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Abstract: As a key piece of equipment in underwater production system, a reliability study of deep-
sea connectors has important theoretical significance and engineering value for increasing fault-free
operation time, improving engineering safety, and reducing maintenance costs. However, the diverse
failure modes of connectors and the lack of high-quality and credible reliability data can lead to biased
analysis outcomes. To tackle this problem, this study aims to establish a reliability model for deep-sea
horizontal clamp connectors. Based on the actual engineering background, a fault tree model for
deep-sea horizontal clamp connectors is developed, and the distribution types of bottom events
are analyzed concerning the failure mechanism. To enhance the model’s credibility, a multi-source
information approach is employed, combining prior product information, expert experience, and
design information to quantitatively solve the reliability probability of the connector. The expert
experience is quantified using the fuzzy quantitative analysis method, while the design information
is estimated by developing a corrosion prediction model combined with grey theory. Thus, the
reliability assessment of deep-sea horizontal clamp connectors is completed. Factory Acceptance
Test (FAT) is performed on the improved connectors, and the closed-loop work of reliability analysis
is completed.

Keywords: deep-sea horizontal clamp connector; reliability model; fault tree; multi-source information;
FAT

1. Introduction

At present, offshore oil and gas exploration continues to be more challenging than
onshore exploration due to various technical difficulties, such as an unclear understanding
of underground oil reserves, installation complications of underwater production equip-
ment, and difficulties in sealing the transportation process of oil and gas [1,2]. As a vital
instrument in deep-sea oil exploration, deep-sea connectors are frequently utilized along
with jumpers to establish pipeline connections between equipment, connecting various
underwater production system devices, and transmitting oil, gas, and other energy sources
such as deep-sea hydrate and sediment mixtures [3,4]. These technical challenges create
significant obstacles to underwater oil and gas exploration which, if not addressed effec-
tively, can lead to substantial economic losses and irreparable environmental damage, as
seen in incidents such as the massive oil spill in the Gulf of Mexico in 2010 [5], the oil spill
accident in the Bohai Sea about 38 nautical miles away from the coast of China in 2011 [6],
and the oil spill incident in California in 2021 [7]. The concept of “reliability engineering”
was introduced to reduce the failure rate of engineering accidents, and risk assessment of
production equipment in marine oil and gas development can effectively decrease accidents
in marine production [8,9].

During the installation stage of deep-sea connectors, the failure rate is relatively high
due to underwater operations. During the service stage, the connectors are often exposed to
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high-temperature and high-pressure environments, which can also affect the performance
of the sealing structure. Banaszek, Andrzej [10] has confirmed that thermal stress can
cause failure of hydraulic systems and pipeline rupture, while corrosion can accelerate
the strength degradation of pipelines [11]. To improve the reliability of subsea connectors,
scholars have conducted a large amount of research and improvement: Kim, Sunghee [12]
used Markov methods to study the reliability of subsea spray preventers and analyzed
the sensitivity of connectors and control systems to them. Yun Feihong [13] established
a mathematical model of contact stress for connector sealing structure based on Hertz
contact theory and verified the relationship between sealing ring structure parameters and
pre-load. Zhang, Kang [14] addressed the problem of a lack of risk factor data for claw
connectors and analyzed the risk of installation failure events of claw connectors using
the risk matrix method. Ifelebuegu, Augustine O [15] improved the operational risk of a
subsea gas compression system by combining Layer of Protection Analysis (LOPA) with
Bayesian methods. Zeng Wei [16] developed a VX gasket structure optimization method
that considers random workloads to improve the sealing performance of connectors. Wang
Yingying [17] proposed a reliability analysis method based on dynamic Bayesian networks
combined with Monte Carlo methods to reduce the failure probability of the drive ring of
deep-sea connectors. Duan Menglan [18] pointed out the shortcomings of the connector hub
design method of the American Society of Mechanical Engineers (ASME) and developed
a stress analysis method to improve the reliability of connectors. Wang Yingying [19]
analyzed the expansion process of initial cracks to critical crack size in connectors and
established a dynamic Bayesian network to determine the structural influence of multiple
variable factors on failure probability.

The introduction of novel research and analysis methods has greatly facilitated the
improvement of connector reliability. However, many of these studies only employ basic
reliability methods to enhance the complex system of connectors, resulting in biases in the
evaluation results due to a lack of consideration for the product reliability characteristic
model and practical application [14,20]. The main obstacle to the reliability study of deep-
sea horizontal clamp connectors is the lack of high-quality reference information, and
reliability information needs to be collected from multiple sources to ensure unbiased and
credible evaluation results. A single source is insufficient to guarantee the unbiasedness
and credjibility of the assessment without prior information, and multi-source, extensive,
and mixed reliability information is necessary [21-23]. The sources of information include
(but are not limited to) information on similar products, design information provided by
designers, expert experience, and reliability tests conducted during the verification period.
Objective prior product information is the most reliable in terms of information reliability,
while subjective expert experience and design information need to be processed using
reliability methods to qualitatively analyze the uncertainty of the information, but they
can compensate for the lack of reliability information. Therefore, adopting a multi-source
and mixed approach to the reliability analysis of connectors is beneficial for ensuring
the credibility and impartiality of the reliability analysis results [24]. Currently, there are
several works on modeling system reliability using limited failure statistical data. An,
Jianqi [25] proposed a multi-source information fusion method based on reliability theory
and the Kalman filter, which provided an effective solution for the control and monitoring
of complex metallurgical processes. Peng, Chong [26] proposed a multi-source information
fusion reliability model based on Bayesian inference for situations with small sample
sizes, which removed the constraint of limited life failure data. Xu, Yingchun [27] used
the Bayesian fusion method (BMM) to fuse multi-source life information from satellite
systems and subsystems with a multi-level structure, fully integrating multiple sources
of information to enhance the reliability model with more knowledge. Zhao, Qian [28]
proposed a Bayesian method for estimating the remaining life of Weibull distribution
components by fusing collected information, which determines the prior distribution
using different types of information and obtains the posterior distribution by fusing the
collected information. Salomon, Julian [29] provided an effective method for quantifying
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the reliability of complex systems when considering uncertainty spectra by combining
structural reliability and system reliability. Xiang Jia [30] proposed a method of transmitting
multi-source data first and then merging and integrating the data, which overcomes the
limitation of setting combination weights in data integration and can be used for reliability
analysis of complex systems.

Scholars have conducted extensive research on reliability modeling based on limited
fault statistical data and multiple sources of data, breaking through the limitations of
system reliability modeling using limited fault statistical data. This paper refers to the
foundation of previous research and aims to increase the credibility of reliability modeling
by supplementing the model’s information sources through the direction of increasing the
acquisition paths of reliability data sources. In response to this, this article aims to analyze
the reliability of deep-sea horizontal clamps connectors as the research objective. Starting
from the practical engineering and physical background, a reliability model is established
to evaluate the reliability of deep-sea horizontal clamps connectors. The following steps
were taken:

(1) An analysis of the subsystem composition and working principle of the connector
was conducted, and a connector fault tree was established.

(2) The distribution of failure bottom events was determined based on failure mecha-
nisms, and information was collected from multiple sources to establish an accurate
reliability model.

(3) FAT was conducted on the connector.

2. Reliability Analysis Method for Deep-Sea Horizontal Clamp Connectors

The reliability analysis process for deep-sea horizontal clamp connectors is shown in
Figure 1.

Structural element
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Functional analysis

|
v Operation condition |
|
|
Establish fault tree | €&——— L |
|
Fault Event |
|
|
v l
Probability distribution €— Failure mechanism
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< © yP ~' Multi-source information
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Figure 1. The process of reliability analysis for deep-sea horizontal clamp connectors.
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2.1. System Definition of Deep-Sea Horizontal Clamp Connector

Different types of deep-sea connectors can be used for different ocean working con-
ditions [31]. The deep-sea horizontal clamp connector studied in this paper has the ad-
vantages of low cost, small overall height, and convenient placement of protective covers.
From the function of the deep-sea horizontal clamp connector, it can be divided into three
parts: the frame, the drag system, and the connector body. At the same time, the connector
body can be divided into three subsystems: the body structure, the sealing system, and
the locking system; the frame and the body structure constitute the guiding system. In the
process of connecting pipelines, each system cooperates with each other to complete the
guiding, dragging, locking, and sealing functions of the connector. The specific structure is
shown in Figure 2.

Compression plate
Anti-loose protection block

Guiding horn mouth!

Guidi |
uiding cotumn ixed end plate

Horizontal
¥ precision
guiding

Guiding slant board

Connecting shaft
Tightening bolt

ack , Pin shaft
Hydraulic flying |

head \Q

- g | : 3 Clamp structure |
Hydraulic cylinder \ : \ i

Cylinder horeposit%iny\'

block Drag tool;

Fixed locking pin

Seal ring

Terminal flange

Seal structure

Figure 2. Structural Form of the Deep-sea Horizontal Clamp Connector.

After conducting a functional analysis of each subsystem, the operational process
of the deep-sea horizontal clamp connector can be dissected into four distinct stages, as
shown in Figure 3.

BHoisting Drag too

Figure 3. Working Process of the Deep-sea horizontal Clamp Connector.

(a)Hoisting connector (¢)Drag connector (d)Locking seallng structure

(1) The connector is lowered onto the inclined plate using the guiding column of the
frame structure and the horn mouth of the body structure. The connector is leveled
using the inclined surfaces of the guiding plate and the guiding plates on either side
of the body structure.
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The drag tool is lowered, and the positioning block of the drag tool cylinder is placed
between the two outer end plates to create a point of action. The cylinder head is then
guided into the specified installation point using the pull head of the frame structure.
The hydraulic flying head of the operating system initiates the drag tool and pulls the
connector towards the terminal flange. During the dragging process, the horizontal
precision guide of the frame and the horizontal guiding column collaborate to provide
vertical guidance for the connector. Due to the asymmetrical structure of the crossover
pipe and the connector, a bias load may be generated during the dragging process.
Therefore, there is a stringent requirement for the synchronization of the hydraulic
system of the drag tool. The frame undergoes a tremendous load during the dragging
process of the connector, so reinforcement ribs are welded onto the guiding inclined
plate and the dragging support plate.

The drag tool is retrieved, and the ROV torque wrench is installed at the ROV base
and activated. The locking bolts are tightened to rotate the ear shaft, which then
moves under the constraint of the inclined guiding slot of the outer end plate, thereby
driving the clamp to close.

When the clamp is closed, the inner inclined surface of the clamp paw squeezes
the moving end flange and the terminal flange. The sealing ring forms a sealing
surface under the compression of the two flanges. Finally, the hydraulic flying head is
employed to press the sealing layer for sealing test.

2.2. Construction of Fault Tree Model for Deep-Sea Horizontal Clamshell Connector

To develop a reliability model for the deep-sea horizontal clamp connector, it is essen-

tial to utilize reliability analysis methods to assess the impact of failure events, components,
and subsystems on the overall system, as well as their logical interdependencies. In this
regard, fault trees have been extensively employed as a conventional systems engineering
research tool. Fault trees enable a detailed deductive analysis of an event to identify poten-
tial causes and estimate the probability of failure [32]. A fault tree model was established
based on a brainstorming session for risk assessment of the deep-sea horizontal clamp con-
nector, which involved multiple experts, engineers, and designers. The model is presented
in Figure 4, with symbols representing the names of the events as shown in Table 1.

Figure 4. Fault Tree Analysis of the Deep-sea Horizontal Clamp Connector.
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Table 1. Fault Tree Events.

Code Event Code Event Code Event
T Connector failure M29 Flange connection failure X25 Horizontal %;ﬁi:ommn bolt
M1 Guide system failure M30 Seal ring failure X26 Insuff1c1erlt();c211;?eue wrench
M2 Drag system failure M31 Terminal flange failure X27 ROV base deformation
M3 Locking system failure M32 Antl—looser.ung structure X28 ROV base cgnnectlon bolt
failure failure
M4 Sealing system failure M33 Flange congeif;;(;n structure X29 Locking bolt deformation
. . Guide column base . ..
M5 Body guide failure X1 deformation X30 Locking bolt thread slipping
Mé6 Drag tool guide failure X2 Guide colum body X31 Groove screw deformation
deformation
M7 Guide column failure X3 Guide horn I}’louth X32 Groove deformation
deformation
. . . Guide diagonal plate . .
Ms8 Guide diagonal plate failure X4 deformation X33 Ear axis thread slipping
M9 Drag tool guide failure X5 Piston rodci;tir;lon length X34 Ear axis deformation
M10 Frame guide failure X6 Hydraulic Cylmfler flange X35 Clamp petal deformation
deformation
Mi11 Frame drag fixed end failure X7 Cylinder body guide X36 Connection shaft deformation
deformation
M12 Drag tool failure X8 Hydraulic cylinder head fixed X37 Pin shaft deformation
end deformation
M13 Body structure failure X9 Flange connecgon bolt X38 Flange matlng surface
deformation deformation
M4 Hydraulic cy}mder structure X10 Frame drag f1{<ed end X39 Connection bolt failure
failure deformation
M15 Hydraulic system failure X11 Cylinder barrel po§1t10n1ng X40 Slope inclination angle is too
block screw failure small
Cylinder barrel positioning Cylinder barrel positioning
Mié6 block failure X12 block deformation X4l Seal surface damage
M17 Hydraulic Fyhnder head X13 Hydrauh(? Cyhn.der head X42 Terminal flange deformation
failure welding failure
M18 Control circuit failure X14 Hydraulic cylinder head pull X43 Terminal flange pipeline
head deformation rupture
M19 Horlzonte}iiglsije column X15 Piston rod deformation X44 Seal surface damage
M20 Torque transmission failure X16 Hydpraulic system leakage X45 Terminal flange deformation
M21 Torque conversion failure X17 Stop valve failure X46 Termmailfll;?l;gree pipeline
M22 Clamp structure failure X18 Speed control valve failure X47 Seal ring seal surface scratches
M23 ROV base failure X19 Relief valve failure X48 O-ring deformation
M24 Locking bolt failure X20 Reversing valve failure X49 Unable to adapt to
temperature and load changes
M25 Sliding groove failure X21 Flow distribution valve failure X50 Seal ring deformation
M26 Ear axis failure X22 Hydraulic ﬂylpg head X51 Anti-loosening block reversal
malfunction
M27 Clamp petal failure X23 Outer end plate deformation
M28 Clamp claw failure X24 Horizontal guide column

deformation
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Combining the logical relationship of failure events in the deep-sea horizontal clamp
connector fault tree described earlier, the probability of the top event not occurring is equal
to the probability that none of the failure modes occur in all the minimal cut sets. Based on
this condition, obtain:

k
Pi=1]P, 1)
i=1

where P!, is the reliability of the i-th minimal cut set under study, and k is the total number
of minimal cut sets.

Simplify the fault tree analysis according to Boolean algebra method, and perform a
logical calculation for connector failure events:

T=MI+M24+M3+M4d=... 2
= (X1+...4+X8) + (X9+...+X25) + (X26+ ... +X40) + (X41+ ... +X51 + X52) °

2.3. Probability Distribution Analysis of Connector Failure Modes

To ensure the reliability model of the deep-sea horizontal clamp connector is credible
and unbiased, it is crucial to establish the model based on actual engineering requirements
and systematically collect reliability information. The working stage of the connector can be
divided into two stages: the connection stage and the service stage. If the same probability
distribution model is used for the failure modes of both stages, the results may be biased.
Therefore, the probability distribution model can be established by combining the failure
mode mechanism of the failure bottom event.

Deep-sea horizontal clamp connectors consist of mechanical structures and hydraulic
systems. For the hydraulic system and most mechanical components, there is no wear-
out failure caused by repeated work. The failure mode of these components only occurs
during the connector’s connection stage. Therefore, the exponential probability model can
approximately describe the failure distribution of these components, such as the stress-
related failures of the frame mechanism, clamp structure, and sealing structure during the
connection process. However, for structural damage caused by corrosion and wear-out over
time, a Weibull probability model that considers the degradation characteristics should be
used to describe it.

The reliability function representing the failure of the bottom event that follows an
exponential distribution can be expressed as [33]:

P(t) =e M, ©)

where A is the failure rate and ¢ is the time.
The failure of the bottom event that follows a Weibull distribution can be represented
by the reliability function [33]:

R(t) :/f(r)dT:e_(T , @)

where 7 is the scale parameter that affects the size of the time axis, 8 is the shape parameter
that affects the failure rate, and <y is the location parameter that affects the earliest occurrence
of failure.

The reliability function of a mixed distribution can be represented by:

) Z;e*Aff. (5)
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Connector reliability modeling

2.4. Probability Distribution Analysis of Connector Failure Modes

Collecting multiple sources of mixed information can minimize poor reliability in-
formation and ensure the credibility and unbiasedness of the reliability analysis results.
According to the characteristics of the reliability model of horizontal clamp connectors,
the following reliability quantitative analysis process is established, as shown in Figure 5.
According to the analysis, the failure bottom event probability distribution of the connector
can be divided into exponential distribution, Weibull distribution, and a mixed distribution
that combines the two. Prior product information can be searched and directly applied
based on the reliability information database, and expert experience needs to be trans-
formed into probability density functions through fuzzy quantitative analysis. Design
information is the analytical data left by the designer during the design process. It provides
critical information about how the equipment is designed, manufactured, and operated,
and can be converted into reliability information through certain research methods, such as
Bayesian method, grey theory, maximum value theory, and cumulative damage model, etc.

—_— e — — — R . — — — —

Linear I

approximation ~ “—  Similar product |

____________ Nonlinear — information |

Hydraulic approximation |
components —

Fuzzy quantitative . |

. +— Expert experience «|
analysis method o . [
+—  Prior information

Mechanical Reliability test | [

components |

Grey Theory |

Maximum |

o0 Design information + l

____________ Bayesian method :

|

Figure 5. Quantitative Analysis Process of Connector Reliability.

2.4.1. Reliability of Bottom Event under Prior Product Information

All hydraulic components of the drag system are standard parts that have undergone
standard factory testing, such as the X16, X17, X18, X19, X20, and X21 check valves, so the
failure probability can be obtained by querying the reliability database [34].

2.4.2. Reliability of Bottom Event under Expert Experience

Due to the limited availability of samples of the same type of connector, a risk assess-
ment of different connector types can only serve as a reference and not be used for precise
quantitative analysis using existing data. Expert scoring is an effective approach to resolve
such issues [35].

Since the level of expertise of invited experts may vary, this paper needs to weight the
scores provided by them to reduce subjectivity. The weight of an expert can be compre-
hensively evaluated based on their job title, education, age, and years of experience in the
industry. The lower the score given by an expert, the smaller their impact on the overall
result. The factors for determining expert weights are shown in Table 2 [36].
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Table 2. Expert Weight.
Determinant Determinants

Evaluation Term Weight W; Rank Weight V;;

Title 4 Professor/ Associate Professor (Senior Engineer)/Engineer/Technician ~ 4/3/2/1

Engaged in this industry 3 >20/10~19/5~9/<5 4/3/2/1

for over (years)
Education 2 Doctoral/Master’s/ Undergradl.late/ Junior College/Vocational and 5/4/3/2/1
Technical School
Age 1 Over 50 years old /40-49 years old/30-39 years old/Under 30 years old 4/3/2/1

Convert the expert’s resume into a score and add it up, so that the sum of all experts’
resumes is set to 1, and the weight of the i-th expert can be normalized to:

n m n
Ri= ), WiVij/2< Y WiVij> : (6)
i=1j=1 k=1 \i=1,j=1 .

In this paper, 7 connector experts were invited to assess the risk of horizontal clamp
connector failure events, and their information is shown in the Table 3.

Table 3. Expert Information.

Engaged in This Industry for

Expert Serial Number Professional Title Education Age
over (Years)
Expert 1 Technician Master’s 38 6
Expert 2 Associate Professor Doctoral 52 20
Expert 3 Professor Doctoral 59 26
Expert 4 Engineer Junior College 57 31
Expert 5 Technician Undergraduate 42 14
Expert 6 Senior Engineer Master’s 55 17
Expert 7 Senior Engineer Undergraduate 47 15

Combined with Equation (6), the weights of the 7 experts can be obtained:
[R1 Ry R3 Ry Rs Rg R7] =[0.113 0.171 0.193 0.125 0.102 0.159 0.136], (7)

where R; is the weight value of the ith expert.

For the fuzzification of event probabilities, only the degree of expression is needed,
not the specifics, while the definition of the degree needs to be established. Fuzzy quan-
titative analysis methods represent the degree of membership of elements in a set with
any value in the range of 0 to 1. When extended to the occurrence probability of basic
events in engineering, it can be described using “very low (VL)”, “low (L)”, “relatively
low (FL)”, “medium (M)”, “relatively high (FH)”, “high (H)”, and “very high (VH)”, using
fuzzy numbers to express this language, and making their membership functions linearly
related [37,38], as shown in Figure 6. This paper chooses trapezoidal distribution to de-
scribe “very small”, “relatively small”, “relatively large”, and “very large”, and triangular
distribution to describe “small”, “medium”, and “large”. The corresponding membership
function graphs for these distributions are shown in Figure 7.
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0 others
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The A-cuts of the membership functions represented by the expert fuzzy language are

as follows:
VL)\ = [01, 02]

Ly = [h, o]
FL) = [f1, f2]
M,\ = [ml,mz} , (9)
FH) = [hy, hy]
Hy = [81,82]
VH,= [by, b))
wherely, I, ... ... , b1, by represent the upper and lower limits of the A-cut sets.

Let A = (v — 0.2)/0.1, then v = 0.2 — 0.1A. Using the same method, the following
formulas can be obtained:

Iy =01A+0.1
I =03-0.1A
f1i=01A+402
f2=05-0.1A
mp = 0.1A 4 0.4
my = 0.6 —0.1A . (10)
hy =01A 405
hy =0.7—-0.1A
g1 =01IA+07
32 =08—-0.1A
b=01A4+0.38

Integrating the A-cuts of the expert opinions on the fuzzy language of a basic event
yields the evaluation opinion and, thus, the average fuzzy number W can be calculated as
follows:

W=|Wilh +... + Wylh|=]aA +b,c —dA|, (11)

order W, =|(x1,x2)|=|(ary + b), (c — dAy)|, then A = xlu_b, Ay = 2,
Convert the above equation into a functional relationship using the membership
function:
B (B<x<A+B)
B 1 (A+B<x<D)
0  others

(12)

and using the left-right fuzzy ranking method, fuzzy numbers can be transformed into
probability values. The fuzzy maximum set and fuzzy minimum set are defined as follows:

x O<x<1
fmax(x) = { 0  others
v . (13)
n(x) = 1-x 0<x<1
fmin (%) = 0 others

The left and right fuzzy numbers at the intersection of the fuzzy maximum set and
fuzzy minimum set with the expert membership function are:

EPSL(W) = suplfu (x) O fmin (x)]
FPSR(W) = sup[fiy (x) N frmax (x)]’ (14)

X

thus, the fuzzy possibility value FPS(W) is obtained as follows:

_ FPSg(W)+1— FPS.(W)

FPS(W) 5

(15)
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The fuzzy value is converted into fuzzy failure probability. The conversion equation
of fuzzy possible value FPS and fuzzy failure rate FFR (failure probability) is:

_Jir (FPS#0)
FFR{18 (FPS = 0)’ 16)

where k is the failure possibility coefficient when the maximum membership degree value
is equal to 1. The expression for the failure possibility coefficient is:

1
k= [ a2 ] In(1/z), (17)
where E, is the possible failure rate, obtained from reference values of top event statistical
data or expert-provided empirical values. E,j; values for M1, M2, M3, and M4 can be
estimated based on the OREDA 2015 reliability database of connector failure samples [39].
The E,)s values are 0.03 for M1, 0.03 for M2, 0.02 for M3, and 0.13 for M4.
The evaluation of each failure event by experts is shown in Table 4.

Table 4. Expert scoring.

Expert Fuzzy Languages Expert Fuzzy Languages
Code 4 2 5 B g Code 4 2 5 B 7
X1 VL L VL VL L VL VL X28 VL L VL VL VL VL VL
X2 VL VL VL L VL VL VL X29 L L VL L L L L
X3 VL VL VL L VL VL VL X30 L L L L L L L
X4 VL L VL VL L VL VL X31 VL VL VL VL L VL VL
X5 L VL L L VL FL L X32 VL VL VL VL VL L L
X6 L VL L L L L VL X33 VL VL VL VL L VL VL
X7 VL L VL VL VL VL VL X34 L L VL L L L VL
X8 L VL VL L FL L VL X35 L VL VL VL VL L L
X9 VL VL VL VL L VL L X36 VL VL L VL L VL VL
X10 VL VL L L L VL L X37 VL VL VL VL VL VL VL
X11 VL VL VL VL VL VL VL X38 L L L L L FL VL
X12 L VL VL L VL L VL X39 VL VL VL VL VL VL VL
X13 L VL FL VL VL L VL X40 L VL VL VL VL L L
X14 VL VL L VL VL VL L X41 VL L VL VL VL VL VL
X15 VL VL VL VL VL VL VL X42 L VL L VL VL L VL
X22 VL L VL L VL VL VL X44 VL L VL VL VL VL VL
X23 VL VL VL VL VL VL VL X45 VL L VL L VL L VL
X24 VL L FL FL L FL L xX47 VL L VL VL VL VL VL
X25 VL L L VL L FL L X48 L L L VL L L VL
X26 VL VL VL L VL VL VL X49 VL VL VL VL VL L VL
X27 L L VL VL VL VL VL X51 VL VL VL VL VL VL VL

2.4.3. Reliability of Bottom Events under Design Information

The reliability of the bottom events X43, X46, and X50 in the fault tree is time-variant
reliability. The yield strength of the flange manufacturing material is 515 MPa, and accord-
ing to the design information, its working process is subject to maximum stress values far
below the yield strength. Although fatigue can occur during the process below the material
yield strength, the difference between the two is too large. Therefore, the corrosion, which
is the focus of attention, will win in the competition of failure mechanisms with fatigue and
wear, and occur earlier than other mechanisms. Therefore, corrosion should be analyzed as
the cause of pipeline rupture.

Expert experience is not applicable in predicting the development of failure events.
Instead, the Weibull distribution can be utilized to describe the basic model of the corrosion
of the connector sealing system, as it is a distribution form that describes cumulative wear
failure. Reliability information of the sealing structure of the connector can be obtained by



J. Mar. Sci. Eng. 2023, 11, 986

13 of 29

combining design information and predicting failure modes from the perspective of design
reliability, and then fitting various parameters of the Weibull distribution.

(a) Corrosion Prediction Analysis

Figure 8 shows the stress state of the sealing structure in service. Sacrificial anodes
are used to prevent external corrosion at the cross-joint pipe end. The corrosion rate of the
material 12Cr2Mol in the fully immersed area is approximately 0.21 mm/a. This means
that the flange corrosion rate is roughly 0.019 mm/a (95% corrosion protection rate) under
cathodic protection [40]. To prevent internal corrosion by cathodic protection, corrosion
inhibitors are added to prevent the corrosive medium from contacting the inner wall and
reacting with the corrosive medium. The corrosion rate for the internal corrosion depth d
can be estimated using the empirical “de Waard & Williams” equation, which incorporates
the effect of operating pressure and environmental temperature on the corrosion rate [41]:

1710
log[v(t)] = 5.8 — 0] + 0.67 - logy [11co, - Apoper(t)], (18)
where T(t) represents the Kelvin temperature, and 0 °C is 273.15 Kelvin; 7., is the molar
fraction of CO; in the gas phase, 0.02; Apgper is the operating pressure, 345 bar. Substituting
the environmental conditions into Equation (18) yields the internal corrosion rate, v(t), of
1.25 mm/a.

T Koo 1d

7 Pad ! - P
v// A //// / g T \ \l -

\

Figure 8. Stress Analysis of Sealing Structure.

To make the corrosion results closer to the actual working conditions during the service
life of the connector, the corrosion degree is expected to be adjusted by considering the
influence of the corrosive agent and the uncertainty of the model as factor [42]:

t

deors (1) = XacXeorr - / a(t)o(t)dt, (19)
0

where X, is the corrosion rate coefficient of cathodic protection, which is 0.6; a(t) is
the distribution of corrosion inhibitor, which follows a beta (a, 50%) distribution; Xcy
is the uncertainty of the empirical corrosion rate model, which follows an N (0.2, 20%)
distribution.

Combining Equations (18) and (19), the relationship between the utilization rate of the
corrosion inhibitor and the expected corrosion and service life can be obtained, as shown in
Figure 9. In this paper, the maximum entropy theory is used to adopt a 50% utilization rate
of the corrosion inhibitor.



J. Mar. Sci. Eng. 2023, 11, 986

14 of 29

47 = 50%corrosive inhibiter .

~ * 60%corrosive inhibiter v A

53_ 4 70%corrosive inhibiter . _

= v 80%corrosive inhibiter

= .

[=1 v -

< 21 v AT

8 o -

2 - "

£ 1 5 -

S —

) : |

0% 3 0 5 20

Time (a)

Figure 9. Effect of Corrosion Inhibitors on Corrosion Protection.

Scholars have conducted extensive research and tests to prove that there is no cor-
relation between corrosion depth d and corrosion length [ [43-45]. In actual working
conditions, flange corrosion is mostly characterized by “6 o’clock” flat corrosion. According
to Sakakibara’s research conclusions, when the longitudinal defect length [ is relatively
large compared to the width defect w, the influence of the width defect on the strength
of the pipeline can be ignored [46]. However, for a known defect depth, there are many
factors that affect the defect length, and there is no good mathematical model to calculate it.
Generally, statistical measurements are used to obtain data. Therefore, this paper refers to
an empirical equation for defect length growth rate of 3 mm/a in marine engineering [40].

The width w growth rate in the defect area is calculated based on the empirical equation
for length growth rate, with a length-to-width ratio of 0.2, i.e., the width 4 is 0.6 mm/a.
Then, the non-conservative Equation (20) proposed by Hopkins is used to correct the length
and width growth rates, as they previously pointed out that the precise calculation of the
cross-sectional area of the corrosion zone was overly conservative [47]:

AREA = 2/3Ld, (20)

the 2/3 coefficient proportion is allocated to the defect length and width, which results in
the parameter model of the defect area within a given time:

d(T) = do + 0.18y,
I(T) = Iy +1.80; . (1)
w(T) = wp + 0.60y

This paper mainly focuses on the corrosion degradation problem of the terminal flange.
According to the relationship between the ultimate pressure equation and the wall thickness
given by ASME-B31G, the general standard for evaluating the strength of the pipeline
is the minimum wall thickness of the pipeline after corrosion. Therefore, the minimum
wall thickness of the flange can be used as the inner and outer diameter of the pipeline for
analysis, which results in more realistic results [48]:

Zd{ 1—4d/s ]

D
where P is the carrying pressure in MPa, ¢ is the average stress, d is the inner diameter in
mm; 0 is the average stress in MPa, D is the outer diameter in mm, and M is the expansion
coefficient. The expansion coefficient M can be expressed as:

1 +06275(L)2+0003375(4)44 < 50
M= ' VDd ‘ VvDd) Vbd =7 (23)

0.32 (ﬁ) ? | 33 Others
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By combining Equations (22) and (23), the maximum corrosion depth can be obtained:

4 _ PDdM— 20d°M
mee p—20dM

(24)

(b) Finite Element Analysis

As shown in Figure 10, the terminal flange is parametrically modeled and simplified
into a solid part, and the equivalent length is 428 mm, the inner radius is 66.85 mm, and
the outer radius is 84.15 mm, combined with the design information. As the corrosion
on the flange is mostly in the form of long plateau corrosion, the internal corrosion point
is equivalent to a semi-elliptical defect after parameterization, which is approximately
equivalent to long plateau corrosion. The corrosion defect is located at the boundary where
the wall thickness is the thinnest, as this is where the pipeline is weakest due to the welding
of the cross-connection pipe, and also where corrosion is most likely to occur.

Equivalent extraction

/

Corrosive area

Figure 10. Parameterized Simplified Model of Flange.

Finite element analysis of the seal structure with corrosion defects is performed
using Ansys Workbench software. The Geometry module in the static structural module is
selected to partition the model into meshes. The material properties of the equivalent model
are as follows: the flange is made of 12Cr2Mol, with an elastic modulus of 2.1 x 10° MPa,
a Poisson’s ratio of 0.3, and a yield strength of 515 MPa. The meshing method is Hex
Dominant, the mesh size is 3 mm, and the number of meshes after partitioning is 245,824.
The mesh in the defect area is refined by 1 mm, as shown in Figure 11. According to
the connector design operating conditions, an internal pressure of 34.5 MPa is applied
to the inner surface of the flange, an external pressure of 16 MPa is applied to the outer
surface, and a cross-joint pipe acting load of 94,340 N is applied to the left end surface
of the equivalent body, and a constraint is applied to the right end surface, as shown in
Figure 12.

0.22651 Min

Figure 11. Mesh quality.
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. Internal pressure: 34.5 MPa
. External pressure: 16 MPa
[Bl Force:94340 N
. Fixed Support

Figure 12. Loads and Boundary Conditions of Connecting Flange.

According to the third strength theory, under the combined effect of the uniform
reduction of the outer wall thickness of the flange and the defects caused by internal point
corrosion, the sealing failure of the flange defect area occurs when the equivalent stress
under internal and external pressure exceeds the yield strength of the material itself, so the
maximum equivalent stress in the defect area should be analyzed.

Equivalent stress and the maximum stress on the inner wall surface of the defect in the
upper flange were selected as the solution results. As shown in Figure 13, the maximum
equivalent stress of the equivalent body is 232.47 MPa; when the defect depth is 0.5 mm,
the length is 4 mm, and the width is 2 mm, the maximum equivalent stress of the defect
area is 141.8 MPa.

23247 Max

Figure 13. Finite Element Results.

Load the Six Sigma analysis module in Ansys Workbench, select the Design of Exper-
iments type of custom+Sampling option, predict the strength change over 20 years, and
choose a sample size of 20 to obtain the equivalent stress of the corroded defect area as
shown in Figure 14:
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Figure 14. Equivalent Stress of Corrosion Defect Area.

Grey system theory is a method based on the analysis and prediction of a small amount
of sample data, which can handle uncertain and incomplete information. Grey system
theory is mainly used to analyze and predict systems that are difficult to model and analyze
through traditional methods [49]. The data from Figure 14 show that the stress results are
generally increasing, and the rate of increase in the last three years is significantly greater.

The maximum stress is 116.7 MPa without defects, and the maximum stress in the defect
area is 330.4 MPa after 20 years.

(c) Weibull Parameter Fitting

The unknown parameters 7, 5, and < of the Weibull distribution are estimated by
fitting using the stress transformation of the connection flange combined with the grey
prediction model GM (1,1) and transforming Equation (4):

1 1
t:'y—l—iyeln(ﬁlnm). (25)
Establish the GM (1,1) model, with the whitening differential equation:

dx(l)
e 1 —
7 + ax b, (26)

where a is the development coefficient and b is the grey action amount. Solving the
whitening differential equation and discretizing it gives the time response function of the
GM (1,1) model:

1
k) = 2+ ("(0) (k) - Z)e_a("‘% =2,3,4,...,m), (27)

and insert the equivalent stress values of different years from Figure 13 into the Equation (28):
X = [x(0>(1),x(0> @),...,x© (20)}. (28)
Generate the first-order accumulated data of the original data x(?) to obtain Equation (29):

X0 = [x0(1),x0(2),...,xD(20)], (29)

where x(l)(k) = x©0 k =1,2,3,...,n. Generate the mean of X) near numbers for

Equation (30)

It

1

(k) =05 (x(l) (k) + xD (k — 1)). (30)
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After obtaining the sequence, use the least squares method to estimate the parameter

variables of GM (1,1):
-1
2= (a,b)" = (BTB) BTY, (31)
x©2) — xO(1) —z(2) 1
where Y — x(0(3) —x(0)(2) B —z(0(3) 1
x(0(20) — x(0(19) —z((20) 1

By substituting 7, B, and v into Equation (25), the corrosion reliability function of
the flange can be obtained. Combining with the reliability database OREDA [39], which
provides a welding failure rate of 3 x 10~°, the mixed distribution of flange failure due to
rupture can be obtained.

3. The Reliability Analysis Results of Horizontal Clamp Connectors

The failure rates of the deep-sea horizontal clamp connector’s fault tree bottom events
were obtained by integrating prior product information, expert experience, and design
information and using relevant methods to process the raw data, as shown in Table 5.

According to Equation (2), the failure probabilities of the top event and intermediate
event can be obtained, as shown in Table 6.

Table 5. Bottom Event Failure Probability.

Risk Probability Risk Probability Risk Probability Risk Probability Risk Probability
X1 1.38 x 10~° X11 2.78 x 1078 X21 1x1077 X31 8.95 x 108 X41 294 x 107
X2 6.07 x 1077 X12 1.99 x 10~° X22 1.68 x 107 X32 3.17 x 1077 X42 7.56 x 107*
X3 607 x 1077  X13  554x 107  X23  278x 1078 X33  895x 108  X43 e (B | -3x1075
X4 1.38 x 10~° X14 1.66 x 10~° X24 1.83 x 107° X34 1.02 x 10~° X44 294 x 10~
X5 6.48 x 1076 X15 2.78 x 1078 X25 6.73 x 1076 X35 451 x 1077 X45 401 x 10~
X6 349x10°6  X16  506x10°6  X26  115x1077  X36  316x1077  X46 e ()M ax1075
X7 2.78 x 1078 X17 9 x10°° X27 3.03 x 1077 X37 8.95 x 108 X47 294 x 107
X8 3.95 x 1078 X18 5.7 x 107 X28 1.70 x 107 X38 1.90 x 10~° X48 6.96 x 10~*
X9 1.21 x 10~° X19 6.8 x 1076 X29 9.87 x 1077 X39 8.95 x 108 X49 35x 1073
X10 2.78 x 10~° X20 42 x10°° X30 1.29 x 1077 X40 451 x 1077 X50 o (E82)2
X51 4.83 x 1072

Table 6. Probability of failure for top and intermediate events (t = 0).

Risk Probability Risk Probability Risk Probability Risk Probability Risk Probability

T 7.17 x 1073 M7 1.98 x 10~° M14 9.24 x 10 M21 294 x 107° M28 2.07 x 107°
M1 1.40 x 1075 M8 1.21 x 10~° M15 4.09 x 1075 M22 293 x 10 M29 1.81 x 1074
M2 7.92 x 1075 M9 2.78 x 107° M16 2.01 x 10~° M23 4.73 x 1077 M30 7.25 x 1074
M3 6.46 x 107° M10 6.73 x 1078 M17 5.56 x 1070 M24 1.26 x 10 M31 455 % 1073
M4 6.8 x 1073 M11 3.99 x 10~ M18 2.68 x 107° M25 7.06 x 1077 M32 2.64 x 108
M5 3.97 x 10 M12 5.01 x 10~° M19 250 x 107° M26 1.10 x 10~© M33 1.51 x 1073
M6 1.00 x 1075 M13 250 x 107° M20 5.88 x 107 M27 7.67 x 1077 M34 431 x 1074

4. Reliability Analysis of Deep-Sea Horizontal Clamp Connectors

Through the above analysis and calculation, the initial failure probabilities of all bottom
events in the fault tree of the deep-sea horizontal clamp connector are obtained. By using
the logical relationship between the fault trees, the failure probabilities of the initial top
events and intermediate events are then obtained. As shown in Figures 15 and 16, the left
coordinate axis corresponds to the bottom events, and the right coordinate axis corresponds
to the top events and intermediate events. X49 has the highest failure probability among
the bottom events, and the other bottom events of the sealing system are relatively high
as well. According to Table 6, the initial total failure rate of the connector is 0.007, and the
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failure rate of the sealing system in the second-top event is higher than that of the guidance
system, drag system, and locking system.

0.001
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Figure 15. Bottom Event Failure Rate.
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Figure 16. Intermediate Event Failure Rate.

Due to the different failure probabilities of each bottom event, the impact on the
second-top and top events is also different. Therefore, importance analysis should be
carried out on the fault tree to identify weak links in the system and improve them. The
importance analysis of the horizontal clamp connector includes probability importance
analysis and critical importance analysis. Probability importance I] reflects the impact
of changes in the probability of bottom events on top events in the fault tree and can be

expressed as [50]:
1’ = apr/oP, (32)
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Probability importance

Probability importance

The critical importance I or key importance refers to the rate of change in the
probability of the top event caused by a change in the probability of a basic event. It reflects
the degree of impact of improving the reliability of an event on the system and can be
expressed as [51]:

. APt [/ AP P;
I = lim —— L=_11P, 33
! A]Zl’iIEO PT Pi PT ! ( )

By using Equation (33) and combining it with the Weibull reliability function of the
sealing system components, the importance of each failure event during the connector’s
connection and service can be obtained. From Figure 17, it can be seen that the importance
is concentrated at the bottom event of the sealing system. During the service process,
the importance of the terminal flange failure event increased from 10.5% to 44.5%, the
importance of the end flange failure event increased from 0.4% to 2.2%, and the importance
of the sealing ring deformation event increased from 0.9% to 3.8%, while the importance of
other events decreased.
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Figure 17. Bottom Event Importance.

The importance of basic events for each system can be obtained based on the basic
event and top event probabilities of each system. From Figure 18, it can be seen that the
importance of the piston rod extension length change is highest in the guiding system, the
importance of the horizontal guiding column deformation is highest in the drag system,
the importance of the flange mating surface deformation of the clamp pawl is highest in the
locking system, and the importance of the sealing ring’s inability to adapt to temperature
and load during connection status is highest in the sealing system, while it changes to the
terminal flange failure event during service.

I Guidance system
I Drag and drop system
I Locking system
| Sealing system

]
wy]

i

910111213 1415161718 192021 22232425 © 26272829303 13233 34353637383040 © 414243 444546474849 5051
Number

Figure 18. System Importance.
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To analyze the failure rate of each system and the overall failure rate of the connector
during service, the equations for exponential distribution without failure time and Weibull
distribution without failure time can be used, i.e.,:

1

MTTE, = —, (34)
A
1
MTTE,, = 7+;7r<ﬁ +1>, (35)

Combining Equations (34) and (35), the failure probability of the connector is shown
in Figure 19, where the failure probability of the connector corresponds to the right axis
and the others correspond to the left axis. It can be seen that after 20 years of service, the
overall failure rate of the connector has exceeded 60%, and the sealing system has a high
contribution to its failure rate. In order to ensure the stable operation of the connector,
regular maintenance such as replacing sealing rings and adding corrosion inhibitors should
be carried out during service to reduce the failure rate of certain bottom events. The overall
failure rate of the dragging system, locking system, and guiding system is not high, but the
maintenance cost is high, so the failure events during installation should be given more
attention.
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Figure 19. Failure Rate Variation Over Time.

5. Reliability Test

Improvements were made to the connector based on the high failure rate of the bottom
event in the reliability analysis: (1) the O-ring model was changed from 160 x 3.1 to
150 x 3.5; (2) the minimum wall thickness of the connecting flange and terminal flange
pipeline was increased from 17 mm to 20 mm; (3) the seal contact surface was inspected
with a laser probe to ensure that any scratches were no deeper than 0.05 mm; (4) the
diameter of the horizontal guide column was increased. The reliability test was conducted
on the connectors that had already been processed and manufactured. The test targeted
the top event in the fault tree. The reliability test included the following procedures: down
guide test, connector drag test, connector locking test, and connector sealing test. The test
plan followed experimental standards such as API 17R and API 6A. The significance of
reliability testing in this paper is to identify design shortcomings of the connector through
the test results and make secondary improvements, and to calibrate the analysis results of
the reliability model through the test results.

5.1. Down Guide Test of the Connector Body

The schematic and on-site images of the connector body down guide test are shown in
Figure 20. The specific operating steps are as follows:
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(a) Schematic (b) test-site

Figure 20. Schematic and on-site of the down Guide Test.

(1) The connector body is hoisted, and the compatibility between the connector’s
vertical guide and the guide column is confirmed. This step is repeated three times.
(2) When the connector body is lifted above the frame, it is slowly lowered after being
rotated to a maximum of 8 degrees in the horizontal direction. Confirm that the connector
body can enter the frame’s horizontal guide slot. This step is repeated three times. The test
data are shown in the Table 7.

Table 7. Connector Docking Test.

Test Data 1st Time (s) 2nd Time (s) 3rd Time (s) Average Time (s) Remarks
Lower Along Guide Column 34 38 39 37 Successful
Enter Horizontal Guide Slot 56 78 65 66.3 Successful

5.2. Drag Tool Lowering Guide Test

After successful lowering of the connector body, the drag tool lowering guide test was
conducted.

The specific steps of this test are as follows: Lift the drag tool so that the pull head of
the drag tool enters the guide of the rack, and the positioning cylinder enters the groove of
the end plate of the connector body. External devices may be used appropriately during
the process, and this step is repeated three times. As shown in Figure 21, the installation
process was smooth without any collisions, and the test results are shown in Table 8.

Figure 21. Connector Drag Tool Lowering Test Site.
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Table 8. Connector Drag Tool Lowering Test Data.

Test Data 1st Time (s) 2nd Time (s) 3rd Time (s) Average Time (s) Remarks
Lower Drag Tool 87 106 75 89.3 Successful

5.3. Connector Drag Test

To address the synchronization problem of the drag tool, a control group with no load
was set up. The distance between the connector body marker and the rack marker was
350 mm. As shown in the Figure 22 and Table 9, the steps of the connector drag test are as
follows: (1) Start the drag tool and shut off the oil source twice, record the drag distance of
the double cylinders at this time. (2) Tighten the connector with a torque wrench. (3) After
tightening is complete, use a gauge block to measure the distance between the upper and
lower flanges and record it; repeat steps 1-3 three times.

“ [
s S — e
T.&bumm 'q o] i_g | ‘

(a) Schematic (b) test-site

Figure 22. Schematic and on-site Images of the Drag Test.

Table 9. Drag Test Data.

Gap between Control Control

No. Te.st Cylinder1 Cylinder2  Difference Upperand Lower  Cylinder1  Cylinder 2 Difference
Point (mm) (mm) (mm) (mm)
Flanges (mm) (mm) (mm)

point 1 82.9 82.7 0.2 141.3 132.4 8.9

1 point 2 267.2 266.8 0.4 0.5 279.4 269.3 10.1
End 350.0 349.6 0.4 350.0 336.5 13.5

point 1 107.5 107.4 0.1 101.4 92.8 8.6

2 point 2 233.2 233.1 0.1 0.5 304.7 292.0 12.7
End 350.0 349.8 0.2 350.0 335.8 142

point 1 55.4 55.4 0 76.5 70.7 5.8

3 point 2 203.5 203.3 0.2 0.5 143.9 135.6 8.3
End 350.0 349.7 0.3 350.0 337.3 12.7

5.4. Connector Installation and Removal Test

The steps of the connector installation and removal test are as follows: (1) Tighten
the connector with a torque wrench, and the locking verification standard is that the gap
between the upper and lower flanges is 0.5 mm. Record the torque required for tightening,
and the test fixture is shown in Figure 23. (2) Unlock the connector and record the torque
required for unlocking, without damage. (3) Repeat steps (1)~(2) 40 times.
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Figure 23. On-site Fixture for Locking Test.

The test results show that a torque of 2100 N-m is sufficient to lock the connector.
However, from the perspective of reliability, the torque was applied up to 2200 N-m for the
completion of the test and there was no wear or damage to the locking structure, indicating
that the locking structure meets the reliability requirements.

5.5. Connector Sealing Test

Connector sealing tests include a hydrostatic test and a temperature—pressure cycling
test. A hydrostatic test includes an internal chamber hydrostatic test and an external
chamber hydrostatic test. The purpose of the internal chamber hydrostatic test is to test the
internal pressure sealing, while the purpose of the external chamber hydrostatic test is to
test the external pressure sealing. According to the hydrostatic test requirements in API117D,
the upper limit of hydrostatic test pressure should be 1.5 times the rated working pressure;
when using pressure gauges, pressure recorders, and pressure recording platforms and
other pressure display instruments, the pressure drop rate during each hour of the test
should not exceed 3% or 300 psi of the test pressure, whichever is smaller.

1.  Inner chamber hydrostatic test

The rated working pressure of the connector is 34.5 MPa, and the internal chamber
hydrostatic pressure should be 51.75 MPa. The operation steps of this test are as follows:
(1) Connect the connector hole blocked by the lower flange to the pressure pump. (2) When
the pressure gauge reading reaches the rated working pressure of 34.5 MPa, stop the pres-
sure pumping, maintain the pressure for 5 min after the pressure stabilizes, check whether
the connector leaks, and record the pressure gauge data. (3) When the pressure gauge read-
ing reaches the rated working pressure of 51.75 MPa, stop the pressure pumping, maintain
the pressure for 15 min after the pressure stabilizes, check whether the connector leaks, and
record the pressure gauge data. (4) Gradually reduce the pressure and disassemble the test
device.

The schematic diagram of the internal pressure test and the test fixture are shown
in Figure 24. The rated working pressure of the connector is 34.5 MPa, and the internal
pressure should be 51.75 MPa. The test operation steps are as follows: (1) Connect the
pressure pump to the connection hole blocked by the lower flange. (2) When the pressure
gauge value reaches the rated working pressure of 34.5 MPa, stop the pressure, maintain
pressure for 5 min after the pressure is stabilized, check whether there is leakage in the
connector, and record the pressure gauge data. (3) When the pressure gauge value reaches
the rated working pressure of 51.75 MPa, stop the pressure, maintain pressure for 15 min
after the pressure is stabilized, check whether there is leakage in the connector, and record
the pressure gauge data. (4) Gradually reduce the pressure and disassemble the test fixture.
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Figure 24. The Principle of the Internal Pressure Test and the on-site Fixture.

The test results are shown in Table 10: when pressurized to the rated pressure, the
pressure remained unchanged during the 5-min holding period; when pressurized to
1.5 times the rated pressure, the pressure dropped from 52.8 to 52.5 MPa during the 15 min
holding period, with a pressure drop rate of 2.22% per hour. The pressure drop meets the
acceptance criteria, proving that the internal sealing capability of the connector meets the
engineering requirements.

Table 10. Internal Hydrostatic Pressure Test Data.

No Pressure Theoretical Test Pressure Holding Time  Final Pressure = Pressure Drop
) Percentage (%) Pressure (MPa) (MPa) (min) (MPa) per Hour (%)
1 345 349 5 34.9 0
2 51.75 52.8 15 52.5 2.22

2. External chamber hydrostatic test

The schematic diagram of the external chamber pressure test is shown in Figure 25.
Since the rated working depth of the connector is 1600 m and the water pressure at that
depth is 16 MPa, the external chamber pressure value is set at 24 MPa, and the pressure
drop should not exceed 0.72 MPa per hour. The operation steps of this test are as follows:

Pressure gauge
Gear pump

Water tank

(a) Schematic (b) test-site

Figure 25. Principle and on-site Equipment for External Chamber Pressure Test.

(1) Use an adapter to connect the connection hole at the upper flange to the pressure
pump. (2) When the pressure gauge reading reaches the rated working pressure of 16 MPa,
stop the pressure test, hold the pressure for 5 min after the pressure stabilizes, and check
for any leakage at the connector. Record the pressure gauge reading. (3) When the pressure
gauge reading reaches the rated working pressure of 24 MPa, stop the pressure test, hold the
pressure for 15 min after the pressure stabilizes, and check for any leakage at the connector.
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Record the pressure gauge reading. (4) Gradually reduce the pressure and dismantle the
test equipment.

Table 11 shows the test results: when pressurized to the rated pressure of 16 MPa, the
pressure remains at 16.2 MPa until the end of the 5 min holding time without any change
in pressure; when pressurized to 1.5 times the rated pressure, the pressure drops from
24.5 MPa to 24.4 MPa during the 15 min holding time, with a pressure drop rate of 1.63% per
hour. The pressure drop meets the acceptance criteria for the test, demonstrating that the
external chamber sealing capability of the connector meets the engineering requirements.

Table 11. Data From the External Chamber Hydrostatic Pressure Test.

No Pressure Theoretical Test Pressure Holding Time  Final Pressure = Pressure Drop
) Percentage (%) Pressure (MPa) (MPa) (min) (MPa) per Hour (%)
1 100 16 16.2 5 16.2 0
2 150 24 24.5 15 244 1.63

6. Conclusions

This article has improved the reliability model from the perspective of information
acquisition. Currently, there are some studies on using inferior data for reliability modeling.
In future research, if information acquisition can be regarded as strengthening the credibility
of inferior data and integrating the already developed multi-source information reliability
model, it will greatly improve the credibility of the model. For the acquisition of multi-
source information, Effects and Criticality Analysis, Bayesian networks, and the use of
Modelica language and reliability experiments can all improve the ability of reliability
models to obtain multi-source information. The probability of connector bottom event
failure obtained in this article can be integrated into higher-level information systems, such
as the reliability study of underwater production systems, but the correlation between
information and other system information needs to be considered when using it.

Based on the practical engineering background, this article has improved the reliability
model by using a multi-source approach to obtain reliability information. It solves the
problem of the lack of high-quality reliability information for deep-sea horizontal clamp
connectors from the perspective of credibility. The innovation and achievements obtained
are as follows:

(1) According to the failure mechanism of the fault tree bottom event, this article divided
its probability distribution model into exponential distribution, Weibull distribution,
and mixed distribution. Combined with subjective and objective multi-source infor-
mation such as prior product information, expert experience, and design information,
the deep-sea horizontal clamp connector was quantitatively analyzed for reliability.
Compared with other works on the reliability analysis of deep-sea connector, the
research method used in this article fully considered the credibility of information and
the limitations of expert experience and combined the reliability database of standard
parts and design information to modify the reliability model. The results obtained
include constant failure rate and time-varying failure rate of failure events, which are
more in line with engineering facts.

(2) Based on the fault tree model and the reliability characteristic model, the reliability
analysis of the connector was carried out. The analysis results showed that the
sealing system, drag system, guiding system, locking system, and overall failure rate
of the connector are 3.3 x 1073, 8 x 107°,4.5 x 107>, 1.8 x 107°, and 3.6 x 1073,
respectively. Under the influence of time-varying factors, the cumulative failure
rate of the connector in 20 years will exceed 60%, so a monitoring system should be
established for regular maintenance.

(3) Based on the reliability analysis results, part of the structure of the connector is further
improved, and the improved connector is subjected to a FAT. The FAT results show
that the connector can meet the requirements of deep-sea applications. The design-
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reliability analysis-optimization closed-loop process proves the practicality of this
reliability analysis, and a certain amount of prior information can be obtained through
the test results to re-correct the analysis results of the reliability model.
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