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Abstract. The sealing performance of end fittings is very important for offshore oil and gas pipelines. To
investigate the sealing behavior of a ring-shaped wedge seal, global and local numerical models of the ring—
pipe interaction have been developed based on the finite-element method. First, the sealing process of the ring
under pressure is simulated. Second, a criterion for the penetration of fluid pressure is applied in these models
to assess how the sealing capacity changes along the contact surface. Finally, the contact magnitude of
interference and the shape of the sawtooth heaves on the sealing ring are predicted and compared. The results
show an interesting concentration of von Mises stress in the sealing ring and also that the peak contact
pressure appears in the sealing zone. However, the penetration of fluid pressure has obvious effects on the
distributions of von Mises stress and contact pressure. The best sealing performance is when the axial
displacement of the sealing ring is 1.4 mm and the contact magnitude of interference is 0.3 mm. Given the
sawtooth heave of sealing ring, semicircular heave gives the better sealing capacity compared with trapezoidal
heave.

Keywords: Marine unbonded flexible pipe; Sealing performance; Finite-element method; Pressure penetration; Contact
pressure.

1. Introduction

Oil and gas resources are the main driving forces for social development and progress and are expected to increase to
meet the future requirements for power and heat. As the main energy sources for modern society, they occupy an
extremely important strategic position [1]. As onshore and shallow-water oil reserves become depleted, so the oil
industry turns to less-accessible locations [2]. Compared with onshore oil reserves, offshore oil and gas resources are
particularly rich. However, the exploitation environment is so harsh that the requirements for oil and gas equipment are
higher [3, 4]. The necessity to exploit offshore oil and gas fields has motivated the development of new pipe technologies
and extended the application of pipe [5]. One type of pipe is the unbonded flexible pipe that is used for production,
injection, and gas lift lines because of its ability to bear harsh environmental loads and adapt to the movements of
floating production units [6]. Because of their technical and economic advantages, unbonded flexible pipes are replacing
rigid pipelines and becoming the dominant transportation equipment for offshore oil and gas [7].

An unbonded flexible pipe usually comprises several concentric layers that provide the flow line with its flexibility and
strength. It may be used to couple a rigid flow line or another flexible flow line to a floating vessel to convey oil and gas
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for transport. An end fitting can be used to couple the flexible pipe at each end to a flow line or wellhead. In the marine
flexible pipeline system, the end fitting (as shown in Fig. 1) is an essential component with the function of connecting
the pipes, the floating production storage and offloading, and the underwater production facilities [9]. If the sealing
performance fails under functional and environmental loads, then an oil and gas leakage accident may occur and result
in serious consequences. Therefore, analyzing the sealing performance of the end fitting of an unbonded flexible pipe is
a necessary step during the design and manufacture process.

Tensile-armor -wires

| ' ‘-\

Polymeric sheath

Flexible pipe

End fitting body

Carcass layer

Outer-casing

Fig. 1. Typical cross section of flexible-pipeline end fitting [8].

In fact, there has been much research on such sealing structures in recent years. Hu et al. [10] established a two-
dimensional axisymmetric model of the inserted sealing ring and considered how various system parameters and
operating conditions influence the sealing performance; they concluded that the concentration of stress at the shoulder
and the inner vertex of the sealing ring directly affects the life of the sealing ring, and they proposed a new design with
optimized geometric parameters. Zhou et al. [11] and Wu et al. [12] studied the sealing performance of O and wedge
rings, respectively, which are commonly used in engineering. The former used numerical finite-element (FE) simulation,
while the latter was more theoretically inclined and proposed a novel stress-distribution analytical model.

As for research on the sealing structure of pipeline end fittings, Wang et al. [13] investigated the effect of critical
condition on the performance of the sealing structure and created a new method for analyzing the contact pressure of
the sealing surface by analyzing the static metal seal mechanism; they also proposed an optimized design for a new
subsea pipeline mechanical connector. Fernando et al. [14, 15] developed an FE model of a flexible-pipe end-fitting
sealing ring to evaluate the contact stress and compared the contact pressure predicted by the FE method with actual
contact-pressure measurements; they used an ultrasonic technique, thereby giving their work significant promise. Li et al.
[16] considered the sealing performance of a deep-water flexible-pipe end-fitting sealing system and established an FE
model by using the ABAQUS software; they studied the key parameters under different conditions, and their results
provided further references for research into flexible-pipe end fittings. By summarizing the general sealing criteria, Zhang
[17] introduced the concept of the “contact-pressure amplification factor” to evaluate the sealing capability of an end
fitting.

In previous studies, the end-fitting sealing criteria were analyzed and the geometric parameters of the sealing system
were investigated and optimized. Different from those studies, the present one establishes a global and a local numerical
model of the sealing-ring—pipe interaction respectively by FE means in ABAQUS. With these two models, the present
study is focused on (i) the sensitivity of the contact magnitude of interference to the sealing capacity and (ii) how the
pressure penetration influences the contact-stress distribution.

2. Structure of Flexible-pipe Ending Fitting

As the main equipment of the offshore oil and gas industry, the manufacture and application of marine unbonded
flexible pipeline systems are subject to a unified standard [18, 19]. According to API SPEC 17J, the typical structure of a
flanged flexible-pipe end fitting is shown schematically in Fig. 2, and Fig. 3 shows a simplified cross section of the
sealing system. The outer casing (10) is connected to the end-fitting body (1) by using threads or bolts so as to protect the
components in the end fitting. The wedge inner sealing ring (4) is the primary sealing component of the system and is
pressed by the end-fitting body to produce sufficient sealing capacity. The sealing ring squeezes the polymeric sheath (5)
against the inner carcass (8) of the flexible pipe. The inner sleeve (2), which is close to the carcass end ring (3) used to
terminate the inner carcass, ensures the electrical insulation of the inner carcass. The inner sealing ring is activated by
the inner flange (6) that is connected to the pressure armor (9). The outer sealing ring (11) is activated by the outer flange
(12) that is connected to the outer casing. The tensile armor wires (7) are anchored by filling the internal voids of the end
fitting with epoxy resin.

In traditional analysis, the sealing ring is usually simplified to shape A shown in Fig. 4, ignoring the sawtooth. However,
in practical engineering the sealing ring is manufactured as either shape B (i.e., a semicircular sawtooth) or shape C (i.e.,
a trapezoidal sawtooth), and their performances are compared and discussed herein.
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Fig. 2. Typical flanged flexible-pipe end fitting.
1: end-fitting body; 2: inner sleeve; 3: carcass end ring; 4: inner seal ring; 5: polymeric sheath; 6: inner flange; 7: tensile armor wires;
8: inner carcass; 9: pressure armor; 10: outer casing; 11: outer sealing ring; 12: outer flange
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Fig. 3. Cross section of seal system.
1: end-fitting body; 2: inner sleeve; 4: inner sealing ring; 5: polymeric sheath

Fig. 4. Inner sealing ring with different sawtooth heaves

When the fluid acts on the inner sealing ring from the microscopic gap between the end-fitting body and the polymeric
sheath of the flexible pipe, two leak paths M and N are created (as shown in Fig. 3). Path M refers to the metal-to-metal
contact between the sealing ring and the end-fitting body. Because the contact path of this section is long and the metal
contact stress is higher, and because it’s sealing capacity is also related to the material’s performance, this path is not the
focus herein. Path N refers to the metal-to-polymer interfacial contact between the sealing ring and the polymeric sheath
of the flexible pipe. This path involves complex interactions such as elastic-plastic deformation and nonlinear contact,
and the contact pressure is lower in this path; it is therefore the main leak path and also the focus herein [13].

Seals can be divided into two categories, namely dynamic ones and static ones. The contact seal of the present sealing
ring is a static one, the other two types of static seal being sealant and direct contact [20]. The sealing performance of
this type of seal is evaluated by the amount of fluid leakage [14]. To achieve a lower rate of leakage and thus a higher
sealing capacity, it is necessary to achieve a greater contact pressure, and the contact surface should be as long as possible
to increase the resistance in the leak path. Increasing the contact magnitude of interference can raise these two indexes to
a certain extent, but too high a magnitude of interference will destroy the performance of the sealing material itself. It is
therefore necessary to estimate the magnitude of interference of the contact surface according to the actual situation.

3. Model of End-fitting Seal System

3.1. Finite-element model

In this section, a global and a local FE model of a flexible-pipeline end-fitting sealing system with a bore diameter of
139.7 mm and a design pressure of 20 MPa are developed. According to API SPEC 17J, the factory acceptance test
pressure is 1.5 times the design pressure, meaning that the critical pressure acting on the end fitting is 30 MPa in service.
A two-dimensional planar axisymmetric solid model is selected because of its axisymmetric geometry and load
characteristics. The basic physical properties of each part are given in Table 1.
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Table 1. Materials and properties for each part of the model.

Part Young'’s modulus [GPa] Poisson’s ratio Yield strength [MPa]
End-fitting body 210 0.3 355
Inner sleeve 210 0.3 355
Inner sealing ring 191 0.3 758
Polymeric sheath 0.571 0.45 20.74

It should be noted that the polymeric sheath of the flexible pipe is usually extruded from high-molecular-weight polymer
materials such as high-density polyethylene [21]. Herein, the data for the polymeric material parameters are taken from
Ref. 22, and the curve of the elastic-plastic properties of the polymeric material is shown in Fig. 5.
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Fig. 5. Stress-versus-strain curve for the polymeric material.

With the nonlinear contact between the metal and the considered polymer taken—inte—aecount, the Mohr—Coulomb
friction criterion is used to describe the contact relationship (i.e., normal contact is “hard” contact, and tangential
contact involves setting the penalty function to 0.1) [15, 22, 23]. Given that the materials are either incompressible or
quasi-incompressible, the planar axisymmetric hybrid element CAX4H is selected for these models. Structured and
sweep meshing techniques are used in each part, and the mesh of the contact area is refined to improve the accuracy.

As for the boundary conditions and loads, the end-fitting body, the inner sleeve, and the polymeric sheath are completely
fixed while the sealing ring is free. In the first step, the ring’s sealing process is simulated by controlling load
displacement An axial displacement is applied to the inner sealing ring in the global model, while a normal displacement
is applied directly to a single sawtooth in the local model. In the second step, a pressure penetration of 30 MPa is applied
in the two models along the arrow shown in Fig. 6, and the pressure penetration criterion is introduced in detail in
Section 3.2. The FE models are shown in full in Fig. 6.

(a) Global model

—

(b) Local model of a single sawtooth
Fig. 6. Global and local finite-element (FE) models.
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3.2. Pressure penetration criterion

As mentioned above, in the second step of the local model, the pressure penetration criterion in the FE software is
applied to the contact surface, and its principle is shown in Fig. 7 [24, 25]. The contact face with elements 3 and 4 is
defined as the master surface, and the other surface with elements 1 and 2 is defined as the slave surface. Nodes 11 and
12 are on one side of the contact surface of element 1. As shown in the arrow direction of the Fig. 7, when the fluid
penetrates from left to right, so the fluid pressure will load from left to right along the two surfaces. Node 11 is the first
node that is exposed to the fluid pressure, and if the contact pressure on node 11 exceeds the applied fluid pressure, then
the fluid will stop penetrating, making node 11 the critical point. If the contact stress is less than the fluid pressure, then
the fluid will penetrate node 11 and continue flowing until a new node becomes critical by having the contact pressure
exceed the fluid pressure. The pressure penetration criterion is akin to subjecting the contact surface to the actual fluid
pressure, thereby simulating the actual effect of the fluid pressure on the performance of inner sealing ring and
improving the accuracy to which the performance of the contact seal is evaluated [26, 27]. In fact, the characteristics of
the pressure fluid are widely studied; for example, Liao et al. [28] investigated the permeability of cartilage contact gaps
of different heights by developing a micro-scale computational fluid dynamics model.

Fig. 7. Pressure penetration criterion for contact surface.

If fluid of pressure magnitude fhas penetrated up to node 12 on the slave surface, then the variation of the distributed
load over element 1 is given by:

R=fN+fN,=f ey
and the variation of the distributed load over element 2 is given by:
P =fN, ©)

where N;and N; are the shape functions on the face of a first-order element [29].

4. Results and Discussion
4.1. Sensitivity analysis of axial displacement of sealing ring

In the global end-fitting model, the magnitude of the interference between the sealing ring and the polymeric sheath
of the flexible pipe is controlled by the axial displacement of the wedge inner sealing ring. To assess the influence of the
magnitude of interference on the contact stress along the contact surface path N, different axial displacements (0.8, 1.0,
1.2, and 1.4 mm) are applied on the inner sealing ring according to the actual geometrical properties. How the sealing
performance changes after pressure penetration is also analyzed, and these results are shown in Figs. 8 and 9.
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(c) Axial displacement: 1.2 mm (d) Axial displacement: 1.4 mm

Fig. 8. von Mises stress distribution obtained from FE model.
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The stress distribution in Fig. 8 shows that the main von Mises stress in the model is distributed on the sealing ring
during the sealing process, and that the stress closer to the contact zone is higher while the stress of the end-fitting body
and inner sleeve is lower. When the axial displacement of the sealing ring grows, the von Mises stress distribution
changes slightly, but the maximum von Mises stress increases obviously from 646.1 MPa to 767.8 MPa with an increase
of 19%. When the axial displacement is 1.4 mm (as shown in Fig. 8d), the maximum von Mises stress of the sealing ring
exceeds the yield strength of 758 MPa, whereupon plastic deformation begins.
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Fig. 9. Changes of contact pressure before and after pressure penetration.

As shown in Fig. 9, for each axial displacement, the peak contact pressure and its distribution along the contact surface
path change significantly after pressure penetration. The contact pressure distribution is smooth and approximately
axisymmetric when there is no pressure penetration. However, once pressure penetration is applied, the contact pressure
distribution transfers to the right-hand side of the contact path (i.e., along the direction of pressure penetration). At this
moment, the contact pressure becomes zero on the left-hand side, which means that the contact surfaces on left-hand
side separate from each other because of the pressure and no longer create a seal.

In all four cases, the contact pressure drops after pressure penetration but the peak contact pressure remains above the
critical fluid pressure, meaning that the sealing system continues to operate. In addition, Table 2 shows that the decrease
ratio of contact pressure drops from 0.24 to 0.09 as the axial displacement increases from 0.8 mm to 1.4 mm, while the
contact pressure increases gradually. With no pressure penetration, the peak contact pressure grows from 36.5 MPa to
41.5 MPa (i.e., by a factor of 0.13), and the length along the path also increases. With pressure penetration, the peak
contact stress increases from zero to 37.5 MPa, and the contact surface changes similar to the contact stress.

In summary, when the axial displacement is insufficient, the sealing ring lacks sealing capacity, and when the axial
displacement is large (1.4 mm), the seal ring begins to yield, thereby possibly accelerating its fatigue damage. Therefore,

for the present end-fitting model, the sealing ring has the best sealing performance when the axial displacement is
1.2 mm.

Table 2. Variation of contact stress and maximum von Mises stress for different displacements.

Axial displacement 0.8mm 10mm 12mm 14mm
Before penetration 36.5 38.9 40.3 41.5
Contact pressure [MPa] After penetration 27.8 31.8 35.1 37.5
Decrease ratio 0.24 0.18 0.12 0.09

Maximum von Mises stress of sealing ring [MPa]  646.1 730.7 750.0 767.8
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4.2. Analysis of serrated shape of contact surface

The sawtooth structure of the sealing ring may affect the sealing performance. In this section, the sawtooth shapes of
the three sealing rings shown in Fig. 4 are compared when the axial displacement of the sealing ring is 1.2 mm from the
Section 4.1. The results show that using a sawtooth could increase the contact pressure along the leak path N (Fig. 10).
As shown in Fig. 11, the three types of sealing ring change similarly after pressure penetration: each exhibits a decreased
peak contact pressure and a transformed pressure distribution along the path. However, the seal contact pressure and the
contact length are obviously greater for the semicircular and trapezoidal sawtooths compared to the case of no sawtooth.
This is because a sawtooth has smaller contact area, making it easier for the sealing ring to be pressed into the polymeric
sheath and thereby achieving greater contact pressure. However, the difference between the semicircular and trapezoidal
sawtooths is not obvious, so more-detailed analysis is carried out in Section 4.3.
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(c) Trapezoidal sawtooth
Fig. 10. Contact pressure distribution on polymeric sheath before pressure penetration.
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Fig. 11. Comparison of contact pressure for different serrated shapes.

4.3. Optimized analysis of single sawtooth

To compare further the performance of contact seals with semicircular and trapezoidal sawtooths, a local model of a
single sawtooth of the sealing ring is established. How the contact pressure distribution varies with the magnitude of
interference is shown in Fig. 12, and how the maximum contact pressure varies after pressure penetration is shown in
Fig. 13. The distribution of contact pressure differs for the two sawtooth shapes. Furthermore, the maximum contact
pressure of each sawtooth type increases with the interference, but the pressure distribution is almost unchanged. In
addition, introducing the pressure penetration reduces the maximum contact pressure of the contact surface. Herein, the
sealing ring has the best sealing performance when the contact magnitude of interference is 0.3 mm, so this case is
discussed in detail.
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Fig. 12. Distribution of contact pressure under different interference levels.
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Fig. 13. Variation of peak contact pressure after pressure penetration.
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Fig. 14. von Mises stress distributions for different sawtooth shapes.
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Fig. 14. Continued.

Figure 14 shows the von Mises stress state of the two sawtooth shapes when the magnitude of interference is 0.3 mm.
Before pressure penetration (as shown in Fig. 14a), the stress distribution is axisymmetric because of the symmetry of
the geometry, boundary conditions, and loads of the model, and the von Mises stress is concentrated mainly on the
sawtooth of the seal model. After pressure penetration (as shown in Fig. 14b), the stress distribution is no longer
axisymmetric but has undergone a significant deflection, and the polymeric sheath is tilted toward the direction of fluid
flos. Furthermore, there is a gap between the two contact surfaces because of the infiltration of pressure fluid.

The graph in Fig. 15 shows how the contact pressure varies after pressure penetration. With no pressure penetration, the
maximum contact pressures of the semicircular and trapezoidal sawtooths are 45.6 MPa and 49.6 MPa, respectively.
However, the contact pressure of the semicircular sawtooth is distributed smoothly, evenly, and approximately
axisymmetrically, whereas that of the trapezoidal sawtooth fluctuates greatly and exhibits multiple peaks and troughs.
After pressure penetration, the respective maximum contact pressures decrease to 38.0 MPa and 47.3 MPa by factors of
0.16 and 0.04, respectively, compared with before penetration. The contact pressure distribution now deviates to the
right-hand side, but that of the semicircular sawtooth still shows greater stability. Therefore, the sealing performance of
the trapezoidal sawtooth is predicted to be poorer than that of the semicircular sawtooth.
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Fig. 15. Distribution of contact pressure (a) before and (b) after pressure penetration at 0.3 mm interference.

5. Conclusion

A global and a local model of a flexible-pipe end-fitting seal system were developed by FE means. A pressure-
penetration module was introduced to these models, and how the contact pressure varied along the leak path under
different contact-surface magnitudes of interference and sawtooth shapes was compared and discussed. Using the
pressure penetration criterion simulates how the actual working conditions affect the performance of the sealing ring and
improves the accuracy to which the performance of the contact seal is evaluated. For the wedge sealing ring, the
von Mises stress was larger than any other part of the model, and the results showed that both the contact pressure and
contact length increased with the contact magnitude of interference. By comparing the contact pressure and von Mises
stress of the sealing structure, the present sealing ring had the best sealing performance when the axial displacement of
the sealing ring was 1.2 mm. Introducing the pressure penetration is highly reflective of the working conditions and
allows the sealing effectiveness to be checked when the seal structure is subjected to fluid pressure. The results showed
that pressure penetration reduced the contact pressure and changed its distribution to a certain extent. In addition, the
sawtooth structure of the sealing ring increased the contact pressure along the leak path and improved the sealing
capability. To clarify further how the semicircular and trapezoidal sawtooths influence the sealing performance, more-
detailed investigation and comparison were conducted. That analysis indicated that the semicircular sawtooth has better
sealing performance compared with the trapezoidal sawtooth.
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