters dc, Re, and α, and the external load parameter Fa.

The ideal calculation model (Figure 5e) considers the inner diameter of the metal
sealing gasket to be 0. In the actual situation (Figure 5a), there is a large oil cavity inside the
flange sealing gasket. The diameter of the oil cavity is related to the thickness of the sealing
gasket edge, h (Figure 2). The following part will use finite element simulation to verify the
ideal calculation model (Figure 5e), the contact theory calculation equation, research on
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the influence of the intervention of parameters, h and w, on the contact sealing theoretical
calculation, and, finally, revise the contact sealing calculation equation.

4. Simulation Research on Metal Contact Sealing Theory of Underwater Clamp Connector

From the perspective of finite element simulation, specific data on the maximum con-
tact stress, pmax, and the flange axial force, Fa, can be given. Combining Equations (10) and
(15), one can obtain the theoretical calculation relationship between the two, corresponding
to the ideal calculation model (Figure 5e):

pmax =

(
E∗Fa

π2dcRe sin α

) 1
2

(20)

When the material and size of the connector is certain, except for the pmax and Fa, the
other parameters are all constants. The theoretical calculation equation for pmax and Fa
and multiple sets of simulation data can be mutually verified. Take, for example, the set of
material and size parameters as shown in Table 1.

Table 1. Parameters of material and size.

Name Flange Metal Sealing Gasket

Material F22 Incoloy 825
Yield strength (MPa) 515 220

Elastic modulus (MPa) 2.1 × 105 2.05 × 105

Poisson ratio 0.3 0.25
Equivalent elastic modulus E* (MPa) 1.126 × 105

Equivalent radius of curvature Re (mm) 92.94
Rotary diameter of contact point dc (mm) 167.54

Angle between flange bell mouth and axis α (◦) 22

4.1. Establishment of Contact Model between Flange and Metal Sealing Gasket

The sealing structure of the underwater clamp connector is mainly a rotatory ax-
isymmetric structure with the inner flange and the outer flange extruding from the metal
sealing gasket. When subjected to the axial external force, the overall structure receives
uniform force, and the fixed constraint and load are also symmetrical along the central
axis, and therefore it can be solved by the sheet symmetry model, thereby decreasing
the number of meshes and reducing the calculation time. Using the three-dimensional
modeling software UG, one can perform parametric modeling of flanges and metal sealing
gaskets. The parameterized dimensions include h, w, Rc, and α. The sheet body model is
given according to the dimensions in Table 1, and then imported into Ansys Workbench
for static contact analysis.

4.2. Establishment of Finite Element Model of Sealing Structure

As shown in Figure 8, the finite element simulation model of the clamp connector
flange and the metal sealing gasket contact (same as Figure 5e), the material property
settings are the same as those in Table 1.
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The overall mesh is divided into 1 mm spaces, and the contact surface mesh is refined
to 0.01 mm. The displacement load is applied at the right edge of the right flange along A,
and the left flange is applied along the left edge B fixed constrained load. Set the solving
results, include the maximum stress of the sealing gasket, the maximum stress of the flange,
the maximum contact stress, pmax, and the axial force of the flange, Fa.

4.3. Solution and Errors of Data Analysis

By using the finite element solution, the displacement load ranges from 0.001 mm to
0.5 mm, the flange axial force, Fa, ranges from 659 N to 498890 N, and the maximum contact
stress, pmax, ranges from 33.9 MPa to 958 MPa. The theoretical calculation of pmax has an
error range from 3% to 6% compared to the simulation result in this range. As shown in
Table 2, due to the large amount of data, only 11 key sets of data are selected for detailed
analysis.

Table 2. Contact simulation and theoretical calculation data.

No
Displacement

Loading
(mm)

Maximum Stress of
Sealing

Gasket/Flange (MPa)

Axial Force
Fa (N)

Simulation
pmax (MPa)

Theoretical
Calculation
pmax (MPa)

Differential
Value (MPa) Error (%)

1 0.01 65/64 7492 113 120 −7 −5.83
2 0.02 95/95 15,692 165 174 −9 −5.17
3 0.03 119/119 24,196 206 216 −10 −4.63
4 0.04 139/140 32,911 241 252 −11 −4.37
5 0.05 157/159 41,789 272 284 −12 −4.23
6 0.06 174/176 50,801 300 313 −13 −4.15
7 0.07 189/193 59,928 326 340 −14 −4.12
8 0.08 203/207 69,154 350 365 −15 −4.11
9 0.09 216/222 78,472 374 389 −15 −3.86

10 0.10 229/236 87,868 396 412 −16 −3.88
11 0.11 242/250 97,342 417 433 −16 −3.69

The data selection is based on the following: in the preloaded state, it should be
ensured that the circular arc surface of the metal sealing gasket has a sufficient compression
ratio pressure per unit effective area. The minimum value of the compression ratio pressure
is called the minimum preload ratio pressure, y. For different materials, the minimum
preload ratio pressure y is also different. The minimum preload ratio pressure of material
Incoloy 825 is y = 179.3 MPa, that is, the maximum contact stress should exceed the
minimum preload ratio pressure before the gasket coefficient in Section 3.4 can be applied;
therefore, most pmax in the simulation data lower than the minimum preload ratio pressure
y are abandoned. Considering the minimum preload ratio pressure, when the displacement
load boundary is 0.0235 mm, the pmax is 180 MPa and the Fa is 18,640 N. In addition,
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the before-mentioned theoretical calculations and simulations are based on the elastic
deformation of the material, therefore most of the data where the maximum stress of the
metal sealing gasket and flange exceeds the yield strength of the material are not selected
as the analysis data. Considering the yield strength of the material, when the displacement
load boundary is 0.093 mm, the maximum stress of the metal sealing gasket and flange are
220.12 MPa and 226.74 MPa, and the Fa is 81,280 N. It can be seen from the above analysis
that the data on the displacement load from 0.3 mm to 0.9 mm in Table 2 are completely
valid data, which serve as the main analysis data, and the remaining data have relatively
large errors, which are used as secondary analysis data.

The following conclusions can be drawn from the displacement load from 0.03 mm to
0.09 mm:

1. When the axial force is used as the known maximum contact stress, the deviation in
the simulation value is 3.86% to 4.63% lower than the theoretical value;

2. The error decreases with the axial force showing a decreasing trend;
3. The maximum contact stress is the power function of the axial force. The data near

the edge below the minimum preload pressure and above the yield strength basically
meet the above conclusions.

The reason why the above simulation value is lower than the theoretical value is as
follows:

1. The theoretical calculation is more in line with the model in which the sealing gasket
is a full circle which rotated into an approximate sphere (the arc center is a sphere on
the axis of rotation). The metal sealing gasket axis in the simulation model cuts off two
parts at both ends, which is closer to the actual situation. As shown in Figure 9, when
the other errors have the same influence, when Fa = 51,990 N, the ends cut off model
is about 12% lower than the full circle rotation model. The maximum contact stress is
about 6.5% lower. The maximum contact stress is lower than the overall maximum
stress, which is more beneficial for sealing higher pressure before the material yields;

2. The theoretical calculation model is more in line with the infinite radius of curvature
of the contact point. The smaller the radius of curvature, the greater the errors;

3. There is an error in the method of solving the equivalent radius of curvature used for
theoretical calculation.
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5. Revision and Experimental Research on Contact Sealing Theory of Underwater
Clamp Connector
5.1. Correction Coefficient of Contact Sealing Theory of Underwater Clamp Connector

In Section 3.1, the theoretical calculation corresponds to the calculation model in
Figure 5e, and the actual model in Figure 5a needs to increase the influence of h, w, pin, pout
(water depth pressure), and other factors. There are large errors in the calculation results
of Equations (19) and (20). It is difficult to derive the role of h and w in the calculation of
the contact seal from the theoretical equation. We can see from Table 2 that the biggest
difference between the first error to the last one is merely 2.14%. Then, we can make an
assumption that the deviation between theoretical and experimental contact stress is a
linear relationship. Now, we use a correction coefficient khw of the actual model of the
connector to calculate the contact sealing, and to modify the Equation (21) as follows:

pmax = khw

(
E∗Fa

π2dcRe sin α

) 1
2

(21)

Each set of specific materials, size parameters, and internal pressure corresponds to
a specific correction coefficient khw. A series of khw values can be obtained through the
combination of simulation and Equation (20), and the correction coefficient khw obtained is
used to modify the Equation (19):

pin =
khw
4m

(
E∗Fa

dcRe sin α

) 1
2

(22)

The following takes the specific size as an example to calculate the corresponding khw
value. The size data of the metal sealing gasket are shown in Table 3, and the other material
parameters are checked according to Table 1.

Table 3. Metal sealing gasket size parameters.

Equivalent Radius of
Curvature Re

Rotary Diameter of Contact
Point dc

Angle between Flange Bell
Mouth and Axis α

104.5 mm 173.14 mm 13◦

5.2. Correction Coefficient under Different Oil Pressure and Water Depth

In the internal pressure range of 20.7 MPa to 41.4 MPa, seven groups of pressure effects
are divided, and the maximum contact stress of the sealing extreme under each pressure
is obtained through simulation. The flange axial force is brought into the Equation (20)
to obtain the maximum contact stress without the influence of half width, thickness, and
internal pressure, and to compare the simulation value with the calculated value to obtain
the correction coefficient khw under the current size and pressure, as shown in Table 4.
The table contains the simulated pmax value which was affected by the internal influence
of h, w, and pin, while the calculation of pmax in Equation (20) was not affected by the
influence of h, w, and pin. From the correction coefficients under various pressures, it can
be seen that pressure changes have little effect on the value of the correction coefficient.
Since the minimum preload pressure of Incoloy 825 is y = 179.3 MPa, Equation (20) is only
applicable when pmax ≥ y, and large errors will occur if the range is exceeded. Therefore,
the correction coefficients in Table 5 are applicable to pressures of 24.1 MPa and above.
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Table 4. Correction coefficient khw under different pressures (water depth pressure 0).

pin/MPa(psi) Fa/N Simulation pmax/MPa Theoretical Calculation pmax/MPa khw

41.4 (6000) 67,000 343 430 0.798
37.9 (5500) 56,230 314 394 0.797
34.5 (5000) 47,098 286 361 0.792
31.0 (4500) 38,838 257 328 0.784
27.6 (4000) 31,245 228 294 0.776
24.1 (3500) 23,429 199 255 0.781
20.7 (3000) 17,520 171 220 0.777

Table 5. Correction coefficient khw under different water depths (internal pressure 41.4 MPa).

Depth of Water/m σmax/MPa Axial Displacement of Flange Fa/N Simulation
pmax/MPa

Theoretical
pmax/MPa khw

0 219.51 0.07 78,848 357.11 467.00 0.765
500 220.68 0.16 86,289 371.62 488.54 0.761

1000 220.81 0.24 91,911 386.77 504.21 0.767
1500 220.11 0.31 95,707 397.27 514.51 0.772
2000 219.32 0.37 97,659 402.42 519.74 0.774
2500 219.49 0.43 99,632 407.38 524.96 0.776
3000 221.17 0.49 101,630 411.76 530.20 0.777

Due to the fact that pressure change in the pipeline has little effect on the correction
coefficient, in order to facilitate the study, the influence of the variable of the pipeline
pressure is ignored below, and then the influence of the water depth pressure on the
correction coefficient is studied. In the simulation model, seawater pressure is applied to
the part of the metal sealing gasket in contact with the seawater. The measured simulation
data are shown in Table 5, and the khw value in the table shows that the water depth has a
small effect on the correction coefficient.

In summary, the correction coefficient khw can be obtained through theoretical cal-
culation Equation (20) and simulation. The influence of water depth and internal pres-
sure can be ignored during simulation, and only parameters such as materials and di-
mensions are considered to simplify the simulation process. The six-inch underwater
clamp connector is based on the materials in Table 1 and the dimensions in Table 3, and
the correction factor khw is about 0.78. The revised sealing pressure and axial force of the
underwater clamp connector are obtained according to Equation (22). By analogy, the
above-mentioned metal contact sealing theory of underwater clamp connectors is suitable
for the sealing problems of oil pipeline connectors of commonly used sizes (6 to 36 inches)
on the seabed, and has a wide range of applications.

5.3. Verification Test of Contact Sealing Theory of Underwater Clamp Connector

The contact sealing test is mainly to verify the metal contact sealing theory of the
connector in Equation (22) of Section 3.1, which is derived based on the Hertz contact
theory and corrected by simulation. This theory only involves two flanges and one sealing
gasket (including one metal sealing gasket and two nitrile rubber O-rings); the contact
surface is only between the metal sealing gasket and the flange, the inner flange and the
outer flange has no contact. The principal diagram of the test is shown in Figure 10. The
test is divided into two parts: the inner cavity pressure sealing test and the Interlayer cavity
pressure sealing test. The inner cavity pressure seal test is to verify whether the metal
sealing can achieve the prevention of the oil leakage in actual work; the interlayer pressure
seal test mainly verifies whether the metal contact sealing surface is formed under a certain
water depth. When the interlayer pressure interface is equipped with a shut-off valve, it
can isolate sea water.
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5.3.1. Inner Cavity Pressure Sealing Test

In the inner cavity pressure sealing test, the inner and outer flanges are squeezed
by a press machine with a constant force, Fpress, and the inner cavity is pressurized by a
pressure pump. The liquid pressure on the flange generates an axial force, Fa-liq, summed
the metal sealing gasket receives an axial force, Fa, is equal to the constant force provided
by the press. The Fa is obtained indirectly in Equation (23):

Fa = Fpress − Fa−liq = Fpress −
πdC

2

4
pin (23)

The input of the inner cavity pressure sealing test is the constant force of the press,
Fpress, and the output is the maximum value of the sealing liquid pressure under this force.
The specific experimental steps are as follows:

1. Preparation of test equipment: metal sealing gasket, inner flange, outer flange,
O-rings, 200 t press (including control box and pressure indicator), electric pressure
pump (including valve, pressure gauge, water tank), oil pipes, and joints;

2. According to the schematic diagram of the inner cavity pressure shown in Figure 11,
build a test bench, check the oil circuit interface connection, check the sealing gasket,
clean the sealing surface, and test pressure and the oil circuit tightness;

3. The initial pressure of the press is 60 t;
4. Turn on the electric pump and observe the leakage between the two flanges and the

pressure indicator. When the pressure indicator does not rise significantly or there
is visible leakage, stop the pressure and observe the rate of decrease in the pressure
indicator. When it is less than 5% per hour and less than 3.45 MPa per hour, hold
for 15 min, and record the pressure. According to API Spec 6A [24], the acceptable
pressure drop in the test is the same as the rate of decrease;

5. Increase the pressure of the press by 10 t;
6. Repeat step 4 and step 5, the test does not end until the holding pressure exceeds

41.4 MPa after timing.
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The experimental data are shown in Table 6. The pressure range of the press is from
60 t to 120 t, the sealing pressure is from 24.3 MPa to 47.5 MPa, and the pressure drop
meets the standard requirements. Through Equation (23), the flange axial force required by
the corresponding sealing holding pressure under the load of each press can be obtained.
As shown in Table 7 and Figure 12, the theoretical pressure values before and after the
correction are obtained by Equations (19) and (22), and the data comparison shows:

1. The sealing pressure error before correction is between −17.6% and −28.8%, and it is
between −9.24% and 5.56% after correction. Therefore, the error after correction is
significantly reduced;

2. The error before and after correction fluctuates greatly.

Table 6. The inner cavity pressure sealing test data of connector contact sealing theory verification.

Fpress (N) Initial pin
(MPa)

Pressurization Value in 15
min

pin (MPa)

Pressure Drop in
15 min (MPa)

Conversion to Hourly
Pressure Drop (MPa) Fa (N)

600,000 24.4 24.3 0.1 0.4 (1.6%) 28,172
700,000 28.7 28.5 0.2 0.8 (2.8%) 29,338
800,000 32.3 32.1 0.2 0.8 (2.5%) 44,623
900,000 36.4 36.1 0.3 1.2 (3.3%) 50,495

1,000,000 39.5 39.3 0.2 0.8 (2.0%) 75,192
1,100,000 43.7 43.6 0.1 0.4 (0.9%) 74,005
1,200,000 47.9 47.5 0.4 1.6 (3.3%) 82,230

The reasons for the errors are:

1. The error between the pressure indication of the press and the actual provided
pressure;

2. The error between the indicator in hydraulic gauge of the pressure pump and the
actual liquid pressure;

3. The pressure drop of the hydraulic oil circuit;
4. The experimental error fluctuates greatly. The main reason is that the liquid pressure

shares most of the press pressure when the inner cavity is pressed. The axial force
acting on the sealing gasket only accounts for 4% to 8% of the axial force provided by
the press. The error fluctuation of the test measurement data will amplify the Fa error
fluctuation obtained by Equation (23).

Table 7. Errors in inner cavity pressure sealing test data of connector contact sealing theory verification.

Experimental Data Theoretical Calculation and Error

Calculated Value Corrected Value

pin (MPa) Fa (N) pin (MPa) Error (%) pin (MPa) Error (%)

24.3 28,172 33.9 −28.3 26.5 −8.30
28.5 29,338 34.6 −17.6 27.0 5.56
32.1 44,623 42.7 −24.8 33.3 −3.60
36.1 50,495 45.5 −20.7 35.5 1.69
39.3 75,192 55.5 −28.8 43.3 −9.24
43.6 74,005 55.0 −20.7 42.9 1.63
47.5 82,230 57.9 −18.0 45.2 5.09



Machines 2021, 9, 262 16 of 20

Machines 2021, 9, 262 16 of 20 
 

 

2. The error between the indicator in hydraulic gauge of the pressure pump and the 
actual liquid pressure; 

3. The pressure drop of the hydraulic oil circuit; 
4. The experimental error fluctuates greatly. The main reason is that the liquid pressure 

shares most of the press pressure when the inner cavity is pressed. The axial force 
acting on the sealing gasket only accounts for 4% to 8% of the axial force provided by 
the press. The error fluctuation of the test measurement data will amplify the Fa error 
fluctuation obtained by Equation (23). 

Table 7. Errors in inner cavity pressure sealing test data of connector contact sealing theory verification. 

Experimental Data 
Theoretical Calculation and Error 

Calculated Value Corrected Value 
pin (MPa) Fa (N) pin (MPa) Error (%) pin (MPa) Error (%) 

24.3 28,172 33.9 −28.3 26.5 −8.30 
28.5 29,338 34.6 −17.6 27.0 5.56 
32.1 44,623 42.7 −24.8 33.3 −3.60 
36.1 50,495 45.5 −20.7 35.5 1.69 
39.3 75,192 55.5 −28.8 43.3 −9.24 
43.6 74,005 55.0 −20.7 42.9 1.63 
47.5 82,230 57.9 −18.0 45.2 5.09 

10

20

30

40

50

60

28,172 29,338 44,623 50,495 75,192
Fa  (N)

74,005 82,230

Calculated value
Experimental data
Corrected value

pi
n 
(M

Pa
)

 
Figure 12. Errors in inner cavity pressure sealing test data. 

5.3.2. Interlayer Cavity Pressure Sealing Test 
The principle and steps of the Interlayer cavity pressure sealing test and the inner 

cavity pressure sealing test are basically similar, and the differences are explained in detail 
below, refer to Equation (23). The Fa is indirectly obtained as: 

π
−

−
= − = −

2 2
m C

press layer press layer

( )
4a a

d d
F F F F p   (24)

where Fa-layer is the axial force of the interlayer liquid pressure on the flange; md  is the 
diameter of the dovetail groove installed on the O-ring; player is the interlayer liquid pres-
sure. 

The steps of the interlayer cavity pressure sealing test are the same as those in Section 
3.2, however, the specific applied pressure values are different. Among them, the initial 
pressure of the press given in step 3 is 8 t; step 5 increases the pressure of the press by 2 t 
each time. The experimental data are shown in Table 8. The pressure range of the press is 
from 8 t to 20 t, the sealing pressure is from 23.3 MPa to 45.1 MPa, and the pressure drop 
meets the standard requirements. The flange axial force required by the corresponding 
seal holding pressure under the load of each press can be obtained by Equation (24), and 

Figure 12. Errors in inner cavity pressure sealing test data.

5.3.2. Interlayer Cavity Pressure Sealing Test

The principle and steps of the Interlayer cavity pressure sealing test and the inner
cavity pressure sealing test are basically similar, and the differences are explained in detail
below, refer to Equation (23). The Fa is indirectly obtained as:

Fa = Fpress − Fa−layer = Fpress −
π(dm

2 − dC
2)

4
player (24)

where Fa-layer is the axial force of the interlayer liquid pressure on the flange; dm is the
diameter of the dovetail groove installed on the O-ring; player is the interlayer liquid
pressure.

The steps of the interlayer cavity pressure sealing test are the same as those in
Section 3.2, however, the specific applied pressure values are different. Among them,
the initial pressure of the press given in step 3 is 8 t; step 5 increases the pressure of the
press by 2 t each time. The experimental data are shown in Table 8. The pressure range
of the press is from 8 t to 20 t, the sealing pressure is from 23.3 MPa to 45.1 MPa, and
the pressure drop meets the standard requirements. The flange axial force required by
the corresponding seal holding pressure under the load of each press can be obtained by
Equation (24), and the value is 181.8 mm. As shown in Table 9 and Figure 13, the theoretical
pressure values before and after the correction are obtained by Equations (19) and (22). The
comparison of data shows that:

1. The sealing pressure error before correction is between −18.2% and −25.3%, and the
sealing pressure error after correction is between −4.55% and 4.83%. Therefore, the
error after correction is significantly reduced;

2. Compared to before and after correction in Section 4.3, the error fluctuation is reduced.

Table 8. Interlayer pressure test data of connector contact sealing theory verification.

Fpress (N) Initial player
(MPa)

Pressurization Value in
15 min

player (MPa)

Pressure Drop in
15 min (MPa)

Conversion to Hourly
Pressure Drop (MPa) Fa (N)

80,000 23.4 23.3 0.1 0.4 (1.7%) 23,591
100,000 27.8 27.6 0.2 0.8 (2.9%) 33,180
120,000 31.8 31.7 0.1 0.4 (1.3%) 43,254
140,000 37.0 36.9 0.1 0.4 (1.1%) 50,665
160,000 39.9 39.7 0.2 0.8 (2.0%) 63,886
180,000 42.8 42.6 0.2 0.8 (1.9%) 76,865
200,000 45.4 45.1 0.3 1.2 (2.7%) 90,813
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Table 9. Data error of interlayer test of connector contact sealing theory verification.

Experimental Data Theoretical Calculation and Error

Calculated Value Corrected Value

player (MPa) Fa (N) player (MPa) Error (%) player (MPa) Error (%)

23.3 23,591 30.9 −24.6 24.2 −4.55
27.6 33,180 36.8 −25.0 28.7 −3.83
31.7 43,254 42.1 −24.7 32.8 −3.35
36.9 50,665 45.1 −18.2 35.2 4.83
39.7 63,886 50.6 −21.5 39.5 0.68
42.6 76,865 56.0 −23.9 43.7 −2.52
45.1 90,813 60.4 −25.3 47.1 −4.25
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The reason for the error is basically the same as that in Section 5.3.1. The reason for
the reduction in error fluctuation is that, during the Interlayer cavity pressure sealing test,
the axial force acting on the sealing gasket accounts for 29.5% to 45.4% of the axial force
provided by the press, and the proportion is significantly increased. The influence of error
amplification caused by Equation (24) is reduced.

The error of the comprehensive internal cavity and Interlayer cavity pressure sealing
test results shows that: after the correction of the metal sealing theory of the clamp connec-
tor, and after considering the influence factors such as the width of the sealing gasket and
the edge thickness, the original error is reduced from −17% to −30% to −6% to 10%, and
the error accuracy is significantly improved.

6. Conclusions

In this article, the method for solving the extreme value of the radius of curvature
of the contact point of the seal is analyzed, and a calculation method for the seal contact
characteristics of the underwater clamp connector based on the Hertz contact is obtained.
The simulation and theoretical results of the contact characteristics of the sealing structure
were compared, the error correction coefficients under different working conditions were
solved, and the applicability of these coefficients was verified through experiments. The
sealing theoretical model established in this article is suitable for full-size underwater
clamp-type connectors using lenticular sealing gasket, and the error correction coefficient is
mainly suitable for six-inch connectors. The research in this article provides some positive
guidance to the design and research of the sealing structure of underwater connectors. The
main conclusions are as follows:

1. A method for solving the radius of curvature of rotating parts such as metal sealing
gaskets and flanges is proposed. This method is extended to solve the problem of the
extreme value of the radius of curvature at any point on the arbitrary curved surface;



Machines 2021, 9, 262 18 of 20

2. It is verified that the Hertz contact theory is applicable to the contact calculation model
of the clamp connector, and the error is within 6%. Analytical equations obtained in
this article can be used in future engineering design and the simulation, and tests are
not needed anymore;

3. It can be seen that the theory, simulation, and experiment are highly consistent, which
proves that the error correction coefficient, khw (in this article is 0.78), of the six-inch
connector can greatly improve the accuracy of theoretical calculation in practical
application, which is a great innovation and breakthrough. The accuracy of the
analytical results is good enough to be used in the engineering application.
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Appendix A

The extreme value of the radius of curvature at any point on the revolving surface of
any curve is shown in Figure A1, according to the research content of the extreme value of
the radius of curvature of the flared mouth and the circular arc surface, the rotation problem
can be extended to any derivative continuous curve rotation. The same as the previous
method, the following conclusion can be obtained: the arbitrary derivative continuous
curve revolves around the axis y. Curved surface, the center of the circle of maximum or
minimum curvature at any point A on the non-edge of the concave side of the surface, OA,
must be on the axis, y, or the symmetry line y’ with point A as the center axis y; the line
segment, AOA, corresponds to one of the poles. The other extreme value of the radius of
curvature is the radius of curvature of point A in the plane x-y, RAx-y.
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According to the above conclusion (this conclusion only discusses the case where the
concave surface faces the y-axis side, and the rest is the same), the extreme value of the
radius of curvature (line segment AOA) that has been solved for any point A is the same as
Equation (8).

Suppose the function of any derivative continuous curve in the plane x-y is: x = f (y),
then the radius of curvature of any point on the curve [25], RAx-y, is:

RAx−y =

(
1 + f (yA)

′2
)3/2

| f (yA)
′′ | (A1)

where f (yA)
′, f (yA)

′′ are the first and second derivatives of y at point A respectively. The
extreme value of the radius of curvature at any point on arbitrary curve rotation surface is
judged as follows: 

R1
′′ = max

{ (
1+ f (yA)

′2
)3/2

| f (yA)
′′ | , xA

cos αA

}

R2
′′ = min

{ (
1+ f (y)′

2
)3/2

| f (y)′′ | , xA
cos αA

} (A2)
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