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Abstract

Researchers seldom study the optimum design of a mechanical connector for subsea oil-gas pipeline based upon the
sealing performance. An optimal design method of a novel subsea pipeline mechanical connector is presented. By
analyzing the static metal sealing mechanism, the critical condition of the sealing performance is established for this
connector and the formulation method of the contact pressure on the sealing surface is created. By the method the
minimum mean contact pressure of the 8.625 inch connector is calculated as 361 MPa, which is the constraint condi-
tion in the optimum design of connector. The finite element model is created in ANSYS Parametric Design Language
(APDL) and the structure is optimized by the zero-order method, with variance of contact pressure as the objective
function, and mean contact pressures and plastic strains as constraint variables. The optimization shows that vari-
ances of contact pressure on two sealing surfaces decrease by 72.41% and 89.33%, respectively, and mean contact
pressures increase by 31.18% and 52.84%, respectively. The comparison of the optimal connectors and non-optimal
connectors in the water pressure experiments and bending experiments shows that the sealing ability of optimized
connectors is much higher than the rated pressure of 4.5 MPa, and the optimal connectors don't leak under the bend-
ing moment of 52.2 kN-m. This research provides the formulation to solve contact pressure on the sealing surface and

contact pressure, Variance

a structure optimization method to design the connectors with various dimensions.
Keywords: Mechanical connector, Sealing mechanism, Sealing performance, Critical condition, Minimum mean

1 Introduction

The depletion of onshore oil-gas resource makes more
attention paid to offshore oil-gas exploitation, particu-
larly to the development of subsea resources [1]. In recent
years, more and more devices, such as pipelines, riser
systems, subsea trees, manifolds, tie-in systems, have
been applied to the seabed [2]. Pipelines on the seabed
tend to be damaged by unexpected artificial and natural
interferences caused by fishing nets, anchors, wave oscil-
lations, and other seabed features and seism [3]. Once
pipelines are damaged, a series of problems will be pro-
duced, which has negative effects on society, economy,
and environment [4]. Therefore, how to connect pipe-
lines reliably as well as related equipment in setting up
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a subsea oil-gas production system and pipeline repair is
a big challenge. Because of the restricted operating envi-
ronment in the deep sea, non-weld connection is the best
choice to connect the subsea pipeline.

Most of the non-weld connectors are supplied by off-
shore oil-gas service companies from America and
Europe, such as Oil states industries Inc, Cameron, FMC
Technologies, Oceaneering International Inc, Quality
Connector LLC and Hydratight. Static metal seal based
Connectors include tapping connector and method of
using same [5], swivel ring flange, external hydraulic tie-
back connector [6], subsea tool for tie in of pipeline ends
[7] and adapter sleeve for wellhead housing [8]. Rubber
sealed connectors include pipeline joint [9], over 2000
morgrip connector and coupling device [10]. The other
connectors with metal and rubber seal include griplock
end connector, smart flange plus connector, quick flange
morgrip pipeline connector and hydraulic smart flange
connector. The above typical connectors are reliable to
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connect subsea pipelines, but their design is too compli-
cated. Too many bolts have to be pre-tightened and oper-
ation tools have to be used for connection, which result
in a long lead time and high cost. Gottfried [11] pre-
sented a simple metal sealing connector for the connec-
tion of water supply and drainage pipelines with diameter
less than 168.3 mm under low or zero pressure on land.
This paper presents an improved design of subsea pipe-
line mechanical connector (SPMC) that can be used for a
bigger diameter and a higher pressure in the complicated
subsea environment.

Taking the advantages of low and high temperatures,
low and high pressures and corrosion, the metal seal-
ing gaskets are suitable for oil-gas exploitation, chemi-
cal industry and nuclear industry, where rubber seals
are prohibited [12]. SPMC is a static metal seal without
gasket, and the optimal sealing performance is the key
technology. Up to now the researches of the pipeline con-
nection are extensive, but few of them focus on the design
of connector without gasket. In the design of a connector
with gasket, the gasket factor and minimum gasket seat-
ing stress should be determined according to the design
codes [13, 14] subject to gasket material and structural.
These codes are based on a series of assumptions and
might not define calculation procedures for sealing per-
formance in detail [15]. Persson [16] and Kazeminia et al.
[17] revaluated the leakage of metallic seal, which was
used to design bolted flanged connections. Zhao et al.
[18], established the mathematical relationship between
the contact stress of metal sealing ring governing the
sealing performance, the structural parameters and oper-
ating pressure, but did not consider the plastic deforma-
tion of metallic gasket. Sawa et al. [19] and Takaki et al.
[20] studied the contact pressure on the sealing surface
by elastic-plastic finite element analysis with regard of
nonlinearity of gasket and internal pressure. However,
the analysis is for the spiral wound gasket only. Nitta et al.
[21], analyzed the critical contact pressure to eliminate
the radial leakage paths by the quantitative analysis of the
leakage, but did not discover the critical contact pressure
to fully block the leakage paths. Using a finite element
analysis approach, Joshi et al. [22], and Abid et al. [23]
studied the flange connection without gasket, which con-
cluded surface profiles, thickness of flange and bolt pre-
stress had effects on the stress in the flange and bolts as
well as flange rotation and displacement, but the effects
on sealing performance wasn't investigated. Guindani
et al. [24], studied the deformation recovery of sealing
material and optimized the sealing performance of rub-
ber. Bouzid et al. [25] and Wu et al. [26] proved the mean
contact pressure and its distribution on sealing surface
took important effects on sealing performance. By finite
element analysis and experiment, Noga et al. [27] proved

Page 2 of 14

the suitable contact pressure and width of plastic defor-
mation were the key parameters to guarantee the sealing
performance of flange connection without gasket. How-
ever, the critical values of contact pressure and plastic
deformation are not investigated. According to the above
researches, the right contact pressure will make the plas-
tic deformation happen on sealing surface and block
micro leakage paths. Therefore, the contact pressure is
essential for the optimal sealing performance of SPMC.

This paper aims to develop, demonstrate and validate
an optimal design method of SPMC with the sealing per-
formance. Based on the sealing structure of SPMC and
static metal sealing mechanism, the critical condition of
static metal seal is established for SPMC. On the base
of superposition theorem of elasticity and compression
experiment of the pipeline material, the minimum mean
contact pressure of 8.625 inch SPMC is calculated. The
parametric model of SPMC is created in APDL for opti-
mization, with structure parameters of the sealing part
as design variables, mean contact pressures and plastic
strains on two sealing surfaces and variance of contact
pressure on the second sealing surface as constrained
variables, and minimum variance of contact pressure on
the first sealing surface as objective function. The optimi-
zation is conducted by the zero-order method in ANSYS
and water pressure experiments and bending experi-
ments are carried out.

2 Structure and Installation of SPMC

2.1 Structure

SPMCs are used for non-weld connection of subsea oil-
gas pipelines. Because of complicated subsea environ-
ment, SPMC should have a capacity to resist both of
internal high pressure and external alternating load, such
as axial tension and compression, bend and oscillation.
The SPMC is composed of one basic body and two press
rings, as shown in Figure 1. The basic body is axisym-
metric about its central line, and its structure on both
sides is symmetric about the mid-plane. The basic body
consists of first sealing rings, first convex rings, second

First convex ring Second convex ring

Press ring Basic body
/ /
7 L7
— ' Ay,
Gripper part Pipeline

First sealing ring Second sealing ring

Figure 1 Structure schematic of SPMC
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sealing rings, second convex rings and gripper parts
from the central mid-plane to the far ends. Press rings
are also axisymmetric about the central line, its external
surface is cylindrical, and its internal surface is a profile
that consists of cylindrical surfaces and conical surfaces.
The press ring moves toward the middle of the basic body
along the axial direction under clamping force produced
by installation tool, and first sealing ring, second sealing
ring and gripper part will shrink in the radial direction
following the internal profile of the press ring. The axial
displacement will make the two sealing rings touch the
pipeline external surface and the sealing surfaces of the
first and second sealing rings will be achieved, which pre-
vents oil-gas from leaking. Meanwhile, the gripper parts
will be embedded into the external surface of the pipeline
and connect the pipelines as a whole piece, which will
resist the external force and protect the sealing of SPMC
from damage in submarine environment.

2.2 Installation

As a large amount of connections are required in oil-gas
production system as well as pipelines repair, taking the
advantage of the simple mechanical structure and short
lead time, SPMCs can be used extensively. The connec-
tion process for the pipeline repair is shown in Figure 2.
The first, the position of leakage is detected by inspection
equipment; The second, the damaged section of the pipe-
line is cut by cutting tool and removed; The next, press
rings and basic body are installed on the open ends of the
pipeline, and the prefabricated pipe section is lowered
down from the support vessel and located between the
two SPMCs; In the end, SPMCs are pushed back to the
butting points. The axial clamping forces push the press
ring to the position limit, sealing surfaces are formed,
and the repair is done.

3 Minimum Mean Contact Pressure

3.1 Sealing Mechanism

The static metal seal is adopted in SPMC. When two
sealing rings shrink in the radial direction, two sealing
surfaces will be created by the squeeze between inter-
nal surface of sealing ring and external surface of pipe-
line. As the sealing rings machined are not perfect and
its roughness is a little better than that of pipeline, under
the microscopy, the surfaces are overlaid by innumerable
micro-peaks and micro-pits, which tend to form micro
leakage paths, as shown in Figure 3. In order to realize
an absolute static metal sealing, the squeeze quantity on
sealing surfaces must reach a critical value, which creates
enough contact pressure and makes elastic-plastic defor-
mation happen within the metal seal as well as enough
plastic flow to block micro leakage paths to achieve the
static metal seal [28], as shown in Figure 4. The contact
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pressure and contact width on sealing surfaces are two
important parameters for keeping seal work well [29,
30]. Bucher [31] and Wang et al. [32], concluded that the
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Sealing ring

Sealing surface Pipeling

Figure 4 Sealing surface

contact width was no less than 1.6 mm and its contact
pressure should be more than double of the yield strength
of the pipeline material.

According to the characteristics of contact mechanics,
the contact pressure is non-uniform, which is symmetric
about the mid-plane of the sealing surface, as shown in
Figure 5. When SPMCs achieve a reliable sealing, the crit-
ical condition of the contact pressure on sealing surface is

PB = 20,
PC =20, (1)
Lag + Lcp = 1.6 mm,

where PP is the contact pressure at B, PC is the contact
pressure at C, o is the yield strength of pipeline material,
L,y is the distance between A and B, and L, is the dis-
tance between C and D.

The minimum mean contact pressure, Pap, is the mean
contact pressure on sealing surface that meets Eq. (1),
which represents the value and distribution of the con-
tact pressure and can be used to evaluate sealing perfor-
mance generally. In the optimization of SPMC, P,p is
defined as a boundary condition for a reliable seal.

3.2 Elastic Mechanical Model

3.2.1 Approximate Solution

The assembly of SPMC and pipelines is 3D axisymmetric
and in order to make solution more efficient the sealing
can be idealized as a 2D problem. As the contact pressure

Contact
pressure

Pipeline

Sealing ring

Figure 5 Contact pressure distribution
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is non-uniform, the model of approximate solution is
shown in Figure 6. The distance between A and D, L,y,, is
divided into # sections with equal width, and the width of
each section is [; = L,p/n = I. If n is big enough, we can
assume the contact pressure p; is uniform within a width
of /. The equivalent mechanical model is # bands with
uniform contact pressure p; within each band applied on
the external surface of the pipeline, where i = 1, 2,..., n.

3.2.2 Single Pressure Band Solution

According to the superposition theorem, the mechani-
cal model of pipeline under band /; of the pressure p; is
shown in Figure 7. The stress state in orz equals to the
sum of the stress state in 0,72z, and that in 0,7,z,, and the
equation is

oL (r,z) = o0 (r,2) + ont (r,2),
2)

ont(r,2) = —00i(r,z — 1),

01

where a,}q (r,z) is the stress in orz, o)} (r, z) is the stress in

[ . .
0,112y, and 05,7 (r, z) is the stress in 0,102, m =1, 6, 2, r2.

r
Figure 6 Approximate model of contact pressure

Figure 7 Mechanical model
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The stress function method can be used to solve the
stress of pipeline. Suppose the gravity is negligible, the
relationships between stress components (0, 0,7, o7,
74) and the stress function ¥in o,r,z, are

o0 — &

r 9z uVY — %)’
o' = & (nviy - 13¥)
ot = L[@-wviy -
o) = = E[a- vy - Y],
where y is Poisson ratio, V2 is Laplace operator, and its
equation is

24 (3)
92 |

2 193 9?
or2  ror  9z%

Suppose the stress function is ¥ = T(r)cos(kz), taking it
into Eq. (4), the result is

vi= (4)

2T(r) 13T(r)
ar? r or
Eq. (5) is correctional zero-order Bessel equation.

Because the geometry model is a pipe, the general solu-
tion of Eq. (5) is

—k*T(r)=0. (5)

T (r) = aoly(kr) + arkrly (kr) + boKo(kr) + b1krKy (kr),
(6)

where four coefficients, 4, a;, b, and b;, are solved by
boundary conditions of the mechanical model. I(kr)
and I, (kr) are the first kind correctional zero-order Bes-
sel function and one-order Bessel function respectively.
K,(kr) and K;(kr) are the second kind correctional zero-
order Bessel function and one-order Bessel function
respectively. kr is a public variable. The expressions are

’

+oo 1 kr V2N
L, (kr) = Nzo NT+N+D (7)

: )
Kotkry = lim { s () = L] .
where v is equal to 0 or 1.
In Eq. (6), assuming a, = e,b,, a, = e,b;, by = esh;, b, =
b(k)dk, ¥ can be rewritten as
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¥ = cos(kz)[e1lo(kr) + exkrly (kr) + esKo(kr)
+ ke (k)b (k) dk. ®

The general solution of ¥ is the integral of Eq. (8) with
k from O to infinite:

+00
U= Z v = / b(k) cos(kz)[e1lo(kr) + exkrly (kr) + e3sKo(kr) + krKy (kr)]dk.
0

)
In 0,r,z;, the boundary conditions of the pipeline are
O"‘Ol ’r:rin =Y
oo pi/2, z>0
o=t T = 05
0 —pi/2, z <0,
T;? ‘rZrout:Vin =0, (10)

where pipeline outer radius is r,, and its inner radius is
Fin-

By solving Egs. (3), (9), (10), the expressions (e;, e,, es,
b(k)) are

e Gi(krow) Ga(krou) Ga(krow) \ [ Qkrour)
ey | = | Gilkrin) Ga(krin) Gs(krin) Qkrin) |,
e3 Hy(krin) H(krin) Hsz(krin) P(krin)

bik) = P - :
7kt ( Hikrow) Ho(krow) Hs(krou) ) (e €2 €3 ) = Plkrou)
(12)
where
Gy (kr) = I (kr),
Gy (kr) = krlo(kr) + 2(1 — ), (kr),
Gs(kr) = —Kj (kr),
Q(kr) = krKo(kr) — 2(1 — ) Ky (kr),
Hy(kr) = Iy(kr) — I (kr)/(kr),
Hy(kr) = (1 — 2p0)Io(kr) + krly (kr),
Hz(kr) = Ko(kr) + Ky (kr)/ (kr),
P(kr) = (1 — 2u)Ko(kr) — krk (k). (13)

Taking Eq. (12) into Eq. (9), the stress function, ¥, can
be rewritten as

mk?

+/°°COS(kZ) [(Tothr) Jaty(hr) Ko(er) ) (ex ez ea)" + by k)
v = p,; X

[ (Fi(krow) Ha(krouw) Ha(krou) ) (e1 ez e3)" = P(krow)|

0

dk. (14)
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By solving Egs. (2), (3) and (14), the stress state of a  3.2.3 Contact Pressure Solution
pipeline under band /; of the pressure p;, 0,1 (r,2), 091 (r,z), According to the analysis in Section 3.2.1, the radial
oL(r,z) can be expressed as displacement of any point in pipeline under » bands of

ol(r,2) = pi +/001 sin (kz) — sin [k(z — )] [(Hl(kr) Hy(kr) H3(kr))(e1 e e3 )T - P(kr)} "
' 0 k [(Hl(krout) Hy(Krou) Ha(krou) ) (e1 €2 e3)" —p(krout)} ’
. 1 sin (ke) — sin [k(z — D] (hGkn)/ (k) (1= 20lo(kr) —Ky(kr)/(kn) ) (e1 ez e3)"
Oy (r,z) = pi - T dk—
) k | (Fikrou) Ha(krouw Hakrow) ) (e1 e e3)" = Plkrour)|
, 701 sin (kz) — sin [k(z — [)] (1 — 2p)Ko(kr) W
;T k [(H(Krow) Hatkrou) Ha(kroue) ) (e1 ez e3)" = Plkrous)]
ol (r,2) = pi 701 sin (ke) = sin [k(z = )] (—Jotkr) =2~ ilo(kn) — krla k) —Kothn)) (er e2 es)"
) k | (ko) Ha(krow) Ha(krou) ) (e1 ez es)" = P(krow)|
i 701 sin (kz) —sin [k(z — )] 2(2 — w)Ko(kr) — krKy (kr) W
e k [(Fi(Kkrow) Ha(krou) Ha(krou) ) (ex ez e3)" = P(Krow)| )

According to elastic mechanics, physical equation and  contact pressure meets the superposition principle, and
geometric equation of 3D axial symmetric model is the total radial displacement is

1

{ i
1
&g =

Substitute Eq. (15) into Eq. (16), the radial displace-
ment of the pipeline is

p— 1 1 - i
[0} — u(ol +ob)], (16) ur(r,2)= Y ul(r,2). (19)

i=1

- \s_mw

c><>(1 + w)r sin (kz) — sin [k(z — )] (Ii(kr)/(kr) To(kr) —Ky(kr)/(kr) ) (e1 e e3 )T

ui (r,z) = X T dk
{(Hl (krout) Ha(krout) H3(krout) ) ( €1 e e3 ) - P(krout)}
oo (17)
(1 + w)rsin (kz) — sin [k(z — D] Ko (kr) i
k [ (Hikrou) Ha(krow) Ha(krou) ) (e1 ez e3)" = P(krow)|
The radial displacement, ., of a pipeline under band /, If n points are chosen with equal space along the pipe-

of the pressure p; is equal to that of the pipeline under line, solving Eq. (19) inversely, the contact pressure, p,
band /; of the pressure p; which moves (i—1)/ along zaxis ~ can be obtained
direction. The radial displacement, ., is

Wir,2) = p (1 + wyr sintklz — (i — D11} — sin [k(z — il)] (I(kr)/Gkr) Tokr) —Ki(kr)/(kr) ) ((ex ez e3)" "
' k | (Hukrou) Ho(Krow) Ha(Krou) ) (e1 2 e3)" = P(Krou)|
+oc(1 + wr sinfk[z — (i — 1)1} — sin [k(z — il)] Ko (kr) dk

k [(HiGrou) Hakroud) Ha(kroud) ) (€1 €2 e3)" = Plkrouo)|
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p1 ai ap --- aiy uy(r1,21)
P2 axr ax -+ ur(r2,22)
= b
: Lo : : (20)
Pn anl Ap2 *** Aun Ur(Yus zn)
where
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sealing surface exceeds the yield stress of the metal mate-
rial, plastic deformation will occur. With the same strain,
the contact pressure obtained by Eq. (22) is bigger than
that of elastic-plastic deformation.

Five test samples of the pipeline material had been pre-
pared for compression experiments, which were carried

g — +/00(1 + wyrj sin {k[z; — (i — 1){] } — sin [k(zj — il)] (I (kry) [ (kry) Io(kr) —Ki(krj)/ (ki) ) (er e2 e3 )T di
] ) En k [( Hi(krout) Ha(krout) H3(krout) ) ( e e e3 )T - P(krout)]
oo (21)
3 7 (I + w)rj sin {k[zj — (- 1)1}} — sin [k(zj - il)} Ko (krj) dk
En k ’

0

[(HiGrou) Hakrou) Ha(krou) ) (€1 ez e3)" = Plkrouo)|

When 7; = r,,, Eq. (20) will be the relationship between
contact pressure and radical displacement of the pipeline
external surface, and the expression is

-1

n aTl aTZ e LIT” u:(routy Zl)

p2 ay, das, -+ ay, u; (Fout» 22)

= .. . (22)
Pn “:1 ﬂj,z s ﬂ;n u) (Fout» Zn)

3.3 Elastic-Plastic Solution

The sealing surface is formed by the squeeze between
the internal surface of the sealing ring and the external
surface of the pipeline, which makes the metal material
on the sealing surface in a compression state and an elas-
tic-plastic deformation occur. In the metal compression
experiment of mild steel, the deformation of the metal is
elastic firstly and then the metal starts to yield with fur-
ther increase of compression, which is the elastic-plastic
deformation. Eq. (22) is based on fully elastic deforma-
tion of metal material. However, when the stress o, on the

600 r Erorr bars =Standard Deviation

N
(e
(<]

=
(=l
S

(%)
o
(<]

Stress ¢ /MPa

200 f

100 f

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16
Strain ¢
Figure 8 Compression experiment

out on universal material testing machine, WDW-3100.
The result indicates that the mechanic property of pipe-
line material is composed of elastic and elastic-plastic
parts clearly. Suppose the straight-line equation in elas-
tic section and in elastic-plastic section is y, = D, and
Yep = Dep¥+D, respectively, using least square method,
D, can be regressed as 6722, D, as 2472, and D, as 162.9.
The mean absolute error between theoretical results
and test results is 8.48 MPa. The error bars is standard
deviation and increases slightly with strain increasing,
as shown in Figure 8. The error resources mainly include
material property error, geometrical error, dimension
error, load error and measuring error.

With the same strain, elastic-plastic contact pressure

piis

Depp + Dy, pi> o

i 0 i )

pi=3 De™ T (23)
bi» Ppi = 0s.

When elastic contact pressure on sealing surface,
P = (p, p, - p,)", meets Eq. (1), Pap is the minimum
mean contact pressure to realize a static metal seal for
SPMCs, and the expression is

_ 1
Pap = — x.
AD n ;Pl

4 Optimization of 8 Inch SPMC

4.1 The Minimum Mean Contact Pressure

This paper takes 8.625 inch oil-gas pipelines in API 5L
standards (Specification for line pipe) as an example to
design SPMC. The outer radius of the pipeline, r,,, is
109.5 mm, its inner radius, r;,, is 100 mm, and its yield
strength, o, is 235 MPa. According to the design expe-
rience of static metal seal, the yield strength of SPMC is
higher than that of pipeline, which makes plastic flow
happen more on pipeline surface to achieve reliable

(24)
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seal. Therefore, Q345 is selected for SPMC, and its yield
strength is 345 MPa. There is also a minimum contact
width for the sealing surface, otherwise leakage will hap-
pen. With regard of sealing reliability of SPMC, load-
ing force for installation, and minimal effect on pipeline
strength, the sealing width, L,p,, is 3 mm.

If n =10,! = L,p/n = 0.3 mm. U = (0.1999 0.2006
0.2012 0.2017 0.2019 0.2019 0.2017 0.2012 0.2006
0.1999)T is taken into Eq. (22), and the contact pressure,
P; can be obtained. Taking p; into Eq. (23) and then Eq.
(24), the minimum mean contact pressure, Pap, equals
361 MPa.

4.2 Analysis of Key Variables

The geometrical profile, constraints and boundary condi-
tions are axisymmetric about the pipeline central line. In
order to save computation time, the 2D model is used for
the optimization of SPMCs. For a reliable seal, the mean
contact pressure on the sealing surface should be higher
than Pap, which equals 361 MPa. The variance of the
contact pressure is defined as an uniformity coefficient
of the contact pressure, which reflects whether the full
contact on the sealing surface happens. By analyzing the
structure of SPMC, five key structure dimensions have
effects on the sealing performance.

L, is the distance between the mid-plane of the first
sealing ring and the mid-plane of the first convex ring
and affects the variance of the contact pressure on
the first sealing surface; L, is the distance between the
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mid-plane of the second sealing ring and the mid-plane
of the second convex ring and affects the variance of the
contact pressure on the second sealing surface; H, is the
shrinkage of the first sealing ring in the radial direction
and affects the mean contact pressure on the first sealing
surface; H, is the shrinkage of the second sealing ring in
the radial direction and affects the mean contact pressure
on the second sealing surface; L, is the relative distance
between the first sealing ring and the second sealing ring
and affects the interrelationship of them; as shown in
Figure 9.

4.3 Finite Element Model

The parameterized model was created in APDL. Because
the gripper part had no effect on sealing performance
and its structure was too complicated to be meshed, the
gripper teeth would be smoothed in finite element model,
as shown in Figure 10. In order to improve the accuracy
of the finite element analysis, the meshes on the first and
the second sealing surfaces had be refined. There were
four contact pairs in the finite element model. The first
contact pair was between the first sealing ring and exter-
nal surface of the pipeline, the second one was between
the second sealing ring and external surface of the pipe-
line, the third one was between the first convex ring and
internal surface of the press ring and the forth one was
between the second convex ring and internal surface of
the press ring. The boundary conditions included fixed
constraint on the end of the pipeline and basic body,

C

Basic body ‘

Press ring

Pipeline

Figure 9 Key variables

Contact pair

\

Contact pair

Gripper
displacement

/

2 o

N

Fixed T Fa Axial
constraint %EEE o displaccement
, Eions : A T 33
—p (HHHHH

/

Contact pair
Figure 10 Finite element model

Contact pair
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axial displacement at the end of the press ring, gripping
displacement on the pipeline surface produced by the
gripper.

(1) Constrained variables: Pg.¢ and Pgecond are the
mean contact pressures on the first and the second
sealing surface, which are the key factors to real-
ize the sealing in SPMC, and their minimum value
should be higher than 361 MPa. Because SPMCs are
used in the complicated subsea environment, the
sealing rings of SPMC should have a certain elastic-
ity and stiffness, which will keep sufficient contact
pressure on the sealing surface. Meanwhile, severe
plastic deformation will reduce reliability of SPMC.
The plastic strain of the first sealing surface, PSg,,
and that of the second sealing surface, PS..ona

should be as low as possible. The variance of con-

tact pressure on second sealing surface, SSZe cond’
should be minimized to improve the sealing per-
formance of SPMCs.

(2) Design variables: Five design variables are involved
in this optimization, including L,, L,, H,, H,, and
L;, which are the key variables defined in Sec-
tion 4.1, as shown in Figure 9.

(3) Objective function: Because the first sealing ring
is the most important for SPMC, the mean con-
tact pressure, Py, and the variance of the contact
pressure, Sz, can be used to evaluate the sealing
performance. When Py is higher than 361 MPa,
the lower Sﬁrst, represents the more uniform con-
tact on the sealing surface and the higher the seal-
ing reliability. Therefore, the minimum variance of
contact pressure, Sérst’ can be defined as the objec-
tive function in this optimization.

Two optimization methods are available in ANSYS,
which are the zero-order and one-order methods. Com-
pared with zero-order method, one-order method has
high calculation precision, but will cost a long compu-
tation time and tends to find a local optimal solution in
design space. The zero-order method takes the advan-
tages of short lead times, and its calculation precision
meets the design requirement. The zero-order method
has be used for optimization of SPMC, and the maximum
number of iterations is 40.

4.4 Simulation Result

Figure 11(a) shows the variance of contact pressure S%rst
along with the number of iterations. S?  is fluctuant to
decrease, and the optimal value is obtained in the 35th
iteration. In the initial design, the variance of the contact
pressure, Sérst, equals to 26872.3, and decreases to 7413.6
after the optimization. Figure 11(b) shows the variance of
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second sealing surface, Ssze cond along with the number of
iterations. In the initial design, the variance of the contact
pressure, SSZe cond’ 18 56623.4, and decreases to 6040.5 after
the optimization. S, and S2__ . decrease by 72.41%
and 89.33% respectively. At the optimal point, because
of the decrease of the variances of the contact pressure,
the contact uniformity on two sealing surfaces will be
improved significantly. For SPMCs, the improvement of
uniformity will increase the effective contact width of the
sealing surface, which will reduce the leakage possibility.
Figure 12 shows the mean contact pressures along with
the number of iterations, which gradually increase. In
the initial design of SPMCs, the mean contact pressures,
Pirsts Pseconds are 305.41 MPa and 273.29 MPa respec-
tively, and at the optimal point, they increase by 31.18%
and 52.84% to 400.65 MPa and 417.69 MPa respec-
tively, which are higher than 361 MPa and meets design
requirement of the static metal seal. Figure 13 shows the
plastic strains on first sealing surface and second sealing
surface along with the number of iterations, which indi-
cates that the values at the optimal point are less than 0.2,
which will ensure a good elasticity and stiftness of the
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sealing rings. The optimization improves adaptive ability
of SPMCs in the complicated subsea environment.

The contact pressure distribution on the first sealing
surface is shown in Figure 14. Before the optimization,
the contact pressure distribution is non-uniform, and the
contact pressure on the lower part of the first sealing sur-
face is less than the yield strength, which will reduce the
effective contact width. After the optimization, the mean
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contact pressure increases considerably, and the uni-
formity is improved. The effective contact width is equal
to design width (L,,=3 mm), which reduces the leaking
possibility.

Figure 15 shows that the contact pressure distributions
on the second sealing surface. Before the optimization,
there is a gap on the upper part of the sealing surface, and
the effective contact width is only half of design width,
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which trends to cause sealing failure under the compli-
cated subsea environment. After the optimization, the
mean contact pressure and uniformity are improved,
and the internal surface of the sealing ring fully contacts
the external surface of pipeline, which increases seal
reliability.

5 Experiments

The rated pressure of SPMCs is 4.5 MPa. In order to ver-
ify the sealing performance of the optimized SPMCs, the
water experiments and bending experiments are carried
out according to the experiment codes for the mechanical
connector [33]. Ten optimized SPMCs and ten non-opti-
mized SPMCs are manufactured, ten SPMCs (five opti-
mized SPMCs and five non-optimized SPMCs) are used
for water pressure experiments, and the rest of SPMCs
are used for bending experiments. The experimental
system is composed of SPMCs, pipelines, pressure gage,
shutoff valve, water hydraulic pump and electronic uni-
versal material testing machine (WEW3100). All experi-
ments are carried out under the temperature of 20 °C.

5.1 Water Pressure Experiment

The schematic diagram of the water pressure experi-
ment is shown in Figure 16. The experimental proce-
dure is: the first, assembling experimental platform; the
second, emptying gases in SPMCs, increasing an inter-
nal pressure of 2 MPa in every five minutes by the water
hydraulic pump and turning off the shutoff valve; in the
end, in pressure maintaining, the change of the pressure
gauge is recorded, as well as the water leakage and rela-
tive displacement between pipelines and SPMC. When

Pressure
gage

®

> Shutoff

valve

Re— |

Basic
body

Press
ring Water

Pipeline

Water hydraulic pump

Figure 16 Schematic diagram
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the internal pressure is increased, if the value of pressure
gauge starts to drop, or leakage occurs, the value of the
pressure gauge will be the maximum water pressure for
the given SPMC. Figure 17 shows experimental facility of
the water pressure experiment.

Table 1 shows the results of the water pressure experi-
ments for SPMCs, which indicate there are no leakage
and relative displacement for the ten SPMCs. The maxi-
mum pressure of all the optimized SPMCs is higher than
the rated pressure of 4.5 MPa, and two of them have a
pressure drop with the maximum pressures 48 MPa and
46 MPa, respectively. Only 40% of the non-optimized
SPMCs meet design requirements. A big variation can be
seen in the maximum pressure of the five non-optimized
SPMCs, The variation of the pipeline parameters affects
the mean contact pressure and variance on the sealing
surface, which prevents a full contact between the sealing

Figure 17 Experimental facility

Table 1 Result of water pressure experiment

Class Group  Experimental results
Pressure/  Status Leakage Dis-
MPa place-
ment
Optimized  First 48 Drop No No
Second 50 No change No No
Third 50 No change No No
Fourth 46 Drop No No
Fifth 50 No change No No
Non-opti-  First Drop No No
mized Second 2 Drop No No
Third Drop No No
Fourth 14 Drop No No
Fifth 8 Drop No No
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rings and pipeline. The failure of the first sealing surface
produces a pressure drop, and water get into the chamber
between the first sealing surface and the second sealing
surface. As the leakage is blocked by the second sealing
surface, no water outflow can be seen. No relative dis-
placements happen between SPMC and pipeline, which
indicates the gripper produced pipe holding is strong
enough. The water pressure experiments show that the
optimization will improve the sealing performance of
SPMCs considerably.

5.2 Bending Experiment

The schematic diagram of the bending experiment is
shown in Figure 18. The length of the assembled SPMC,
L,, is 522 mm, and the parameter, L, is 500 mm accord-
ing to the experiment codes. The experimental procedure
is as follows: the first, assemble the experimental plat-
form; the second, emptying gases in SPMCs, increasing
water pressure in SPMC to the rated pressure of 4.5 MPa
and turning off the shutoff valve; the next, the force, F,
will be increased by 10 kN in every five minutes; in the
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end, in pressure maintaining, the change of the pressure
gauge is recorded, as well as the water leakage. When the
force is increased, if the value of pressure gauge starts
to drop, or leakage occurs, the bending moment is the
maximum bending moment of the given SPMC. Fig-
ure 19 shows the experimental facility of the bending
experiment.

Table 2 lists the results of the bending experiments
for the ten SPMCs, which indicate there are no leakages
for both of the optimized and non-optimized SPMCs.
Under bending moment of 52.2 kN-m (WEW3100 maxi-
mum capability), the pressure drops of the five optimized
SPMCs are 0 MPa. One in five (20%) of the non-opti-
mized SPMCs can bear the bending moment of 52.2
kN-m without pressure drop and leakage. The sealing of
the third and fourth non-optimized SPMC failed without
bending moment under the rated pressure of 4.5 MPa.
The experimental results show that the optimization
increases the bending resistance of SPMCs significantly.

By the contrast water pressure experiments and bend-
ing experiments for optimized and non-optimized

Pressure
gage

@ F

Figure 18 Schematic diagram

Shutoff value

Ly Water

Water hydraulic pump

Figure 19 Experimental facility

Table 2 Result of bending experiment

Class Group  Experimental results
F/KN  M/(kN-m) Pressure Leakage

Optimized First 100 522 No change No
Second 100 522 No change No
Third 100 522 No change No
Fourth 100 522 No change No
Fifth 100 522 No change No

Non-optimized  First 30 15.66 Drop No
Second 100 522 No change No
Third 0 0 Drop No
Fourth 0 0 Drop No
Fifth 50 26.1 Drop No
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SPMCs, the sealing ability of all optimized SPMCs is
higher than rated pressure of 4.5 MPa, and no pressure
drop can be seen under the bending moment of 52.2
kN-m.

6 Conclusions

(1) A cost efficient and practical connector is proposed
on the base of static metal sealing mechanism. The
critical condition of the contact pressure realizing
a reliable static metal sealing on sealing surface is
established.

(2) The minimum mean contact pressure of the sealing
surface is formulated to support SPMC optimiza-
tion and design. The minimum mean contact pres-
sure of the 8.625 inch connector is calculated as
361 MPa.

(3) After the optimization of the sealing performance
of SPMC, the variances of contact pressure on
two sealing surfaces, S%rst, s? decrease by

second’

72.41% and 89.33%, respectively; the mean contact
pressures on two sealing surfaces, Prs, Psecond
, increase by 31.18% and 52.84%, respectively. The
decrease of variance makes the contact of sealing
surface more uniform and the increase of the con-
tact pressure makes the contact of sealing surface
continuous, which improves the sealing perfor-
mance considerably.

(4) The results indicate that in the water pressure
experiments, the maximum pressure of 5 opti-
mized SPMCs is much higher than the rated
pressure of 4.5 MPa, but only 2 in 5 (40%) of the
non-optimized SPMCs meet requirements; under
bending moment of 52.2 kN-m, the pressure of the
5 optimized SPMCs does not change, but 1 in 5
(20%) of the non-optimized SPMCs have no pres-
sure drop under maximum bending moment. The
ability of the optimized SPMCs is much better than
that of the non-optimized ones in both of the water
pressure experiment and bending experiment.
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