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Abstract: To predict the sealing performance of the subsea pipeline compression connector, a semi-
analytical method is proposed and verified. The leakage condition is obtained as a function of the
minimum radial deflection. The semi-analytical method consists of three parts: a macroscopic ana-
lytical model for the interference process deduced based on the membrane theory, a mesoscopic
two-dimensional finite element analysis of the internally turned sealing surface according to scan-
ning electron microscope observation, and a formulation of the leakage ratio according to the Ab-
bott-Firestone curve. The influences of the geometry parameters are analyzed. The prediction and
identification of the leakage condition near the minimum preloaded deflection are investigated. Ex-
perimental tests are also carried out to verify the proposed method. The results show that, within
five times the pipeline threshold of the thin wall thickness, compression connectors designed by the
proposed method can create a reliable seal with a rough internally turned surface, saving 57% of the
design time while reducing the machining time and costs.

Keywords: semi-analytical method; leakage ratio; compression connector; metal static seal;
membrane theory; Abbott-Firestone curve

1. Introduction

Non-welded connections are increasingly used for the maintenance of subsea pipe-
lines in marine industries [1]. The compression connector is one of the most efficient con-
nectors that belongs to the mechanically attached connection (ASTM F1387 [2], ISO 8434-
1 [3]). This technology has been developed by many well-known companies, including
the Phastite® connector from PARKER HANNIFIN, the Tube-Mac® connector from PY-
PLOK® Corp., the compression connector from HAELOK®, etc. The connector is directly
attached to the pipe by the mechanical deformation and creates a seal and a permanent
joint by elastic-plastic deformation. The sealing principle is a metal static seal that uses
the plastic deformation of the metal to block the leakage channel.

In studies on the leak ratio on randomly rough surfaces, the topography formed by
the turning texture shows unique sealing properties [4]. This can be traced back to
groundbreaking studies on the surface waviness theory [5] and further developments on
surface roughness [6] and sealing design factors [7]. In the aspect of the gasket, Nakamura
and Funabashi [8] observed the leakage on a spiral-like topography. Then, by establishing
a simplified semi-empirical leakage model, Polycarpou and Etsion [9] demonstrated the
importance of micro-profile parameters for the sealing performance of the metal gasket
seal. To further understand the sealing performance of the turning topography, Geoffroy
and Prat [10] established the seal leakage model of the face-turned metal gasket and found
the transition from the radial leakage to the spiral leakage by studying the radial and cir-
cumferential leakage paths. Liao et al. [11] first presented the simplification of the radial
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leakage path and the radial leakage model to clarify the effects of the micro-profile pa-
rameters on the sealing behaviors. More recently, the influence of wavy deformations and
the formation of synthetic “turned-like” surfaces have been extensively studied. Scholars
have also conducted much research on sealing topography related to the studies of asper-
ity [12] and the probabilistic models [13] of rough surfaces. By establishing a 2D stochastic
model, Marie et al. [14] developed a practical model and applied the multiscale calculation
method based on the leakage ratio of the sealing structure. Liao et al. [15] proposed a
method to decompose 3D surfaces into multi-scale surfaces by using wavelets to predict
surface functions and detect machining errors. Deltombe et al. [16] used multi-scale anal-
ysis to characterize sealing performance. By comparing the differences between machin-
ing and superfinishing, it was shown that micro-roughness plays a major role in the leak-
age. In addition, Bricaud et al. [17] studied the leakage between firmly pressed rigid sur-
faces by measuring mass flow under different contact geometries using leakage tests.

Scholars have also conducted much research on compression connections. Wed-
deling et al. [18] derived an analytical model to determine the charging energy to a
clamped connection with a mandrel inside the pipe. In another study, Weddeling et al.
[19] developed a formula for the transferable load of connection with different groove
shapes using membrane theory. Wei et al. [20] deduced the formula of the sealing pressure
of a compression connector based on the superposition theorem of elasticity, and obtained
the sealing condition using the finite element method (FE). Henriksen et al. [21] used ex-
perimental data and FE simulations to describe and understand the forces and defor-
mations during the connection process and identified the increase radial stiffness as the
best indicator of a clamped pipe flange connection while also predicting the load capacity
of the connection. Wang et al. [22] proposed an optimization method for a compression
connector based on a static metal sealing mechanism and optimized the structure using
an FE model with the zero-order method. Onyegiri et al. [23] investigated a compression
connector used on sandwich pipes combining 2D axisymmetric and 3D FE models.
Quispe et al. [24] proposed a 2D FE model for threaded compression connection with
square teeth and a metal static seal to join subsea sandwich pipes. Yan and Fan [25] em-
ployed a multiscale model to study the effect of the fluid pressure on the sealing perfor-
mance of a pipeline connection. Agrawal et al. [26] developed a new method for a com-
pression connector and carried out the extrusion test and compression test, concluding
that the connection strength is considerable with welding. Liu et al. [27] optimized the
anchoring structure by using a nonlinear FE analysis method. Wu et al. [28] introduced
an axial load-bearing capacity calculation method for steel pipe-to-sleeve grouted connec-
tions, which also showed the significance of the compression connection.

For the compression connection, there is no simple analytical method to determine
the achievable joint strength based on the process and joint characteristics [19,29]. In prac-
tice, the FE method is still the only option in many cases, resulting in a long design cycle
and high test costs. Better knowledge and understanding of the elasticity and plastic de-
formation of the compression connection is required. In addition, most of the research on
metal seals are about face-turned seals. Few studies can be found on the internally turned
seal. The purpose of this study is to propose an effective semi-analytical method to predict
the leakage ratio on the internally turned sealing surface of the compression connector,
and, by analyzing the sealing behavior on the mesoscopic scale, to predict the leakage
ratio for all standard pipe series.

The paper is organized as follows: In Section 2, the structure and fitting process of
the compression connector are explained. In Section 3, an analytical model of the radial
interference process is derived based on the membrane theory and verified by a macro-
scopic FE model. In Section 4, the SEM observation of the internally turned sealing surface
is performed, and a mesoscopic FE model for the seal is developed. Then, the change law
of the sealing surface during the compression is analyzed. In Section 5, by transferring the
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deflection into the mesoscopic FE model, and using the Abbott-Firestone curve, the leak-
age ratio formulation is derived. In Section 6, a parameter analysis and experimental tests
are presented.

2. Connector Fitting Process

The pipeline compression connector, the fitting tools, and the fitting process are
shown in Figure 1. The connector is designed to maintain and/or repair typical single-wall
subsea pipes with a diameter between 2 and 12 inches.

Bt 6—12 inches % For 2—4 inches

(b)
et Bxe P
e A
7 = —="\ [ /Pipe wall
/ ‘ Ridge Anchors Wedge surface

Fitting
force

|
S ————— Sealedmedium =~ """ " "

(©) (d)

Figure 1. (a) Compression connector parts; (b) fitting tools; (c) connector assembly; (d) fitting pro-
cess.

As shown in Figure 1, the connector consists of a base and a pair of press rings, which
are made of metal and are symmetrically arranged along the pipe. Inside the base, there
are one or more ring-shaped ridges for sealing and anchors (optional configuration) for
gripping. A hydraulic fitting tool is used to drive the press rings to create a static com-
pression metal seal [30]

3. Analytical Model of the Fitting Process

During the fitting process, external loads are transferred through the press ring, the
shaped ridges are compressed on the sealing surface of the pipe and partially press into
the pipe surface, creating a form-fit [31] sealing condition. The geometries can be idealized
as 2D axisymmetric thin-walled cylinders [32] and the membrane theory of symmetrically
loaded cylinders based on Kirchhoff’s hypothesis [33] is applicable. The internal forces
can be solved by the physical relations between stress and strain, the differential equations
of the deflections, and the relations between strain and displacement.

3.1. Formulation

A shell element of the thin-walled long cylinder with mid-surface radius R and
thickness & is shown in Figure 2. The mid-surface of the shell is located at the cylindrical
coordinates system with angle ¢, axial position x, and radius p(= R + z). The corre-
sponding displacements on the mid-surface are u,v,andw. P, is the shearing force, N,
and N, are the membrane forces, and M, and M, are the bending moments. N, and
M, are constant in the circumference.
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Figure 2. A thin-walled cylindrical shell in the cylindrical coordinates.

Assuming that external forces only contribute to the normal pressure on the surface,
the following geometrical and equilibrium equations apply:

ddli"=o, %+%+PZ=O, dﬁ—@:o (1)
The expressions for the strains can be written as
=ty = @
and, when applying Hook’s law and yield,
N, =E_5(£ +ve,) ZE_‘S(d_”_VK)
1—v27 7 1-v*\dx "R/ 3)
N, =i(£ +vey) =E—6(—K+vd—u)
1 -2t Y ¥ 1-v2\ R dx

With the load of P, applied, the basic differential equation of the symmetrically
loaded cylinder can be written as

4
o raptw =t N, 4)
where
Eé % E&3
3=<_) D=— ®)
4R2D 12(1 — v2)

The general solution of the constant coefficients equation is
w = eP*(C, cos Bx + C, sin Bx) + e P*(C; cos fx + C, sin Bx) + f(x), (6)

in which f(x) is a particular solution of Equation (4) and C; to C, are the constants of
integration that need to be determined in each special case by the conditions at the cylin-
der ends.

The forces and moments for w are

w
Ny = —E§ -+ VN,
M. = —D d*w
T Tdxr R 7)
M, = vM,
d3w
h=-Dos

Both the base and the pipe can be considered long cylinders and subject to the radial
external load, P, which is symmetrically distributed about the cylinder central line. Fix-
ing the origin in the cross-section where P, is applied, the constants of Equation (6) are
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1 P, M,
€= €= 0,60 = ~n (BMy +5). € = 555, (®)

and the radial deflection w can be derived as

J

_ﬁx Px
=— i - = . 9
w 267D (,BMO(sm Bx — cos Bx) + 5 €os ,8x> )
Then, the deflection, slope, shearing load, and bending moment can be rewritten as
P
= — —Bx i
w 857D e P*(cos Bx + sin Bx)
dw P,
— == e P* sin Bx
2
dx . 462D 9 (10)
= X o—Bx — i
M, 25 e P*(cos Bx — sin Bx)
P
Q= —?xe‘ﬁ" cos fix

According to Equation (9), the influenced axial range of the cylinder can be predicted
as

1
3 ( E,5, )7
Xp+ =TT
P* 4 \4RZD,) (- (11)
Xp- = —Xp+

The half of the 2D axisymmetric connector—pipe assembly with the radial equivalent
load, P,, of the press ring is shown in Figure 3 with regard to the symmetry about the
central plane of the connector. The axial distance of the ridge and the anchor is much
greater than the half influence range, L; > yx,,; hence, the coupling effect between the
ridge and the anchor can be neglected in the following analysis. In the fitting process, the
applied equivalent load, P,, can be divided into two components: one is for eliminating
the maximum radial clearance, h, and the other is for compressing the ridge into the pipe.
Meanwhile, the ridge is subjected to the reaction load, P, of the pipe. Due to the wedge
surfaces inside the press ring, there is a short axial distance, Ly, between P, and F,.

Figure 3. Free-body diagram of the assembly subjected to the radial equivalent load, F,.

When 1(B8,x) = e b*(cos f,x + sin B,x), the deflection of the mid-surface of the cy-
lindrical base, wy, in the radial direction can be expressed as

Py
wp(x) = mlp(ﬁbx) . (12)
wp1(Lo) = h

When y, = BpLo, Pp1 can be rewritten as:
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Once the ridge contacts the pipe surface, a sealing pressure occurs on the pipe sur-

face. When the pressure reaches the pipe’s elastic limit, oy,, the reaction load, B, can be
given as

h. (13)

B = {osp. (14)

In this case, according to the Equation (10), the pipe deflection is

P,
w,(0) = 863D (15)
The deflection of the base is
0 P, P,
w,(0) = 8ﬁbDb( b2 (o) — Pr)- (16)
Substituting P, from Equation (15) into Equation (16) yields
1 1 \BD,
Py, = + P.. 17
= (a0 73, e W
The total equivalent load on the base is
e i
P, = 8h + + B | 18
voo [+ 5D, T i

Finally, the deflection can be rewritten as

1/ 1 1 Y(Bylx]) P,
wy(x) = [h+ (ﬁbDﬁﬁgDp)Pr] o) 8ﬁbDb¢('8b(|L° xD).  (19)

In particular, the radial deflection at the point of P, is

1
(ﬁbDb BSD> wuo) SﬁbDbWo> (20)

The bending moment and slope can also be derived with the same method. Multiple
ridges can be designed according to the superposition principle.

wy(0) = [h

3.2. Numerical Modeling and Validation

The finite element method (FE) can be used in the design of the compression con-
nector. In order to validate the proposed macroscopic analytical solutions, a macroscopic
2D axisymmetric FE model is created for the simulation using ABAQUS®/Standard [34].

The base and pipe are idealized as cylinders with a given thickness. An isotropic bi-
linear hardening model (BISO) with von Mises yield criterion[35] is adopted in which the
yield plateau is ignored. The constitutive relationship of the plastic stage takes the form
of

ol =g, +&- €7, (21)

where o7 is the true stress, o is the yield strength, and € is the accumulated plastic
strain. ¢ is the hardening modulus, which can be determined by the tangent modulus,
E;, and Young’s modulus, E, with the relation of

E.E

R (22)
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For general applicability, E; is averaged and rounded to 5.0 x 102 MPa by referring
to the properties of wildly used pipe steels: mild steels, Q235, X60, X70, and X80. The ge-
ometrical parameters and material properties used in the paper are listed in Table 1.

Table 1. Geometrical parameters and material properties.

Name Unit Symbol Value -
Base Pipe
Type - - 6-inch DN 150
Radius mm Ry, R, 215 168
Thickness mm Op, Op 20 20
Yield strength MPa Osp) Osp 600 235
Axial distance mm Ly 0.2
Radial clearance mm h 0.4
Young’s modulus MPa Ep, E, 2.10 x 105
Tangent modulus MPa E, 5 x 102
Poisson coefficient - v 0.3
Friction coefficient - U 0.2

The FE model is shown in Figure 4. To consider the large mesh distortion without
twist, the four-node bilinear axisymmetric quadrilateral element with reduced integration
and hourglass control (CAX4R) is used. The mesh sensitivity is examined. The right cor-
ners of the base and the pipe are fixed.

P,

z ﬁx P LO

Figure 4. Macroscopic 2D axisymmetric FE model of the assembly.

Between the analytical solution and the FE model, a realistic assumption should be
made. Because the analytical solution satisfies the Kirchhoff’s hypotheses, one of the hy-
potheses is that the thickness of the cylinder, §, is much smaller than the radius of the
mid-surface, R (the threshold is §/R < 0.05). In practice, the &,/R,, of some pipes is
higher than 0.05, e.g., for six-inch pipes, the range is 6,/R,, € [0.04, 0.54] (ASME B36 10M
[36] and 19M [37]). To satisfy the maximum mean error of less than 10% between the an-
alytical model and the FE model, in this study, it is assumed that the pipe thickness in the
FE simulation is within five times the thin wall threshold; hence, 6, = 20 mm and
6,/R, = 0.25. During the macroscopic FE analysis, an equivalent radial external load, P,
is applied on the appropriate width of the external surface of the base part and is gradually
loaded from one to two times the theoretical threshold. The mid-surface deflections of
both the base, w,, and the pipe, w,, are observed, as shown in Figure 5.
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Figure 5. Comparison between the analytical and FE results.

The deflections of the analytical method are consistent with the FE results. In the axial
direction, the mean error of w, with the analytical method is 8.5% compared to that of
the FE method, and the mean error of w,, is 5.7%. The error should usually be within 10%
[38]. In particular, within an axial distance of 20 mm from the seal (at x =0), the mean error
of w, is only 3.7%. However, the corresponding error of w,, is much higher due to the
local plastic deformation on the sealing surface under mesoscopic interference. With the

help of a mesoscopic FE model, the sealing process can be analyzed, as discussed in Sec-
tion 4.

4. FE model of the Sealing Surface

In this section, a mesoscale FE model is created to examine the plastic deformation of
the internally turned surface during the fitting process.

4.1. Characterization of the Sealing Surface

The turning process is widely used in the manufacturing of flange surfaces, and these
surfaces usually reveal spiral morphology [11,39]. Similarly, due to the difficulty of pol-
ishing a thin-walled cylindrical shell [40], the topography produced by the rough turning
process is usually left on the ridge surface. The surface was observed using scanning elec-
tron microscopy (SEM), as shown in Figure 6.

Lidirection

15.0 kv 500.0 pm ) Mag 50x 15.0 kv 500.0 pm

(b)

Figure 6. Observation of ridge surfaces with SEM: (a) sealing surface and (b) flank surface.

The internally turned surface has a distinctive anisotropic topography, which is char-
acterized by regular helical and continuous streaks with slight defects and irregularities.
Therefore, there are two potential leakage paths: the first one (Direction 1) is the longest

helical path along the streak, and the second (Direction 2) is the shortest leak path in the
axial direction.
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4.2. FE model of the Sealing Surface

According to the turning topography [41,42] and ISO recommendations (ISO 16610-
41 [43] and 16610-85 [44]), the surface profile can be considered a periodic connection from
the nose profile of the turning tool. Consistently with the SEM results, the mesoscale seal-
ing surface profile is created, as shown in Figure 7.
Mesh refinement

Local view Sealing section

Pipe wall , External surface

Figure 7. The mesoscale 2D axisymmetric FE model of the seal and local mesh views.

The turning process produces a helical profile on the inner surface in 3D. Chen and
Shih [45] have demonstrated that the 2D axisymmetric model can be used to reduce the
computational complexity of the helical 3D model while meeting the accuracy require-
ment. Therefore, a 2D axisymmetric FE model is used. According to Saint-Venant’s prin-
ciple [46], the computation domain is limited to the localized contact region with a portion
of the base and is set as L, = 0 mm. On the sealing surface, since leakage is more of a
concern than stress concentration, a groove is positioned at the center and streaks are ar-
ranged at both ends. The topography layout is set to an acceptable minimum arrangement
of six streaks with five equally spaced grooves. The cross-section of the groove is assumed
to be part of a constant circle according to the ISO recommendation. For consistency, ad-
ditional FE parameters are inherited from the previous macroscopic FE model (in Section
3.2). Since the pipe surface is preprocessed before connection, the surface roughness is 1-
2 orders of magnitude smaller than the ridge, and it is simplified to an even surface (no
roughing) in the analysis. To show subtle deformation and reduce computation, the mesh
is optimized. The sensitivity of the mesh is examined. The following parameters for the
study case are provided: the groove radius, r, = 0.3 mm; the pitch of the streaks, {; = 0.5
mm; the sealing width, ¢ = 3 mm.

4.3. Change Laws of the Leakage Channel

The interference can be obtained by applying an equivalent deflection/displacement
to the ridge in the simulation. According to the FE simulation, the stress contour plots for
the corresponding deformation phases are shown in Figure 8a. The deflections of the pipe
surface, ws, the pipe mid-surface, w,, the streaks, wy, and the embedded depth of the
streaks, hy, are plotted in Figure 8b. The contact pressure on the sealing surface is shown
in Figure 8c.
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Figure 8. (a) Stress contour plots of corresponding deformation phases; (b) deflections and embed-
ded depth of the streaks as a function of wy,; (c) contact pressure on the sealing surface.

As shown in Figure 8a, both of the streaks of the ridge and the pipe surface are de-
formed during interference. The local upheaval of the pipe surface further fills the grooves
and leads to the change in the cross-section of the leakage channels.

As shown in Figure 8b, the deflection of the pipe surface, wg, which is distinct from
other deflections, has a plateau phase during the embedding, and correspondingly, the
embedded depth, h,, levels off just at the end of the plateau. Hence, the plateau indicates
the interference process. The process can be divided into three phases: synchronous (in
this case, wy, € (0, 0.06)), interference (wp, € (0.6, 0.16)), and form-fit (w,, > 0.16).

As shown in Figure 8c, the contact pressure is distributed axially with stress concen-
tration areas (corresponding to streaks) and untouched areas (corresponding to the helical
leakage channel).

The following change laws can be obtained:

e In the synchronize phase, the ridge and pipe deflect synchronously, the streaks are
barely embedded in the pipe surface, and the stress concentration occurs at the con-
tact points. Materials are not yielded;

e In the interference phase, streaks continue to be embedded in the pipe surface, the
helical leakage channel is narrowed by the plastic deformations of the pipe, and the
equispaced contact areas with high-contact pressure extend in the axial direction;

e In the form-fit phase, embedding is mainly performed with constant h;,; however,
the plastic deformation of the seal area (the difference between w, and wj,) continu-
ally increases as wy,, increases, which makes the seal tighter. The untouched areas
narrow considerably and will eventually disappear with the increase in wp,.

To verify the availability of the mesoscale FE model, the analytical values and the
mesoscale FE results need to be compared. For w,, the analytical preload value is 1.35 x
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102 mm, while the FE range in Figure 8a is from 1.20 x 102 to 1.40 x 102 mm; for Wy, the
analytical value is 1.54 x 102 mm, while the FE range is from 0.26 x 102 to 3.66 x 10 mm.
Therefore, the analytical variables of both the base and the pipe are included in the
mesoscale FE model. The availability of the FE model is verified.

5. Semi-Analytical Model of the Leakage

In this section, the leakage ratio is derived from the macroscopic analytical model
and the mesoscopic FE model using the Abbott-Firestone curve.

According to the FE results in Section 4.3, the leakage channel and the relevant di-
mensions are shown in the Figure 9. The height of the leakage paths in the radial direction
is hg, and the embedded depth of the streaks is hy,. Since the axial leakage vanishes dur-
ing the interference, the direction of the leakage (in Section 4.1) is different before and
after the interference [11,47]. Therefore, for the compression connector, the leakage ratio
of the helical leak dominates and the boundary condition is limited to radial clearance
h(w,) < h,.

Ridge

" .
T ¢ L kh Pipe
Radial h, T e
L»Axial

Figure 9. [llustration of the helical streaks embedding into the pipe surface.

To attribute the mesoscale profile parameters for calculating the seal leakage ratio,
the Abbott-Firestone curve [48] is used. The effectiveness of the curve has been proved in
describing the turning surface. The curve is shown in Figure 10.

0.07

0 0.1 0.2 0.3 0.4 0.5 0.6
x (mm)

Figure 10. The Abbott-Firestone curve of the sealing surface.

The mathematical formula of the Abbott-Firestone curve can be represented by z(x),
which can be mathematically acquired by the fitting method of a polynomial. However,
according to the geometric characteristics of the FE model and the parameters in Table 1,
z(x) can be given as

G0+ 2 = x € (0.0 )
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A hypothetical 3D rectangular channel can be used as the leakage path in the math-
ematical model to calculate the leakage ratio, as shown in Figure 11.

[ = 4 =4
pi -

Figure 11. Hypothetical rectangular leakage channel.

The equivalent dimensions are width (., height h. and length L, of which {, and
h. are regarded as definite values along L.. A represents the cross-sectional area of the
hypothetical rectangular channel. Given the uncertainty of the pressure, the magnitude of
the inlet pressure, p;, and the outlet pressure, p,, is assumed as p; = p,.

The integral value of the cross-sectional area of the streaks A4, is

{1
A, =f z(x) dx. (24)
0

Subjected to h(w,), the true cross-section of the leakage channel can be calculated by
the following relations:

A = G3(ha = hy (W) = 4o. (25)
The equivalent height of the leakage channel can be expressed as
he(w) = o0 20
Wy) = ——.
¢ 8 cC (Wx)
The radius of the leakage path is given by
Oy +hg—h
RC — Rp + 14 a 2 b(Wx) _ Wx. (27)
The length of the leakage channel can be defined as
L, = 2R, (i - 1). 28)
2

The governing equation of the flow field based on the laminar flow can be defined
using the Reynolds equations [49]:

3

V-(q,) =0.;q, = ———Ap;
(qv) qv 127 4P
(29)
P = Dbi atx=xi;
D = Do, at x = x,,

where @, is the volume flow ratio per unit width, 7 is the viscosity of the fluid, and p is
the fluid pressure. The circumferential leakage ratio, Q., can be represented in the follow-
ing form:

$c rhe 1 dp )
Q. = f J- —— (2% — h.z)dzdx. (30)
o Yo y

The leakage ratio, Q., as a function of the radial deflection, w,, is given as:

(plz - pg)Zc (Wx)hc (Wx)3

(31)
24nLcp,

Qc (Wx) =

The following equation introduces the notation:
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_ (v —pd) _
= 2amlp,’ W)= Wk () (32)

The leakage ratio can be represented in the simplified form:

Qc(wy) = K - J(wy). (33)

6. Results and Discussion
6.1. Parameter Analysis

The proposed semi-analytical method can reveal the relationship between the deflec-
tion and the leakage condition. Therefore, the key parameters are those that have an im-
pact on the relationship as they influence deflection and are easy to implement in design.
Via multi-scale parameter analysis, key design and performance rules can be identified,
and the minimum preloaded deflection can be obtained.

On the macroscopic level, the effects of the radius and clearance on deflections are
first investigated. Because R, is determined by R,, §, and h, by taking R, as an inde-
pendent variable while others are constant, the influences of R, on w, and w, at x =0
are plotted with logarithmic coordinates using Equations (15) and (20), as shown in Figure
12a. However, according to Equations (12) and (13), h is positively correlated with the
deflection component, wy,, and its influence on the total deflection, w,, varies. As a ref-
erence for the design, with the increase in h, the corresponding change in h/w, and its
gradient is calculated, as shown in Figure 13b. Note that w, is not shown in Figure 12b
since it is irrelevant to h from Equation (15).

0.8 . 1 l T T T 0.4
—_Ww
P |

g 0.6f|——— w, J 0.8 03
2 04 1 2 06 \ 5
g = \ 0273
g 0.2 //- = 04 \ &
% - dl \ — hilw, 0.1
=) 0 ________ 1 02 \ Jd — — — Gradienf]

0.2 0 D — 0

10! 102 10° 0 0.05 0.1 0.15 0.2
Pipe diameter (mm) h (mm)
(a) (b)

Figure 12. (a) Deflections as a function of pipe diameter and (b) ratio h/w, as a function of radial
clearance, h, at x =0.

The following conclusions are drawn from Figure 12a:

e  Compared to w,, pipe diameter shows almost exact influence trends on w,; hence
R, is positively correlated with both deflections;

e  For all standard diameters in the ratio range of §,/R,, < 0.25, within four-inch diam-
eters (R, < 50 mm), changes of w, and w,, can be considered independent of R,,.

e  The following conclusions are drawn from Figure 12b:

e  The increment of w, is gradually related to h, and, in this instance, when h > 0.2
mm, the gradient of h/w, approaches zero;

e  Thereis a threshold of h (when h = 0.2) at which the growth of w, is directly pro-
portional to the growth of h.

Similarly to the radius, R, the thickness, &, also shows a prominent influence on the
deflections. The thickness of the base, &, and the pipe, &, are analyzed under three con-
ditions: in Case 1, &, is constant and &, is variable; Case 2 has the opposite conditions to
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Case 1; in Case 3, §, = §, is considered. Note that, according to Equation (15), §, is ir-
relevant to wy,. The influences of § on the deflections are shown in Figure 13. The curve
in Case 1 (wy) is the influence of §, on w, while §, = 20 mm, and the w,, in Case 1 is
the influence on w,,. The w, in Case 2 is the influence of §, on w, while 6, = 20 mm.
The w, in Case 3 is the influence of §, on w, while §, = §,, and the w,, in Case 3 is the
influence on wy,.

08 I T T T
: Case 1(w,)
+ Case 1(w,)
N Case 2(w,) |
) 06 % e Case 3(w,)
=) — — — Case 3(w,)
B 04p T e s ]
g
= 1
A \
02r + 1
*
ﬂﬂ‘H"“Hﬂ—.—q—l_l_u
0 L EE e ————— S SN NN RN
0 10 20 30 40 50

Thicknesses (mm)

Figure 13. Deflections as a function of thickness at x = 0.

The following conclusions are drawn from Figure 13:

. As the §,, increases, all deflections decrease with a decreased change rate;

e  §, has a minimum influence on w, (the curve w, in Case @), and is irrelevant to
wy, so the change in §, has a negligible impact on the interference. Therefore, con-
sideration may be given to appropriately increasing or decreasing the thickness, d,,
as needed.

In addition to the above parameters, deflections are also affected by the sealing
width. For generality, a ratio of the pipe thickness to the sealing width, §,/¢, is used. The
deflection as a function of §,,/¢ is shown in Figure 14 with logarithmic coordinates. More-
over, since the ratio also affects flexural rigidity, the flexural rigidity of the pipe, D), is
also shown in the figure.

101
— 1 10°
g 81\ —
£ \ §
2 61 \
g \ z
Q g A\ Wy 2,
A - ™
2 N U R N Dp
0 — = 100
107! 10° 10!
s,/¢

Figure 14. Deflections as a function of ratio §,/¢.

As shown in Figure 14, deflections and D,, have different responses:
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For the flexural rigidity, a linear relationship exists between the ratio and D, in log-
arithmic coordinates;

For deflections, they are influenced by a threshold of the ratio: when 6,/{ < 1, de-
flections decrease as the ratio increases; when &,/¢ > 1, the deflection change is
practically unrelated to the ratio. This shows that when the thickness exceeds the
sealing width, &,/ hardly affects deflection.

Next, the effects of D, and D,, on deflections are also investigated as depicted in the

logarithmic coordinates in Figure 15. Since w, is irrelevant to Dy, its curve is not shown.

Deflections (mm)

10° 100 102 100 10t 100 10°
Flexural rigidities (N-mm)

Figure 15. Deflections as a function of flexural rigidities.

As shown in Figure 15, D,, exhibits distinct effects on w,, and wy:

D, exhibits an almost linear relationship with w,, (the curve wy-Dj) in logarithmic
coordinates but a decreasing effect on w, (wx-Dy);

When D,, < 103 all effects on deflections are approximately linear, but when D, >
103, the effect on w, and w, is significantly different;

When D,, = 10¢% the only effect of the flexural rigidity is that of D, on w,,;

The effect on w, of the flexural rigidity of D, (wx-Ds) is comparable to that of the
pipe (wx-Dy).

On the mesoscopic level, the leakage condition can be analyzed. The influence of w,

on the nonlinear change in the cross-sectional area of the leakage channel A is investi-
gated first. Based on the mesoscopic FE model (in Section 4), the true width, {,, and the
equivalent height, h., of A are shown in Figure 16 with w, increments, where the corre-
sponding radius of the leakage path, R, is also depicted to indicate the relationship be-
tween macroscopic and mesoscopic changes.

Channel dimension (mm)

0.5 T T T 84
~ [ S e ~—.. R.
0.4r N T~ -—=¢ 1 83.98
S < - ~ N B ha _hb
N —
0.3f N o h 148396 &
~d S g
0.2f N N 183.94 &
1 83.92
83.9
0.3 0.35 0.4 0.45 0.5

wy (mm)

Figure 16. Leakage channel dimension and sealing radius as a function of base deflection.
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The following conclusions can be drawn from Figure 16:

e  There is a strong correlation between w, and {.: as w, increases, both {. and h,
decrease;

e  Coincidentally with the macroscopic results in Section 4.3, the true height of the chan-
nel (hy — hp) and h. also have a notable reduction during the interference within
the range w, € (0.34, 0.45), while h. shows a clear descent stage;

e  When w, > 0.45 mm, {, and h, are virtually unchanged, indicating that the leak-
age ratio is stable.

Based on the above findings, the minimum preloaded deflection can be predicted.
Since Q. varies with different sealed mediums, the typical leakage ratios of water (n =
1.77 x 105 Pa-s), air (n = 1.01 x 10% Pa-s), and oil (n = 1.50 Pa's), with inlet pressure, p;
1 MPa, and outlet pressure, p, = 101 KPa, can be calculated as a function of w,, as shown
in Figure 17 in the logarithmic coordinates. The corresponding R, is also shown. Other
unlisted parameters are consistent with the above analyses.

84
83.98
2 =~ 83.96 2
2 1574 £
SO p—— 2 NN 83.94 &
10675k "‘E" ..... Eefikage decrease \\ = 3
........ N |
10_8|- 2 ..................... E.ef.k-tlgh,t\‘1 83.92
' ' : ' d 439
0.3 0.35 0.4 sl 0.45 0.5
w, (mm)

Figure 17. Leakage ratios as a function of base deflection.

As shown in Figure 17, the air leakage ratio is distinct from other mediums, which
makes a great difference to the sealing performance of connectors. Accordingly, the fol-
lowing conclusions are drawn:

e  For air medium, according to the highest Class VI of ASME B16.104 [50], the con-
nector can be considered leak-tight below, Q. = 0.24 L/h in the study case, while the
corresponding minimum w, is in the range from 0.37 to 0.38 mm (0.25 to 0.10 L/h,
shadowed area in the figure);

e  Similar to the equivalent height curve, h, in Figure 16, there is also an accelerated
descent range of the leakage ratio and all leakage ratios are reduced to a minimum
with w, > 0.45 mm;

e  The macroscopic minimum, w,, calculated from the proposed analytical model is
0.42 mm (the dash-double-dotted line in the figure), which is covered by the ASME
criteria;

° The ASME criteria and the theoretical minimum, w,, are included within the leakage
decrease range (from 0.37 to 0.45). Therefore, the results of the semi-analytical
method are self-consistent, and the case connector is theoretically leak-tight to all
typical mediums. The theoretical feasibility of the proposed semi-analytical method
to predict the minimum preloaded deflection is verified.

At the end of the parameter analysis, considering the negligible effect of the thick-
ness, the leakage ratio as a function of the rate, §,/, is explored in Figure 18 with loga-
rithmic coordinates. The corresponding R, and ASME criteria of the air leakage ratio
(from 0.53 to 0.20 L/h, shadowed area in the figure) are also shown.
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Figure 18. Leakage ratios as a function of rate §,/¢.

The following conclusions can be drawn from Figure 18:

e  When 4,/ € (1, 3], w, and Q. begin descending with the increase in 6, /¢;

e When §,/{ € (3, 5], the leakage is noticeably decreasing;

e  When §,/¢ > 5, the effects on w,, Q., and 7, are moderated, the leakage is stable,
and the sealing state needs to be further verified by prototype tests;

e When §,/¢ < 3, the leakage may occur on the internally turned topography, the rec-
ommended design value is 6,/¢ = 5.

6.2. Experimental Test

In order to verify the feasibility of the proposed semi-analytical method on the seal-
ing performance prediction, according to ISO 21329:2004 [51], a working pressure test and
a burst pressure test are carried out. All tests are conducted under the temperature of 25
°C and the maximum gauge pressure is 60 MPa with an accuracy rating of 0.4 (0.24 MPa).
Furthermore, a customized 80 MPa manual hydraulic pump and an air compressor are
used. The schematic diagram of the experimental setup is shown in Figure 19.

Valve

Pump

Pressure
Gage ] [

Presss ring

Base

Pipe
Liquid/Air
Figure 19. Schematic diagram of the experimental setup.

Prototypes are developed based on the proposed semi-analytical approach using
seamless wrought steel pipes (ASME B36 10M [36]) of 3 to 8 inches. Geometrical parame-
ters are listed in Table 2. A few redesigned prototypes are shown in Figure 20.
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Table 2. Geometric and material parameters for prototype types.

Type Nominal Nominal Medium Yield Strength
Diameter Thickness (MPa)
DN Inch (mm) (mm) Water Air Pipe Connector
80 3 89 5 15 0.2
100 4 114 7 7 0.1
150 6 168 8 6 0.1 235 345
200 8 219 10 4.5 0.08

(b)
Figure 20. Prototypes: (a) DN 200 type and (b) DN 100 type.

6.2.1. Working Pressure Test

The purpose of the test is to verify whether the designed prototype can reach the
designed working pressure. The mediums are clean air and water. For the air pressure
test, the prototype is pressurized with air at the required depth of an experimental tank.
During the working pressure test, the internal pressure gradually increases to the required
working pressure, rising below a maximum rate of 100 MPa/min. When the working pres-
sure is reached, to stabilize the system and periodically check the assembly for the leakage
it is necessary to maintain constant pressure for a sufficient time (10 min for air pressure
and 24 h for hydraulic pressure in the study). Neither structural failure nor visual indica-
tions of the leakage are permitted. The setups of the air pressure test and the hydraulic
pressure test are shown in Figure 21. A sectional view of the tested prototype is shown in
Figure 22.

(b)

Figure 21. Experiment setups with assemblies of (a) hydraulic pressure test and (b) air pressure test.
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(b)

Figure 22. Section view of assemblies of (a) DN 200 and (b) DN 80.

From Figure 22, the internal deflection of the prototypes conforms to the design ex-
pectation, there are no visual indications of leakage during sampling inspection with dif-
ferent sealing widths under variable structure configurations, and specimens are in good
contact with seals. The sealing surface condition is not detailed here since it has already
been discussed in our previous studies [20,22].

Typical test results for the prototypes are shown in Table 3, indicating that all proto-
types are leak tight. Therefore, the prototypes developed by the proposed semi-analytical
method meet the working pressure requirement.

Table 3. Typical results of the working pressure test.

Type Pressure (MPa) Pressure Drop Leakage Structural Change
DN Inch Water Air Water Air Water Air Water Air
80 3 15 0.2 x x x x x x
100 4 7 0.1 x x x x x x
150 6 6 0.1 x x x x x x
200 8 4.5 0.08 x x x x x x
6.2.2. Burst Pressure Test
The purpose of the test is to find the failure pressure of the designed prototypes. To
avoid the risk of the compression air, only the hydraulic pressure was applied. Following
the leak test, the pressure is continuously raised below the maximum pressurization rate,
and the pressure is maintained for 5 min per 1 MPa until there is evidence of the structural
failure or leakage. The mean failure pressures for the prototypes are listed in Table 4. For
comparison, the results of the same prototype types with polished sealing surfaces from
our previous design by FE methods [20,22] are also listed.
Table 4. Failure pressures of burst test with failure types and comparison with previous designs.
DN Type Inch h?:z:n":mt Pressn.;r:;ili[)ﬁ:) Pressure Drop Leakage Structural Change
80 3 45 36 v x v
100 4 33 30 v x v
150 6 20 20 x x v
200 8 12 10 x x V

According to Table 4, there is no significant difference between the analytical design
and the previous FE design, indicating that the semi-analytical solution does not have a
considerable effect on the previous solution. In addition, the experiments did not show
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any leakage. All failures are structural, and most are manifested as the axial pipe move-
ment. In the failure, the internal pressure no longer increased and decreased slightly in
some tests. This type of failures involves axial anchoring failure and pull-out deformation,
which will be discussed in a follow-up study.

To summarize, the results show that even with a rough radial sealing surface, the
compression connector designed by the proposed method can quickly create a reliable
radial seal. On the other hand, the computational time has been reduced, saving more
than 57% design time in practice. Meanwhile, the internal finish turning machining is no
longer necessary, which further reduces the time and cost of the manufacturing process.

7. Conclusions

A semi-analytical method for the sealing performance prediction of the subsea pipe-
line compression connector is proposed in this paper. Prototypes are fabricated on the
basis of the design results with this method and the failure pressures are tested in lab. The
following conclusions can be drawn:

An analytical model of the fitting process of the compression connector is derived,
based on the membrane theory, in which the assembly is idealized as pairs of thin-walled
cylinders under uniformly distributed radial load. The expressions of the deflections with
the contact pressure are obtained;

1. A macroscopic 2D FE model is created to verify the analytical model. An agreement
is found between the analytical and FE results with a mean error of less than 8.5%.
The analytical model is proven to be good enough with the thickness-radius ratio
being no more than 0.25 (§/R < 0.25);

2. The geometric parameter effects on the interference process are investigated. The in-
fluence and thresholds of the geometric parameters on sealing performance are pre-
sented, which provide the design guidance for the subsea pipeline compression con-
nector;

3. The radial sealing surface of the connector is observed by SEM. The surface is an
anisotropic topography characterized by regular helical and continuous streaks with
slight defects and irregularities. Potential leak paths in two orthogonal directions are
identified as axial and circumferential;

4. A mesoscopic 2D FE model is created based on the SEM result and the macroscopic
FE model. The effects of the leakage channel in the sealing process are analyzed.
Then, the analytical minimum deflections and those of FE are compared and shown
to be consistent with each other. Since the macroscopic analytical minimum deflec-
tions of both the base and the pipe are included in the mesoscale results, it is theoret-
ically verified that the semi-analytical method can identify and predict the leakage
condition of the connector;

5. The Abbott-Firestone curve of the sealing surface is introduced based on SEM obser-
vation and the FE model. A semi-analytical leakage model was obtained. Since the
true height of the leakage channel shows a clear descent stage, the minimum pre-
loaded deflection of the leak-tight range is identified. On the rough internally turned
sealing surface, leakage may occur when the ratio of the pipe thickness to the sealing
widthis 6,/¢ < 3, and the recommended leak-tight design value is 6,/¢ > 5;

6. The results with the proposed semi-analytical method correlate well with the work-
ing pressure test and the burst pressure test. The designed connectors can quickly
create a reliable radial metal static seal with the rough turning topography and save
more than 57% of design time compared to the common FE method, while reducing
machining time and costs.

7. The proposed semi-analytical method can be used to optimize the overall structural
performance of compression connectors with a low computational cost. It allows the
prediction and identification of the leakage condition of all standard pipe series with
0,/R, < 0.25. The model also provides a good understanding of the radial sealing
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process. These results are helpful to highlight the different sealing performances with
other type of seals and guide the further improvements.

In order to perform further quantitative analyses of the leakage ratio, it is necessary
to explore the tangential contact mechanics and the deflection behaviors of the connector
in subsequent studjies.
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Nomenclature

A Cross-sectional area of the hypothetical rectangle channel (mm?)

A, Integral value of the total Abbott-Firestone curve (mm?)

D, Dy, D, Flexural rigidity of cylindrical shell, base, and pipe, respectively (N-mm)

E Young’'s modulus (MPa)

E, Tangent modulus (MPa)

h Radial clearance between sealing surfaces (mm)

hq Height of streaks (mm)

hy Depth of embedded streaks (mm)

he Equivalent height of the hypothetical rectangular channel (mm)

Lo Axial distance between radial load and ridge (mm)

Lq Axial distance between anchors and ridge (mm)

L, Length of the leakage channel (mm)

MM Bending moments of axial section and a section perpendicular to the axis of a cy-
e lindrical shell, respectively (N-mm)

NN Membrane forces of axial section and a section perpendicular to the axis of a cylin-
e drical shell, respectively (N)

Pi, Po Inlet the outlet pressures of the leakage channel (MPa)

Pyq, Ppo Components of radial load P, (N/mm)

P. Reaction load (N/mm)

P Shearing force of intensity parallel to z axis of a section perpendicular to the axis of
* a cylindrical shell (N)

P, Total equivalent radial load on the base (N/mm)

Q. Helical leakage ratio (L/h)

A Corner radius of the tool nose (mm)

R,Ry, Ry Radius of mid-surface of cylinder, base, and pipe, respectively (mm)

R. Radius of leakage path (mm)

u,v,w Displacements of the mid-surface in the cylindrical coordinate (mm)

Wp1, Wh2 Deflection components of P, (mm)

Wy, Wp Radial deflection of the base and pipe, respectively (mm)

Wy Deflection of the streak peaks (mm)

Wy Deflection component of P. (mm)

Wy Deflection of pipe surface at the seal (mm)
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XY,z Global rectangular coordinates of 2D axisymmetric FE model
8,8y, 6p Thickness of cylinder, base, and pipe, respectively (mm)
Ep) Ex Strain components of cylindrical coordinates

e’ True strain

¢ Sealing width (mm)

e Width of the leakage channel (mm)

) Pitch of the streaks (feed rate) (mm)

n Kinematic viscosity (Pa-s)

u Friction coefficient

v Poisson’s ratio

& Hardening modulus (MPa)

Osp, Osp Yield strength of the base and pipe, respectively (MPa)
aT True stress (MPa)

@,x,p(=R+z)  Cylindrical coordinates
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