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Preface

The conflict between populations, resources, and the environment in the 21st century has

made the ocean a strategic space and resource treasure for human society to realize sustainable

development. In order to study the ocean environment and exploit ocean resources, a fundamental

understanding of complex and interwoven ocean processes across a broad range of spatial and

temporal observational scales is required. This understanding is heavily reliant on various research

fleets and equipment to support increasingly complex, multidisciplinary, multi-investigator research

projects, including those in support of autonomous technologies, ocean observation systems, process

studies, remote sensing, and modeling. Various underwater submersibles are the main working force

for research fleets.

In response to the promotion of deep-sea technological development and to better meet the

requirements for a sustainable society, we launched a Special Issue on this topic, and 30 papers

were ultimately published within the time period of the Special Issue. Following the success of our

previous edition, this Special Issue continues to highlight the most recent advancements in deep-sea

equipment and technology. Over the course of this Special Issue, we have published 12 high-quality

papers, each contributing important insights and findings to the field.

The topics discussed encompass four critical areas: the wireless power transfer systems of

autonomous underwater vehicles (AUVs), the water entry dynamics of freely falling unmanned

aerial–underwater vehicles and the descent dynamics of benthic landers, the connectors utilized in

subsea production systems, and cleaning equipment designed to combat fouling on marine steel piles.

Each one of these subjects represents a key technological challenge to be addressed in the ongoing

development of deep-sea equipment.

While the number of papers in this Special Issue is slightly fewer than anticipated, it is

nonetheless a substantial contribution for a Special Issue. Alongside the papers published in the

previous Special Issue, these two editions provide a comprehensive and up-to-date overview of the

state of deep-sea equipment and technology.

As Guest Editors, we are deeply grateful for the invaluable contributions of our authors and

reviewers, as well as the unwavering support of the Editorial Office. It is our hope that these two

Special Issues will serve as a catalyst for further advancements in this field, inspiring new research

and technological innovation in deep-sea equipment.

Weicheng Cui, Lian Lian, and Dahai Zhang

Editors
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1. Introduction

The vast oceans could play a pivotal role in resolving the conflicts between population,
resources, and the environment in the twenty-first century. This positions the ocean as a
strategic space and a treasure trove of resources for human society to achieve sustainable
development. To study the ocean environment and exploit its resources, a fundamental
understanding of complex and intertwined oceanic processes across a wide range of spatial
and temporal observational scales is necessary [1]. This understanding heavily relies on
various research fleets and equipment to support increasingly complex, multidisciplinary,
multi-investigator research projects. These projects include those in support of autonomous
technologies, ocean observing systems, process studies, remote sensing, and modeling [2].

In response to this need, the Journal of Marine Science and Technology (JMSE) launched
a Special Issue on the topic of “Frontiers in Deep-Sea Equipment and Technology II”.
The feedback from the authors was very positive, resulting in numerous submissions for
this Special Issue. Ultimately, 30 papers were published, falling into the following six
categories: ROV and its variants, AUVs for multi-agent cooperation, gliders and other
specific equipment, pressure-resistant hulls, component technology, and robotic fish [3].

Given that many authors were unable to submit their papers within the deadline and
considering the rapid technological advancements in this field, we decided to launch an-
other Special Issue to continue this topic, albeit with a slightly different focus as announced.
While the previous Special Issue had many papers focused on the design and development
of various submersibles, in this issue, we emphasized that “we particularly welcome papers
on the design, analysis, and testing of various new methods, new theories, new sensors,
and new equipment used in deep seas”.

Following the launch, we received numerous submissions and, based on the same
standards established by the JMSE Journal, ultimately selected 12 papers for publication
within the time frame of this Special Issue. We are deeply grateful to all the authors who
contributed to the success of this Special Issue, and we are pleased to know that JMSE
intends to compile all these papers into a book for further promotion.

The purpose of this Editorial is to provide a brief introduction to all the papers included
in this issue. Based on a preliminary analysis, these papers are grouped into four categories:
AUV’s wireless power transfer system, water entry and descent process, subsea production
system, and marine cleaning equipment. In the following sections, each topic is discussed
in the context of the papers that have been published in this Special Issue.

2. AUV’s Wireless Power Transfer System

Autonomous underwater vehicles (AUVs) are increasingly critical in marine resource
utilization, scientific exploration, and military applications. However, power supply
remains a key issue, limiting their long-term operation. Recently, wireless power transfer
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(WPT) technology has seen extensive research and application in various fields. In this
paper, Wen et al. (contribution 1) proposed a compact WPT system for AUVs, featuring
a planar magnetic coupler. They integrated a passive induction (PI) coil into the circular
transmitter (Tx) coil to create a uniform magnetic field (UMF), enhancing the stability of
the WPT system under radial and axial misalignments. They also provided a method for
constructing a UMF with a PI coil, aiming to stabilize the magnetic field intensity. Their
analysis showed the integrated coil improves radial misalignment tolerance compared to a
conventional coil. Adjusting the series capacitor connected with the Tx coil can achieve a
zero-phase angle input condition. Experiments indicated the proposed magnetic coupler
with an integrated coil enhances output power stability and power transfer efficiency under
possible misalignments compared to a conventional coupler.

In underwater charging, AUV docking devices are used for homing, energy supply,
and data exchange, enhancing AUV endurance and enabling continuous, large-scale opera-
tion. Du et al. (contribution 2) designed a funnel-shaped, multi-degree freedom underwater
docking device based on a deep-sea platform to improve the AUV docking success rate. The
device adjusts its heading, pitch, and roll angles according to the current flow direction and
AUV position. An underwater hydraulic system was developed to drive these adjustments,
powering hydraulic cylinders, motors, and other components. They established a model for
the heading angle adjustment circuit and derived its open-loop transfer function. After sim-
ulating the hydraulic circuit’s dynamic response performance, they used an optimized PID
algorithm for improvement. The model’s accuracy and the control algorithm’s effectiveness
were validated through pool experiments with the docking device.

Liu et al. (contribution 3) explored the issue of fault-tolerant control (FTC) for au-
tonomous underwater vehicles (AUVs) equipped with multiple thrusters. They specifically
focused on scenarios involving current disturbances, thruster faults, and modeling uncer-
tainty. The main objectives of their research were to minimize energy consumption, which
can be exacerbated by control signal chattering, and to enhance the tracking accuracy of
AUVs operating in deep-sea environments. To address these challenges, they proposed a
fault-tolerant control method for AUVs with multiple thrusters, grounded in a finite-time
extended state observer (FTESO). In more detail, they designed a FTESO based on an inte-
gral sliding mode surface to estimate the generalized uncertainty, which is a composite of
current disturbances, thruster faults, and modeling uncertainty. They thoroughly analyzed
the fast, finite-time, uniform, and ultimately bounded stability of the proposed FTESO.
Subsequently, using the estimated value derived from FTESO, they developed an FTC
method for AUVs that is based on non-singular fast terminal sliding mode surfaces.

3. Water Entry and Descent Process

Dong et al. (contribution 4) conducted a comprehensive study on the hydrodynamic
and motion characteristics of an unmanned aerial-underwater vehicle (UAUV), a novel
vehicle capable of both flight and underwater cruising, expected to perform continuous,
uninterrupted observations and sampling by crossing the free water surface multiple
times. They employed the Reynolds-averaged Navier–Stokes method to investigate the
multi-degree-of-freedom UAUV’s complete water-entry process at various velocities and
pitch angles. To balance computational accuracy and cost, they employed adaptive mesh
refinement and an adaptive time-stepping strategy, capturing the slamming pressure
accurately with reasonable computational effort. Their research involved simulations of the
vehicle at different initial velocities and pitch angles, followed by an analysis of the variable
physical properties. They found that both initial velocity and pitch angle significantly
influence the hydrodynamic behavior, including time-varying force, while the thickness
ratio greatly impacts added mass and pressure. Their results indicated that a higher entry
velocity yields a larger peak vertical force, and the transverse hydrodynamic characteristics
vary significantly for oblique water entries at different pitch angles.

Benthic landers, compared to remotely operated vehicles (ROVs) and autonomous
underwater vehicles (AUVs), offer cost-effective operations and increased endurance. Estab-
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lishing an appropriate descent velocity is crucial for their design, as it can prevent retrieval
failures and enhance sea trial efficiencies. In their research, Zhang et al. (contribution 5)
proposed an effective strategy for the configuration and optimization of a self-developed
benthic lander. Sea trial data was used to validate their scheme, confirming its accuracy
and efficiency. Overall, their findings offer valuable insights for the logical configuration
and practical deployment of benthic landers.

Guo et al. (contribution 6) developed an improved constitutive model for shape mem-
ory alloys (SMAs), crucial for deep-sea intelligent actuators in marine engineering. They
extended the one-dimensional thermodynamic equation for SMAs using an improved lo-
gistic nonlinear function to construct macroscopic variable-speed phase transition relations.
The model was tested against traditional models and experimental data under constant
load and temperature. The results indicated that the improved model accurately describes
slow phase transitions with fewer variable parameters and adjustable phase transition
rates, providing valuable theoretical support for designing SMA deep-sea actuators.

4. Subsea Production System

Hao et al. (contribution 7) conducted an in-depth analysis of the mechanical behavior
and sealing performance of core-sealing components in subsea production systems (SPS),
which are interconnected by subsea connectors. They examined the loading conditions
of the subsea clamp connector to understand the load transfer relationship between com-
ponents under different modes. Mathematical models were developed for load transfer
in both preloading and operation modes, introducing the concept of mechanical transfer
efficiency. A three-dimensional finite element model of the subsea clamp connector was
established to analyze the impact of complex loads. The simulation results showed that
internal pressure loading enhances the sealing of the subsea connector, and the stress
distribution in core-sealing components under bending moment loading is significantly
asymmetric. Axial tensile loads reduce the effect of the bending moment on the strength
of the core seal member but further weaken the seal. These simulations were validated
through an experimental system.

To address the sensitivity of radial seals to axial overload failure, which can lead to
leaks, Li et al. (contribution 8) proposed two semi-analytical methods. They developed
an analytical model based on membrane theory for the joint strength of the connection
and seal under axial tension and compression and a finite element model for the radial
metal seal’s joint strength. The overload sealing performance method was derived using a
finite element model and the Reynolds equation for laminar flow. They analyzed the effects
of critical parameters on joint strength and overload sealing performance and conducted
experiments to evaluate these aspects. Results showed that an internally turned sealing
surface and pipe deflection can improve joint strength and that the compression-type
connector can remain sealed under maximum axial overload. The proposed methods offer
insights into the radial metal seal’s behavior under axial overload.

A similar method is extended to predict the sealing performance of the subsea pipeline
compression connector (contribution 9). This method integrates a macroscopic analytical
model for the interference process, a mesoscopic finite element analysis of the internally
turned sealing surface, and a calculation of the leakage ratio using the Abbott–Firestone
curve. They analyzed the impact of geometry parameters and conducted experiments
to validate their method. Results indicated that compression connectors designed using
this method could reliably seal a rough internally turned surface within five times the
pipeline’s thin-wall thickness threshold. This approach saves 57% of design time and
reduces machining time and costs.

Subsea clamp connectors are prone to sealing and locking failures due to harsh marine
environments and complex loading conditions. This poses risks to subsea oil and gas
field safety. Therefore, accurately predicting their reliability under realistic operating
conditions is crucial. An et al. (contribution 10) used finite element numerical simulation
and multiple response surface methodology (MRSM) to analyze the reliability of subsea
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clamp connectors, considering key structural parameters and based on seal failure and
yield failure criteria. The approach was validated in the Bohai Sea, showing that the
system’s failure probability was primarily influenced by seal radius, flange contact angle,
and internal pressure. The connector’s reliability was calculated to be 98.73%, as confirmed
by a sealing performance test. This study offers a practical method for analyzing the
reliability of subsea clamp connectors, considering multiple factors, and contributes to
ensuring the safety of subsea oil and gas fields.

Underwater wet-mateable connectors are essential for cost- and time-efficient installa-
tion, maintenance, and reconfiguration in industries like oil and gas, offshore renewable
energy, and undersea observatories. Song et al. (contribution 11) proposed a methodology
for designing and testing such connectors. They introduced an innovative wet-mateable
electrical connector with dual-bladder pressure-balanced oil-filled technology, derived
generalized equations of differential pressure, and proposed a thermal-electric-structure
coupling simulation procedure. They conducted finite element analysis involving cou-
pled multi-field problems. A prototype connector was developed, and its electrical per-
formance was tested successfully under 3000 m of ocean depth pressure, achieving a
leading level in China. This comprehensive study on wet-mateable connectors’ design,
theory, simulation, and testing provides valuable insights for ocean scientists, especially in
developing countries.

5. Marine Cleaning Equipment

Addressing the challenge of marine fouling on marine steel piles, Li et al. (contribu-
tion 12) proposed an innovative configuration for marine steel pile cleaning equipment.
This novel design employs a scraping method and a telescopic mechanism, applying a
multi-cylinder synchronous control strategy to the cleaning equipment. They successfully
produced a test prototype of the cleaning equipment, designed to overcome issues of
eccentricity and tilt often encountered in ocean engineering.

To evaluate the multi-cylinder synchronous control performance under various work-
ing conditions, they established a simulation model of the operation process of the equip-
ment’s telescopic mechanism using the MATLAB Simulink module. They conducted tests
to preliminarily verify the synchronous working performance of the telescopic mechanism
of the cleaning equipment under no-load conditions.

The test results were promising. Under no-load conditions, the relative errors between
the three cylinders and the target displacement were as low as 0.8%, 0.4%, and 0.2%,
respectively. The cleaning equipment could reach the specified working position at the
given working speed, and the displacement synchronization error between each cylinder
was controlled within 1 mm.

These results demonstrate that the telescopic mechanism exhibits excellent synchro-
nization, ensuring the stability of the cleaning equipment during operation and effectively
preventing eccentricity and tilt. As such, this study provides a valuable reference for the
manufacturing of similar cleaning equipment, potentially enhancing the efficiency and
effectiveness of marine fouling clean-up efforts.

6. Conclusions

Following the success of our previous edition [3], this Special Issue continues to
highlight the most recent advancements in deep-sea equipment and technology. Over
the course of this issue, we have published twelve high-quality papers, each contributing
important insights and findings to the field.

The topics discussed encompass four critical areas: the wireless power transfer systems
of autonomous underwater vehicles (AUVs), the water entry dynamics of freely falling
unmanned aerial–underwater vehicles and the descent dynamics of Benthic Landers, the
connectors utilized in subsea production systems, and the cleaning equipment designed to
combat fouling on marine steel piles. Each of these subjects represents a key technological
challenge to be addressed in the ongoing development of deep-sea equipment.
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While the number of papers in this issue is slightly fewer than anticipated, it is
nonetheless a substantial contribution for a Special Issue. Alongside the papers published
in the previous Special Issue, these two editions provide a comprehensive and up-to-date
overview of the state of deep-sea equipment and technology.

We, the editors, are deeply grateful for the invaluable contributions of our authors
and reviewers, as well as the unwavering support of our Editorial Office. It is our hope
that these two Special Issues will serve as a catalyst for further advancements in this field,
inspiring new research and technological innovation in deep-sea equipment.
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Abstract: AUV docking devices have the ability to achieve homing of the AUV, supply the AUV
with energy, and exchange data with it, thus improving the endurance and ensuring the continuous
long-term and large-scale operation of the AUV. To improve the successful docking rate of the AUV, a
funnel-shaped underwater docking device with multi-degree freedom based on a deep-sea platform
was designed in this paper. The heading angle, pitch angle, and roller angle of the docking device
could be adjusted in a timely manner according to the current flow direction and the position of the
AUV. In order to realize the timely adjustment of the heading angle, pitch angle, and roll angle of
the docking device, a set of underwater hydraulic systems was developed as the power source to
drive the corresponding hydraulic cylinders, hydraulic motors, and other executive components.
The model of the heading angle adjustment circuit of the hydraulic system was established and
the open-loop transfer function of the heading angle adjustment circuit was derived. The dynamic
response performance of the hydraulic circuit was simulated and the optimized PID algorithm was
used to improve the dynamic response performance. Finally, the accuracy of the heading angle
adjustment circuit model and the effectiveness of the control algorithm were validated by experiment
of the docking device in a water pool.

Keywords: AUV docking device; hydraulic drive system; modelling and simulation; PID control
algorithm; experimental validation

1. Introduction

Autonomous underwater vehicles (AUVs) are important underwater operating equip-
ment, which play an irreplaceable role in the fields of underwater observation, underwater
rescue, and deep-sea sampling. Owing to the restrictions of the volume of AUVs, the
energy of its own self-carrying cannot support its long-term and large-scale underwater
operations, and it is usually necessary to recover the AUV to the mothership for energy
supply and data exchange to allow it continue working, which not only reduces the operat-
ing efficiency, but also increases the use cost of the AUV. The AUV underwater docking
device can be connected with the AUV underwater, so as to supply the AUV with energy
and exchange data with it, thus improving the endurance of the AUV and ensuring the
continuous long-term and large-scale operation of the AUV.

Many researchers have designed different docking devices and proposed different
docking strategies for AUVs. Stokey et al. developed a docking device composed of a
conical guide cover and a cylindrical butt joint cylinder for the Remus AUV [1,2]. The
Remus AUV relies on the USBL to enter the guide cover and the docking cylinder to
complete the docking process, and then the docking device supplements the energy and
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exchanges data with the AUV through the underwater cable. Feezor et al. constructed an
electromagnetic homing (EM) system for the docking device to complete the docking with
Odyssey IIB AUV and employed the decoupled PID control loop to supply the control
response of the AUV [3]. Cowen et al. designed an optical terminal guidance docking
station and the Odyssey IIB and the NRaD Flying Plug were used to validate the accuracy
of terminal guidance and docking [4]. Singh et al. designed a bar-type docking device and
installed a latching mechanism at the head of the AUV to capture the positioning bar [5].
The AUV and the docking device can perform 360◦ all-round docking in a horizontal
plane. McEwen et al. designed a docking device with a bellmouth guide cover for Bluefin
AUV with a diameter of 540 mm and tested the homing and docking control system at
sea [6]. Jantapremjit et al. proposed an optimal high-order sliding mode control technique
based on the state-dependent Riccati equation [7] and a line-of-sight method to optimize
the trajectory of the AUV [8], and carried out a simulation of the docking process. Park
et al. developed a set of underwater docking devices for the ISiMI AUV, which uses the
guide cover and charge coupled device (CCD) camera to guide the AUV to enter into the
docking device to complete the docking, and they also conducted the docking experiment
in an ocean engineering basin [9,10]. Raspante designed a mobile funnel-shaped docking
device for the REMUS-100 AUV and proposed a four-step docking approach to enable the
recovery of the AUV in moderate sea conditions [11]. Rigaud et al. developed a mobile
funnel-shaped docking device for the Ifremer Asterx AUV, which incorporated USBL and
vision-based docking strategies as well as induction charging and Wi-Fi data connection
technologies [12]. Batista et al. proposed a two-step control approach for an intervention
type AUV docking and carried out docking simulation, which shows high accuracy in the
presence of sensor noise [13]. Ferreira et al. presented a control law for the MARES AUV
based on the range-only measurement docking approach and the docking experiment was
carried out in the Douro river to validate the robustness of the control strategy [14]. Li et al.
performed a docking experiment based on vision positioning with two cameras, achieving
an 83% successful docking rate with the micro-AUV WL-3 [15]. Yang et al. developed an
active stationary funnel-shaped docking device with adjustable orientation for the hybrid
underwater glider and studied docking guidance algorithms to ensure a successful docking
rate [16]. Sans-Muntadas et al. [17] designed a fixed funnel-shaped docking device for the
torpedo-shaped AUV, and Piskura et al. [18] and Sarda et al. [19] designed a line capture
docking station for REMUS-600 and REMUS-100 AUV, respectively. With the use of a
light beacon localization module and a single beacon range-only localization algorithm,
Hurtós et al. developed a funnel-shaped docking device for the Sparus II AUV [20,21].
Zuo et al. proposed unified strategy to docking an over-actuated AUV that included task
planning, guiding, and thrust distribution [22]. Lin et al. developed a funnel-shaped
docking station for the AUV with a length of 2.15 m and a diameter of 0.18 m, and they
carried out kinematic simulation, electromagnetic guidance system design, and docking
experiments [23,24]. Anderlini et al. investigated two reinforcement learning strategies in a
simulated environment to regulate the docking of an AUV onto a stationary platform [25].
Palomeras et al. designed a docking station for the Girona 500 I-AUV and a docking test
was performed at sea using the USBL system to locate both the AUV and the panel [26].
Zhang et al. developed a cone-shaped docking device and established a dynamic model
in ADAMS to carry out the docking simulation [27]. Li et al. designed a prototype AUV
docking system for an AUV with a diameter of 200 mm and a length of 2.7 m, and they
tested entrance adjustment, clamping, non-penetrating power, and data transfer in a lake
environment [28]. Roy et al. proposed a robust control strategy for the AUV-150 and
conducted a comparative study on the positioning control of the AUV [29,30].

In order to improve the success rate of AUV underwater docking, an AUV underwater
docking device with multi-degree freedom based on the submarine platform is designed
in this paper. The multi-freedom AUV docking device designed in this paper can adjust
the heading angle, pitch angle, and roller angle of the docking device in a timely manner
according to the direction of the current flow and the position of the AUV, so that the
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opening direction of the docking device horn cover can better adapt to the attitude position
of the AUV and avoid the adverse impact of the lateral current on the AUV docking. In
order to realize the timely adjustment of the heading angle, pitch angle, and roll angle of the
docking device, a set of underwater hydraulic system was developed as the power source
to drive the corresponding hydraulic cylinders, hydraulic motors, and other executive com-
ponents. The dynamic response performance of the hydraulic drive system of the designed
docking device was simulated and the optimized PID algorithm was used to improve the
dynamic response performance of the hydraulic system. Finally, the effectiveness of the
designed hydraulic system and control algorithm was verified by the experiment of the
docking device in the water pool.

This paper is organized as follows. Section 2 is the design of the docking device and
hydraulic drive system. In Section 3, we constructed the simulation model of the heading
angle adjustment circuit of the hydraulic system. Section 4 is devoted to the dynamic
response simulation of the designed heading angle adjustment circuit and the application
of the optimized PID control algorithm. Section 5 aims through experimental validation
to verify the accuracy of the model and effectiveness of the PID control algorithm. The
conclusions end the paper in Section 6.

2. Design of Docking Device and Hydraulic Drive System

The designed multi-freedom AUV docking device is shown in Figure 1. The docking
device has three bottom corners to ensure it can be located on the seafloor. The hydraulic
system cabin and control system cabin are fixed on the disc at the bottom of the device.
The docking device mainly consists of the guide port, docking barrel, underwater camera,
communication antenna, electronic compass, charging and data exchange module, locking
module, adjustment module of roll angle and pitch angle, and adjustment module of
heading angle.

Figure 1. Designed AUV docking device with multi-degree freedom.

The adjustment module of heading angle is also located on the disc of the device,
as shown in Figure 2, and it can lock the shaft of the docking device by one hydraulic
motor driving the locking rod, and then drive the shaft to rotate by another hydraulic
motor driving the worm gear mechanism, so as to achieve the heading angle adjustment
of the guide port and the docking barrel. Owing to the self-locking characteristics of the
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worm gear mechanism, the module can achieve stable self-locking when the hydraulic
motor does not rotate. The hydraulic cabin is connected with the executive components of
each module through hydraulic pipelines and the control system cabin is connected with
the hydraulic cabin, sensors, underwater camera, and other corresponding components
through watertight cables. The height of the docking device is 3400 mm and the guide port
is conical with a thickness of 8 mm. The maximum diameter of the guide port is 2000 mm
and the diameter of the interface between the guide port and the docking barrel is 640 mm.

Figure 2. Adjustment module of the heading angle.

The three views of the target AUV to be docked are shown in Figure 3. The diameter
of the AUV is 560 mm and the total length of the AUV is 5100 mm. The shell of the AUV is
mainly made of fiber-reinforced plastic. The bottom of the AUV is flat and equipped with a
charging interface, the upper of the AUV is equipped with a round lifting lug, and the tail
is equipped with a communication antenna and a main propeller.

 

Figure 3. Three views of the target AUV to be docked.

The docking flow chart of the AUV and the docking device is shown in Figure 4. After
the docking device is placed on the seafloor, the current direction meter on the docking
device will measure the current direction at this time and the electronic compass will
measure the heading angle, roll angle, and pitch angle of the guide port and docking
barrel. The heading angle of the guide port and docking barrel will be changed through the
heading angle adjustment module to make it the same as the current flow direction angle.
Then, the roll angle and pitch angle of the guide port and docking barrel will be adjusted
through the adjustment module of roll angle and pitch angle so that the guide port and
docking barrel are in the horizontal state. When the AUV drives into the docking barrel
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and reaches the designated position, the locking module first completes the locking of the
AUV, and then the charging and data exchange module will charge the AUV and exchange
data with it. Finally, the locking module, charging, and data exchange module move in the
opposite direction, making the AUV in a non-locking state and the AUV exits the docking
device under the force generated by the reverse movement of the propeller. The actions of
the heading angle adjustment module, the adjustment module of roll angle and pitch angle,
locking module, and charging and data exchange module are all realized by the movement
of executive components such as hydraulic cylinder or hydraulic motor powered by the
hydraulic system in the hydraulic cabin.

 

Figure 4. Docking flow chart of the AUV and the designed docking device.

Figure 5 displays the schematic design of the hydraulic system of the docking device.
The hydraulic system has the characteristics of small volume and large output power.
Compared with using the motor drive in which we must solve the sealing problem of the
motor in the deep-sea environment, the hydraulic cylinder and hydraulic motor of the
hydraulic system designed in this paper are made of 316 stainless steel, which can withstand
seawater corrosion for a long time and have high stability and low cost. The seawater
pressure compensator of the hydraulic system can apply seawater pressure outside the
hydraulic cabin to the pipelines of the hydraulic system, thus making the hydraulic system
suitable for the deep-sea environment. The six independent hydraulic circuits can achieve
shaft locking, heading angle adjustment, roll angle adjustment, pitch angle adjustment,
AUV locking, and AUV charging, respectively. The six hydraulic circuits share a common
hydraulic power source and each hydraulic circuit is controlled by its corresponding valve
for opening, closing, direction changing, or flow speed control. The hydraulic pump,
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electric machinery, electromagnetic directional control valve, proportional servo valve,
flow speed control valve, and some other components are sealed in the hydraulic system
cabin and the hydraulic motor, hydraulic cylinder, and other actuating components can be
resistant to seawater corrosion and directly exposed to seawater. The control system sends
the control signal to the hydraulic cabin through a watertight cable, which can realize the
start and stop of the electric machinery, the control of the proportional servo valve, and the
electromagnetic directional control valve. Through the work of each circuit of the hydraulic
system, a series of docking actions between the docking device and the AUV in Figure 4
can be achieved, thus completing the whole docking process.

 

Figure 5. Designed underwater hydraulic system of the AUV docking device: 1. filter; 2. electric
machinery; 3. hydraulic pump; 4. unilateral valve; 5. electromagnetic directional control valve;
6. proportional servo valve; 7. pressure sensor; 8. hydraulic motor; 9. flow speed control valve;
10. throttle valve; 11. hydraulic cylinder; 12. relief valve; 13. seawater pressure compensator;
14. hydraulic system cabin.

3. Modeling of Heading Angle Adjustment Circuit of the Hydraulic System

The heading angle adjustment, roll angle adjustment, and pitch angle adjustment of the
AUV docking device can be achieved by the positive and negative rotation of the hydraulic
motors controlled by the proportional servo valves. The heading angle adjustment circuit is
composed of a proportional servo valve, a hydraulic motor, a worm gear mechanism, and
an angle sensor. The control schematic diagram of the heading angle adjustment circuit is
shown in Figure 6.

 

Figure 6. Control schematic diagram of heading angle adjustment circuit.
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The schematic diagram of the power mechanism composed of a four-way proportional
servo valve and a two-way hydraulic motor is shown in Figure 7. The linearized flow
equation of the proportional servo valve can be expressed as follows:

QL = Kqxv − Kc pL (1)

where QL is the load flow, Kq is the flow coefficient of the proportional servo valve, Kc is
the flow pressure coefficient of the proportional servo valve, and pL is the load pressure
drop. Because of the compression of hydraulic oil, the flow Q1 flowing into the motor is not
equal to the flow Q2 flowing out of the motor, that is Q1 �= Q2. However, the compression
amount of hydraulic oil is very small compared with Q1 and Q2, so the load flow can be
defined as QL = (Q1 + Q2)/2.

Figure 7. Schematic diagram of the valve-controlled hydraulic motor.

The hydraulic pipeline of the docking device is short, and the friction, fluid mass loss
and dynamic pressure loss in the pipeline can be ignored. Moreover, the hydraulic motor
has a short continuous working time and a small oil temperature rise, so the change of oil
temperature and bulk modulus can also be ignored. The linearized flow equation of the
motor can be expressed as follows:

QL = DtM
dθM
dt

+ CtM pL +
Vt

4βe

dpL
dt

(2)

where DtM is the theoretical displacement of the hydraulic motor; θM is the rotation
angle of the hydraulic motor shaft; βe is the elastic modulus of the effective volume,
βe = 700 Mpa; Vt is the volume of oil inlet chamber of the hydraulic motor (including
valve, pipeline and oil inlet chamber); CtM is the total leakage coefficient of the hydraulic
motor CtM = CiM + CeM/2; CiM is the internal leakage coefficient of the hydraulic motor;
and CeM is the external leakage coefficient of the hydraulic motor.

The torque balance equation of the hydraulic motor is as follows:

Tg = DtM pL = J
d2θM

dt2 + BM
dθM
dt

+ GθM + TL (3)
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where Tg is the theoretical torque of the hydraulic motor, J is the total inertia of the hydraulic
motor and the load, θM is the rotation angle of the hydraulic motor shaft, BM is the total
viscous damping coefficient of the hydraulic motor and the load, G is the torsional spring
stiffness of the load, and TL is the external load force acting on the motor.

The following equation be obtained after the Laplacian transformation and combina-
tion of Equations (1)–(3):

θM =

Kq
DM

Xv − Kce
D2

M
(1 + Vt

4βeKce
s)TL

Vt J
4βeD2

M
s3 + (Kce J

D2
M
+ BMVt

4βeD2
M
)s2 + (1 + BMKce

D2
M

+ KVt
4βeD2

M
)s + KceG

D2
M

(4)

where Kce is the total flow-pressure coefficient, Kce = Kc + CtM.
Equation (4) shows the response characteristics of the hydraulic motor rotation angle

to the valve input displacement and load force and takes into account the influence of
the system’s physical characteristics such as inertial load, elastic load, viscous friction
load, hydraulic motor leakage, and oil compressibility on the motor speed. The load of
the docking device can be considered as an inelastic load, that is G = 0. In addition, the
damping coefficient D2

M/Kce is much larger than BM, so BMKce/D2
M � 1. In order to study

the control characteristics of the system, the load is considered as the interference term
in this paper, so the transfer function of motor shaft rotation angle to valve displacement
without load can be obtained as follows:

GM(s) =
θM
Xv

=
Kq/DM

s( s2

ω2
h
+ 2ξh

ωh
s + 1)

(5)

where ωh is the natural frequency of the system, ωh =

√
4βeD2

M
Vt J ; ξh is the damping of

the system, ξh = Kce
DM

√
βe J
Vt

+ BM
4DM

√
Vt
βe J ; and, in general, BM is very small, so ξh can be

simplified as ξh = Kce
DM

√
βe J
Vt

.
The hydraulic system parameters in Equation (5) are listed in Table 1.

Table 1. Parameters of the hydraulic system.

DM Vt J βe Kce

16 mL/r 1.5 × 10−4 m3 0.083 kg·m/s2 700 MPa 5.1 × 10−11 m5/N·s

In practical engineering, generally ξh ≈ 0.1 ∼ 0.2, and in this paper we set ξh = 0.1.
Finally, the transfer function of the hydraulic motor can be obtained as follows:

GM(s) =
Kq/DM

s( s2

38.22 +
2×0.1
38.2 s + 1)

(6)

Equation (6) is composed of a proportional component, an integral component, and a
shock component, and it can be concluded that it is a type I system.

In addition to the proportional servo valve and the hydraulic motor, mathematical
models of other components in Figure 6 also need to be established. The proportional
amplifier is used together with the proportional servo valve to convert the input voltage
signal into a current signal and output it to the proportional servo valve.

In this paper, the rated input voltage of the proportional amplifier is U0 = 10 V and
the rated output current is I0 = 3 A, then the proportional amplification gain is as follows:

Ka = U0/I0 =
3
10

= 0.3 A/V (7)
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The transfer function of the proportional servo valve is a typical second-order model,
which could be expressed as follows:

KxvGsv(s) = Q(s)/I(s) =
Kxv

s2

ω2
sv
+ 2ζsv

ωsv
s + 1

(8)

where Kxv is the flow gain of the proportional servo valve, Kxv = Δqn
√

Δp/Δpn/I; Δqn is
the flow gain under the specified valve port pressure drop of the proportional servo valve,
Δqn = 25 L/min; Δp is the actual valve port pressure drop of the proportional servo valve,
Δp = 3.7 MPa; Δpn is the specified valve port pressure drop for the proportional servo
valve, Δpn = 10 MPa; Gsv(s) is the transfer function of the proportional servo valve; Q is
the flow of proportional servo valve; I is the input current of the proportional servo valve;
ωsv is the natural frequency of the proportional servo valve, ωsv = 502.4Hz; and ζsv is the
damping ratio of the proportional servo valve, with a value range of 0.5~0.7.

Therefore, Equation (8) can be rewritten as follows:

KxvGsv(s) = Q(s)/I(s) =
5 × 10−3

s2

502.42 +
1.2

502.4 s + 1
(9)

The deviation signal input by the proportional amplifier is as follows:

θe = θr − θ f (10)

where θr is the control voltage signal and θ f is the feedback voltage signal.
The feedback signal of the angle sensor is as follows:

θ f = Kθθ (11)

where Kθ is the gain of the angle sensor, Kθ = 1.44 V/rad.
The input current equation of the proportional servo valve is as follows:

ΔI = Kaθe (12)

The speed reduction ratio of the worm gear mechanism is i = 80.
The angle control block diagram of the heading angle adjustment circuit can be

obtained by combining Equations (5), (7), (8) and (10)–(12), as shown in Figure 8.

Figure 8. The angle control block diagram of the heading angle adjustment circuit.

Taking the load as interference, when the external load torque TL is zero, the block
diagram of the system can be simplified as Figure 9.
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Figure 9. Simplified angle control block diagram of the heading angle adjustment circuit.

Therefore, the open-loop transfer function of the output angle θM to the input signal
θr of the system is as follows:

GK(s) =
KaKxvGsv(s) 1

DMi Kθ

s( s2

ω2
0
+ 2ζ0

ω0
s + 1)

=
1.69

s( s2

38.22 +
0.2
38.2 s + 1)( s2

502.42 +
2×0.6
502.4 s + 1)

(13)

4. Simulation of Dynamic Characteristics of the Hydraulic Control System

The open-loop Bode diagram of Equation (13) was calculated using Matlab, as shown
in Figure 10. It can be seen from Figure 10 that the phase margin and amplitude margin
of the system are 33.9 db and 89.9 db, respectively, so the system meets the stability
requirements. The open-loop crossing frequency of the system is 0.476 rad/s, which is
much lower than the natural frequency of the hydraulic actuator (38.2 rad/s) and the
natural frequency of the proportional servo valve (502.4 rad/s). Therefore, the system
bandwidth should be increased to speed up the response of the system. The phase margin
of the system is 89.9 rad/s, which is large and has good stability. However, the transient
response to interference is slow and the acceleration error of the system will also be large.

Figure 10. Open-loop Bode diagram of the established model.

In order to ensure the stability of the system, reduce the steady-state error, and
improve the response speed, the PID controller was used to improve the dynamic response
performance of the system. The module block diagram of the heading angle adjustment
circuit was established through Simulink in Matlab, as shown in Figure 11. The PID
parameters were optimized using the Simulink Design Optimization tool and the toolbox

16



J. Mar. Sci. Eng. 2022, 10, 1790

can select the best controller parameters that meet the requirements through continuous
simulation. Finally, we obtained Kp = 9.5, Ki = 0.03, and Kd = 0.01.

Figure 11. Module block diagram of the heading angle adjustment circuit.

Figure 12 shows the response of the system to the unit step signal with and without
the optimized PID control algorithm and the response curve under the pulse interference.
The amplitude of the applied pulse interference is 10,000 and the duration time is 0.1 s. It
can be seen from Figure 12 that the system with optimized PID has no overshoot, and the
time to reach stability is about 1 s. Compared with the system without PID, its response
time to the unit step signal is reduced by 9 s. The maximum deviation of the system is
about 0.1 at 12.5 s and it takes less than 2 s for the system to return to the stable value
at nearly 14 s. Compared with the system without PID, the deviation amplitude of the
system from the target value under pulse signal interference is reduced from 0.4 to 0.1, the
deviation amplitude is reduced by 75%, the time to recover to the stable value is reduced
from 8 s to 2 s, and the time is shortened by 75%. The anti-interference ability of the system
is significantly improved after the optimized PID control algorithm is applied.

  
(a) (b) 

  
(c) (d) 

Figure 12. Response of the system to the unit step signal and response curve under the pulse
interference: (a) unit step response of the system with optimized PID; (b) unit step response of the
system without PID; (c) response curve of the system with optimized PID under pulse interference;
(d) response curve of the system without PID under pulse interference.

5. Experimental Validation

The experiment of the heading angle adjustment of the docking device was conducted
in a water pool to validate the accuracy of the modeling and the effectiveness of the control
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algorithm. The physical experiment diagram of the docking device in the water pool is
shown in Figure 13. The three feet of the docking device are located at the bottom of the
pool and the docking device is completely submerged in the water.

Figure 13. Physical experiment diagram of the docking device in the water pool.

In order to test the tracking performance of the system, a sine signal was input to the
system, and the equation of the signal is y = 60 sin (0.05 t). The response curve and control
voltage curve of the system are shown in Figures 14 and 15, respectively. It can be seen
from Figures 14 and 15 that, in the first cycle, the maximum positive error is 5◦ (at 10 s),
the corresponding control voltage is 0.25 V, the maximum negative error is 5◦ (at 61 s), and
the corresponding control voltage is −0.3 V. In the second cycle, the tracking error of the
system increases. The maximum positive error is 10◦ (at 130 s), the corresponding control
voltage is 0.45 V, the maximum positive error is 10◦ (at 175 s), and the corresponding control
voltage is −0.45 V. The maximum error of the angle tracking of the system is 8.3% under the
excitation of the above sinusoidal signal. As a whole, the angle tracking error of the system
is always small, which shows that the model of the hydraulic circuit and the control system
established in this paper has achieved high accuracy, and the accuracy of modeling and
the effectiveness of the control algorithm were validated. The performance of the docking
device and the effectiveness of the control algorithm in the deep-sea environment need to
be further verified.

Figure 14. The expected trajectory and experiment response of the system.
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Figure 15. Control voltage of the proportional servo valve.

6. Conclusions

In this paper, a funnel-shaped underwater docking device with multi-degree freedom
based on a submarine platform was designed. In order to realize the timely adjustment of
the heading angle, pitch angle, and roll angle of the docking device, a set of underwater
hydraulic system was developed as the power source to drive the corresponding hydraulic
cylinders, hydraulic motors, and other executive components. The model of the heading
angle adjustment circuit of the hydraulic system was established and the open-loop transfer
function of the circuit was derived. In order to ensure the stability of the system, reduce
the steady-state error and improve the response speed, the optimized PID controller was
employed to increase the system’s dynamic response performance. The simulation results
demonstrate that the anti-interference ability of the system has been greatly increased as the
optimized PID control algorithm is applied. To validate the accuracy of the modeling and
the effectiveness of the control algorithm, the experiment of the heading angle adjustment
of the docking device was carried out in a water pool. The maximum error of the angle
tracking of the system is 8.3% under the excitation of the sinusoidal signal. It was concluded
from the experiment results that the angle tracking error of the system is small, showing
that the model of the hydraulic circuit and the control system established has achieved
high accuracy and the control algorithm is effective.

In future research, we will focus on the research of the collision between the AUV and
the docking device during the docking process and the AUV docking control strategy, in
order to achieve more accurate underwater docking.
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Abstract: This paper investigates the problem of fault tolerant control (FTC) for autonomous under-
water vehicles (AUVs) with multiple thrusters in the presence of current disturbances, thruster faults,
and modelling uncertainty. This paper focuses on the problems of reducing the energy consumption
caused by the chattering of control signals and improving the tracking accuracy of an AUV operat-
ing in deep-sea environments. In view of the problem of large energy consumption in some other
methods, a fault tolerant control method for multiple-thruster AUVs based on a finite-time extended
state observer (FTESO) is proposed. More specifically, a FTESO based on an integral sliding mode
surface is designed to estimate the generalized uncertainty compounded using current disturbances,
thruster faults, and modelling uncertainty. The fast finite-time uniformly ultimately bounded stability
of the proposed FTESO is analyzed. Then, based on the estimated value of FTESO, an FTC method
based on non-singular fast terminal sliding mode surfaces is developed for AUVs. The finite-time
convergence of the closed-loop control system is proved theoretically. In this design, two different
sliding mode surfaces are used to design FTESO and FTC, in order to avoid the appearance of
singularities. Moreover, a parameter adjustment method is designed to improve tracking accuracy.
Finally, comparative numerical simulations show that the proposed control scheme is effective at
reducing energy consumption and improving tracking accuracy.

Keywords: autonomous underwater vehicles; fault tolerant control; finite-time extended state ob-
server; nonsingular fast terminal sliding mode; parameter adjustment

1. Introduction

Because of the great advantages in terms of operating automatically in the deep-sea
environments, autonomous underwater vehicles (AUVs) equipped with multiple thrusters
play an important role in many tasks, including the detection of marine resources, seafloor
mapping, and crashed aircraft search [1–3]. As AUVs operate in the unknown and compli-
cated deep-sea environment, safety is one of the important issues to be considered [4]. Fault
tolerant control (FTC) is the key technology to ensure the safety of AUVs [5]. Thrusters are
the main power consumers on an AUV, and they are also the components that experience
the heaviest loading and are thus the most prone to faults [6]. The failure of a thruster
directly affects the safety of an AUV operating in deep areas [7]. Therefore, fault tolerant
control for AUV thrusters is one of the current research hotspots in this field [6]. This paper
focuses on fully actuated AUVs. Fully actuated AUVs equipped with manipulators have
unique capabilities to complete missions, such as grasping or cutting [8].

Nowadays, two main FTC methods exist, that is, passive fault tolerant control (PFTC)
and active fault-tolerant control (AFTC) [9]. The former can deal with some classes of faults
specified and considered during the controller design process, but the fault tolerant control
performance is poor for faults that are not of the specified class. As for the AFTC, it has
attracted much attention in the past decades because of its feasibility and effectiveness to
deal with unknown faults [10].
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In the field of AUVs, AFTC is mainly divided into two types: AFTC based on thrust
reallocation, and adaptive FTC [11]. The former is based on the premise of known fault infor-
mation. However, in a complex marine environment, the dynamic performance of an AUV
varies with the environment and is disturbed by random currents, so it is difficult to obtain
accurate fault diagnosis results sufficiently quickly to compensate for the fault. Thus, this
method has limitations in AUV fault tolerant control [12]. The adaptive FTC approach
treats faults as a generalized uncertainty and then uses adaptive strategies to estimate
its upper bounds along with its disturbances [13]. It is also suitable for vehicles such as
AUVs that move in complex environments [14]. Adaptive FTC has developed rapidly and
achieved good research results in recent years [15,16]. For AUVs subject to ocean current
disturbances and modelling uncertainty, researchers have investigated a virtual closed-loop
adaptive FTC method, which avoids serious chattering phenomena in control outputs. Su
et al. [17] proposed an event-triggered adaptive FTC scheme, which solves the trajectory
tracking control problem for AUVs with actuator faults and model uncertainties.

In the fault-tolerant control of AUVs, there are problems with system dynamic model
uncertainty and external disturbances [16]. The adaptive FTC method based on observer
estimation is suitable for moving vehicles in complex environments. The observer has a
good effect in dealing with nonlinear dynamics due to disturbances and faults [18,19], and
the so-called extended state observer (ESO) has been considered as an effective way to
actively compensate for uncertainty and disturbances [20,21]. The key idea of ESO is that
system uncertainties and disturbances are considered as an added or extended state of the
system, and then all the states including the extended one will be estimated accurately and
quickly by the ESO.

In recent years, ESO has been effectively applied in many fields [22]. In [22], a
nonsingular fast terminal sliding mode control (NFTSMC) based on a third-order fast finite-
time extended state observer was proposed for the trajectory tracking of AUVs with various
hydrodynamic uncertainties and external disturbances. Specifically, ref. [22] constructed
the extended state variable according to the velocity information and constructed a third-
order FFTESO to realize the finite-time estimation of the extended state variable. Another
typical example is that Li proposed robust fault-tolerant control for a spacecraft system
based on a finite-time ESO (FTESO) [23], where the FTESO and controller design shared
a non-singular terminal sliding mode surface (NTSMS). The proposed control scheme
was continuous with the property of restraining chattering. However, in the research on
fault-tolerant control of fully actuated AUV thrusters based on the above methods [23], it
was found that the control law derived theoretically from the AUV had singularities, and
from the experimental results, the control output chattering was serious, which would lead
to energy consumption increases.

Motivated by the mentioned-above discussion, this paper studies the FTC problem
based on FTESO for a fully actuated AUV in the presence of current disturbances, thruster
faults, and dynamic model uncertainty. In this paper, an improved FTC method based on
FTESO is proposed, which aims to reduce the energy consumption caused by the chattering
of the control signal under the premise of ensuring a high tracking accuracy. The main
contributions of this paper are as follows.

(1) In a previous approach [23], the design of FTESO and the controller share an
NTSMS, but this paper uses two sliding mode surfaces respectively for the FTESO and the
controller. In the design of FTESO in this paper, the integral sliding mode surface (ISMS)
was used to replace the NTSMS, so that the coefficient of the generalized uncertainty term
after the derivation of the sliding mode surface was 1, that is, the generalized uncertainty
term was directly used in the design of the control law. The estimated value of the uncertain
item replaces the real value. This is different to the approach of [23], which requires the
estimated value to remove the fractional power term of the velocity error to obtain the real
value. In particular, when the velocity error term tends to zero, the method in this paper
effectively suppresses the fluctuation of the generalized uncertainty term and avoids the
appearance of singular points.
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(2) To design an FTESO based on ISMS, this paper replaces NTSMS with a non-singular
fast terminal sliding mode surface (NFTSMS) in the design of a fault-tolerant controller.
That is, the generalized uncertainty term estimated by FTESO is applied to the newly
designed NFTSMS to derive the control law. This avoids the pseudo-inverse term of the
velocity error with the fractional power that appears in the control gain of the method
in [23], thus, it can effectively suppress the chattering of the control variable, thereby
reducing the energy consumption.

(3) The FTESO-based fault-tolerant control (FTESO − FTC) method proposed in this
paper has a good effect in reducing energy consumption, but it has the problem of reducing
the tracking accuracy. Therefore, this paper adds a parameter adjustment method (PAM).

The remainder of this paper is structured as follows. Section 2 presents a mathematical
model, notations, and some useful lemmas. In Section 3, the ISMS-based FTESO is designed
and analyzed. The NFTSMS-based FTC design and convergence analysis and the PAM
for AUV thruster control are described in Section 4. In Section 5, comparative simulations
through the ODIN AUV were carried out to validate the effectiveness of the proposed
method. Finally, some concluding statements are given in Section 6.

2. Mathematical Models and Preliminaries

The fault-tolerant AUV controller is obtained based on the AUV dynamic model. In
this paper, the dynamic model of the AUV disturbed by the ocean current is described,
then the thruster fault and the uncertainty of the AUV model are considered in turn, and
finally the disturbed AUV dynamic model is converted into the AUV state space equation
required for this paper.

2.1. Model Description

According to existing AUV research results, the dynamic model of an AUV disturbed
by ocean currents in the body-fixed coordinate system [24] can be described as follows:

.
η = J(η)υ
M(υ)

.
υ + CRB(υ)υ + g(η) + CA(υr)υr + D(υr)υr = τ

(1)

where J(η) is the rotation transformation matrix between the earth coordinate frame and
the body-fixed coordinate frame; M is the inertia matrix including the added mass; CRB
is the rigid body centripetal force and Coriolis force matrix; CA is the hydrodynamic
centripetal force and Coriolis force matrix; D is the hydrodynamic resistance matrix; g is
the restoring force matrix; τ is the control force and moment acting on the center of gravity
of the AUV; υ = [u v w p q r]T is the velocity vector relative to the body-fixed coordinate
system; η = [x y z ϕ θ ψ]T is relative to the position and attitude vector of the boat in earth
coordinate system; and υr = υ − υc, υc is the current velocity relative to the body-fixed
coordinate system.

In this paper, the fault-tolerant controller is designed in terms of the state quantities in
the earth-fixed coordinate system. Therefore, the above AUV dynamic model needs to be
converted into the description in the earth coordinate system. The results are expressed
as follows:

Mη(η)
..
η + CRBη(η,

.
η)

.
η + CAη(ηr,

.
ηr)

.
ηr + Dη(ηr,

.
ηr)

.
ηr + gη(η) = J−Tτ (2)

where Mη(η) = J−T MJ−1; CRBη(η,
.
η) = J−T [CRB(q) − MJ−1

.
J]J−1; CAη(ηr,

.
ηr) =

J−TCA(qr)J−1; Dη(ηr,
.
ηr) = J−T D(qr)J−1; gη(η) = J−T g; J−T means inverting matrix J

and then transposing it;
.
ηr =

.
η − Vc; Vc is the current vector in the earth coordinate system.

Equation (2) can be simplified as follows:

..
η = Mη

−1(η)
(

J−Tτ − CRBη(η,
.
η)

.
η − CAη(ηr,

.
ηr)

.
ηr − Dη(ηr,

.
ηr)

.
ηr − gη(η)

)
(3)

23



J. Mar. Sci. Eng. 2022, 10, 1624

2.2. AUV Dynamic Model with Thruster Fault

This paper studies a thruster fault-tolerant control method based on an AUV dynamic
model that considers the thruster fault and the uncertainty of the dynamic model. To
make the logic of this paper complete, the following will briefly describe the mathematical
expressions for the thruster fault and the uncertainty of the dynamic model.

2.2.1. Thruster Fault

Typical forms of thruster fault include blade winding, blade damage, jamming, and
other faults. They are approximately equivalent to the condition that the thrust provided
by the faulty thruster is less than that of the no-fault thruster [25]. The actual output of the
thruster under fault conditions can be expressed as follows:

u′ = u–u f (4)

where u is the expected output of the thruster, and u f is the influence of the thruster fault.
Simulations of thruster faults often adopt the method of soft simulation. They generally

introduce a diagonal coefficient matrix K on the control output, the element ki ∈ [0, 1],
that is, the thruster fault can be expressed as: u f = Ku. When ki = 0, it means that the
i-th thruster has no fault; when ki = 1, it means that the i-th thruster fails completely;
intermediate values ki ∈ (0, 1) indicate partial failure of the thruster.

When the thruster fails, the actual output of the thruster acts on the AUV, and the
control moments and forces acting on the center of gravity of the vehicle can be calculated
through the thruster configuration matrix B, described as follows:

τ′ = Bu′ = Bu − Bu f = Bu − BKu = (B − BK)u (5)

where τ′ the vector of control moments and forces acting on the center of gravity of the
vehicle, and B is the thruster configuration matrix, which is a constant matrix.

2.2.2. Model Uncertainty

Because of the strong nonlinearity and mutual coupling characteristics of each degree
of freedom of the AUV, the motion model of the AUV derived from the dynamic analysis
method has great uncertainty. This paper considers the existence of model uncertainty in
the modeling process, shown as follows:

Mη = M̂η + ΔMη ; Cη = Ĉη + ΔCη ; Dη = D̂η + ΔDη ; gη = ĝη + Δgη (6)

where the symbol ˆ represents the estimated value of the variable, the symbol Δ represents
the modeling uncertainty of the variable, and Cη = CRBη + CAη , Dη = Dηq + Dηc.

Based on these definitions, the AUV dynamic model is converted into the AUV state
space equation to prepare for the subsequent fault-tolerant controller design.

The AUV state space equation derived from Equations (3)–(6) is described as follows:

..
η = M̂η

−1
[

J−T Bu − Ĉη
.
η − D̂η

.
η − ĝη

]
+ d (7)

where d = −M̂−1
η (ΔMη

..
η + ΔCη

.
ηr + ΔDη

.
ηr + DηqVc + Dηc

.
ηr + Δgη) + M̂−1

η J−T BKu, d
represents the lumped uncertainty composed of current disturbances, thruster faults, and
dynamic model uncertainty. Here, d is supposed to be unknown but bounded, that is, there
exists a positive constant d1, such that ‖d‖ ≤ d1.

The above AUV state space equation can be described in the form of a second-order
system, by defining new auxiliary variables as x1 = η and x2 =

.
η, then Equation (7) can be

rewritten as follows:
.
x1 = x2 (8)

.
x2 = M̂−1

η

[
J−T Bu − Ĉη

.
η − D̂η

.
η − ĝη

]
+ d (9)
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The tracking error in this paper is defined as follows:

e3 = x1 − xd (10)

where x1 represents the true position and attitude vector, and xd represents the desired
position and attitude vector.

Then, the first derivative of the tracking error is
.
e3 =

.
x1 − .

xd = x2 − .
xd, and the

second derivative is
..
e3 =

.
x2 − ..

xd.

2.3. Notation and Preliminaries

The following notations and related theorems are used in the subsequent theoretical
derivation. To make this paper more organized, the definitions of relevant notations and
theorems are given here first.

2.3.1. Notations

The following notations are utilized for simplicity:

〈x〉α = sign(x)|x|α

|x|α =
[|x1|α, |x2|α, . . . , |xn|α

]T
where x = [x1, x2, . . . , xn]

T , α ∈ R, and sign(·) is a sign function with sign(0) = 0. Particu-
larly, 〈x〉0 = sign(x), 〈x〉0|x|α = 〈x〉α.

2.3.2. Lemmas and New Propositions

Consider the following nonlinear system:

.
x = F(x(t)), x(0) = x0, F(0) = 0, x ∈ Rn (11)

where F : U → Rn is continuous on an open neighborhood U of the origin. Suppose that
the system in (11) has a unique solution in forwarding time for all of the initial conditions.

Lemma 1 ([26]). Consider the above nonlinear system (11), and suppose there exists a Lyapunov
function V(x) defined on the neighborhood U ⊂ Rn of the origin, and

.
V(x) + β1V(x)α1 < 0,

where x ∈ U/{0}, 0 < α1 < 1, β1 > 0. Then, the system is locally finite-time stable, and the time
required to reach V(x) = 0 is T ≤ 1

β1(1−α1)
|V(x0)|1−α1 .

Lemma 2 ([27]). Consider System (11) and suppose there exists a Lyapunov candidate function
V(x), where V(x0) represents its initial value. (1) If

.
V(x) ≤ −β1V(x)α1 + β2V(x)α2 , for

α1 > α2, β1 > 0, β2 > 0, θ1 ∈ (0, β1), then the trajectory of the above nonlinear system is
finite-time uniform and eventually bounded stable within the range of Q1 =

{
x
∣∣∣V(x)α1−α2 < β2

θ1

}
,

and the stable time T1 to reach the state of the stable residual set satisfies:T1 ≤ V(x0)
1−α1

(β1−θ1)(1−α1)
. (2) If

.
V(x) ≤ −β1V(x)α1 − β2V(x) + β3V(x)α2 , for β3 > 0, then the trajectory of the system is fast
and finally bounded and stable within the finite time T, and the convergence time T2 is bounded:

T2 ≤ ln
[
1+(β2−θ2)V(x0)

1−α1 /(β1−θ1)
]

(β2−θ2)(1−α1)
, with θ2 ∈ (0, β2). Then, it can be calculated that the stable

residual region of the above nonlinear system is Q2 =
{

x
∣∣θ1V(x)α1−α2 + θ2V(x)1−α2 < β3

}
.

Lemma 3 ([26]). Assume V1(x) and V2(x) are continuous real-valued functions, which are
homogeneous of degrees l1 > 0 and l2 > 0, respectively, with respect to weight (γ1, γ2, . . . , γn), and
V1(x) is positive definite. Then, for any x ⊂ Rn, there exists c1V1(x)l2/l1 ≤ V2(x) ≤ c2V1(x)l2/l1 ,
with c1 = min

{z;V1(z)=1}
V2(z), c2 = max

{z;V1(z)=1}
V2(z).
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3. FTESO Design Based on ISMS

This section explains the design ideas and implementation process of the FTESO in
this paper, and then analyzes the convergence of the FTESO proposed in this paper.

3.1. Design Ideas and Implementation Process of FTESO

To compensate for the generalized uncertainty term combining ocean current distur-
bances, AUV thruster faults, and dynamic model uncertainty, an FTESO method based on
integral sliding mode surface (ISMS) is proposed in this paper. Firstly, ISMS is constructed
based on the tracking error. Then, the control system of the AUV is obtained by derivation
of the established sliding mode surface. Finally, an extended state observer is used to
estimate the generalized uncertainty to obtain the FTESO in this paper.

First, this paper selects an ISMS as follows [28]:

S1 =
.
e3 + K

∫
e3dt (12)

where S1 is the designed integral sliding mode surface, e3 is the tracking error,
.
e3 is the first

derivative of the tracking error, and K is a constant value parameter. The meanings of the
relevant symbols in the formulas are shown in Section 2.

By differentiation of the ISMS in Equation (12), noting that
..
e3 =

.
x2 − ..

xd, we find that
the state Equation (7) becomes the following:

.
S1 = M̂−1

η

(
J−T Bu − Ĉη

.
η − D̂η

.
η − ĝη

)
+ d − ..

xd + Ke3 (13)

To simplify Equation (13), we define Q = M̂−1
η

[−Ĉη
.
η − D̂η

.
η − ĝη

]− ..
xd + Ke3, R =

M̂−1
η J−T Bu, W = d.

Using the above-mentioned notation, Equation (14) is given by the following:

.
S1 = Q + Ru + W (14)

To use the ESO technique to estimate and compensate for the lumped disturbances
or uncertainties, a new state variable is defined as z1 = S1, and an extended state variable
z2 = W is defined with

.
z2 =

.
W = j(t). We suppose j(t) is unknown but bounded, that is,

there is a positive constant j, such that ‖j(t)‖ < j.
Then, the mathematic model of the AUV control system governed by (14) will be

extended as follows:
.
z1 =

.
S1 = Q + Ru + z2 (15)

.
z2 = j(t) (16)

Let ẑ1 and ẑ2 be the observation values of z1 and z2 in the above extended system,
respectively, and denote e1 = ẑ1 − z1 as the observation error of the integral sliding mode
surface z1 = S1.

The fast finite-time extended state observer (FTESO) is designed as follows:

.
ẑ1 = Q + Ru + ẑ2 − β1

(〈e1〉α1 + e1
)

(17)

.
ẑ2 = −β2

(〈e1〉α2 + 2〈e1〉α1 + e1
)

(18)

where the gain parameters satisfy β1 > 0, β2 > 0, 1
2 < α1 < 1 and α2 = 2α1 − 1.

As a part of the proposed FTESO, ẑ2 is utilized to estimate the generalized uncertainty
term W in (14). Although the actual value of z2 is unavailable, its observation value ẑ2 can
be obtained by the above FTESO. The analysis and proof that ẑ2 perfectly tracks the actual
fault z2 in finite time is described below.
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3.2. FTESO Convergence Analysis

Based on the above-constructed observer, the following will analyze the convergence
of the observer’s estimation error according to the Lyapunov theory.

Define another auxiliary variable e2 = ẑ2 − z2. Combined with Equations (15)–(18),
the dynamic error of the proposed FTESO can be obtained as follows:

.
e1 = e2 − β1

(〈e1〉α1 + e1
)

(19)

.
e2 = −β2

(〈e1〉α2 + 2〈e1〉α1 + e1
)− j(t) (20)

The stability and convergence of the proposed observer (17) and (18) are stated as the
following theorem.

Theorem 1. Considering the AUV state space equation in (7) under the assumptions, design
FTESO as (17) and (18), and select an appropriate gain to satisfy the constraints, then the observation
error e =

[
eT

1 , eT
2
]T converges to the following region Z1 in a finite time T1:

Proof of Theorem 1. First introduce another auxiliary state variable:

ε =
[(〈e1〉α1 + e1

)T , e2
T
]T

(21)

Obviously, if the new auxiliary state variables ε converge to the origin in a finite time,
the observation errors e1 and e2 will also converge to the origin in a finite time.

According to Lemma 2 and Proof of Theorem 1 in [23], the trajectory of the proposed
FTESO (20) is fast finite-time uniformly ultimately bounded stable. This also implies that
the observation errors of FTESO e1 and e2 will converge to a small region of the origin in
the finite time T1.

The observation error gradually decreases with time and finally enters the domain:

Z1 =

{
e
∣∣∣∣γ1V1(e)

1− 1
2α1 + γ2V1(e)

1
2 < λ3

}
(22)

where λ1 = λmin(Q1)λmax(N)
1

2α1
− 3

2 , λ2 = λmin(Q2)λmax(N)−1, λ3 = 2
√

3gλmin(N)− 1
2

‖N‖, γ1 ∈ (0, λ1) and γ2 ∈ (0, λ2) are arbitrary constants. Then, the observation error e2
of the generalized uncertainty is theoretically bounded, and this bound is assumed to be
δ =
[
δ1, δ2, δ3

]
. Note that

.
e2 is bounded under the assumption that j(t) is bounded. Then,

the observation error ε eventually converges to the domain Z1 within a finite time T1. �

Remark 1. Compared with [23], the integral sliding mode surface is used to replace the non-singular
terminal sliding mode surface in the design of the extended state observer (17) and (18) in this paper.
In this way, the coefficient of the generalized uncertainty term in the derivative of the sliding mode
surface does not include the fractional power term of the velocity error and is 1. Therefore, after
the generalized uncertainty term of AUV is estimated by the extended state observer, its estimated
value is directly used to replace the true value in the design of the control law, and it is not necessary
to remove the fractional power term of the degree error from the estimated value of the observer
to obtain the true value. The method in this paper can effectively suppress the amplification and
fluctuation of the generalized uncertainty term and reduce chattering.

4. Fault-Tolerant Control Design Based on NFTSMS

This section briefly introduces the specific implementation of the fault-tolerant control
(FTC) based on the non-singular fast terminal sliding mode surface (NFTSMS), then analyzes
the convergence of the controller designed in this paper.
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4.1. FTC Design

Based on the generalized AUV uncertainty term estimated by FTESO, an FTC design
method based on NFTSMS is proposed in this paper. First, a new NFTSMS is designed;
then, the sliding mode surface is derived; finally, using the second derivative of the tracking
error, the control law of the AUV controller can be constructed.

Design a new NFTSMS [29]:

S = e3 + σ1e3
ψ + σ2

〈 .
e3
〉 L

p (23)

where σ1 and σ2 are positive constants, and L and p are positive odd integers that satisfy
the conditions 1 < L

p < 2, ψ > L
p .

Thus, the time derivative of (23) is given as:

.
S =

.
e3 + σ1ψ|e3|ψ−1 × .

e3 + σ2
L
p
〈 .
e3
〉 L

p −1 × ..
e3 (24)

Using the second derivative of the tracking error, expression (24) can be written as follows:

.
S =

.
e3 + σ1ψ|e3|ψ−1 × .

e3 + σ2
L
p
〈 .
e3
〉 L

p −1 ×
(

M̂−1
η

(
J−T Bu − Ĉη

.
η − D̂η

.
η − ĝη

)
+ d − ..

xd

)
(25)

For the newly introduced NFTSM, the control law of AUV can be designed as follows:

u = B+ JT
{(

Ĉη
.
η + D̂η

.
η + ĝη

)
+ M̂η

..
xd − M̂η

σ1
σ2

ψ
p
L

∣∣ .e3
∣∣2− L

p sign
( .
e3
)∣∣ .e3
∣∣ψ−1
}
+

B+ JT
{
−M̂η ẑ2 +

(
1
σ2

p
L

∣∣ .e3
∣∣1− L

p

)
×
(
−M̂ηk1 f

2
3 |S| 1

3 sign(S) + M̂ηz3

)}
−

B+ JT
{

M̂η
1
σ2

p
L

∣∣ .e3
∣∣2− L

p sign
( .
e3
)} (26)

.
z3 = −k2 f 〈S〉0 (27)

where k1, k2, and f are positive gains to be designed, ()+ represents the pseudo-inverse
operation of the specified matrix, i.e., (B)+ = BT(BBT)−1. Matrix B represents the thruster
configuration matrix, which is a constant matrix, so there is no singularity problem for B.

This paper defines e22 = σ2
L
p
〈 .
e3
〉 L

p −1e2 and Y = z3 − e22. Incorporating (26) in (25)
leads to the (28), taking the time derivative of Y = z3 − e22 and using (27) yields (29).

.
S = −k1 f

2
3 〈S〉 1

3 + S3 (28)

.
Y = −k2 f 〈S〉0 − ..

e22 (29)

As the right-hand side of the above system is discontinuous, its solutions will be
understood as the meaning of Filippov [30]. Furthermore, the convergence analysis of the
controller is as follows.

Remark 2. In [23], the FTESO and the controller share an NTSMS, so in the obtained control law,
the control gain contains a pseudo-inverse term of the fractional power term of the velocity tracking
error. When the velocity tracking error is smaller, the gain becomes larger, which plays a role in
amplifying the control jitter. In addition, when the velocity tracking error is zero, this gain tends
to infinity and, theoretically, singularities will appear. However, compared with [23], the FTESO
and controller in this paper are designed with two sliding mode surfaces, namely the ISMS and the
NFTSMS, which can effectively suppress the chattering of the control quantity, thereby reducing
the energy consumption and theoretically avoiding the emergence of singular points.
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Remark 3. The NFTSMS in reference [29] has many advantages, including the fast convergence
property inherited from terminal attractors’ rapid response, finite time converge, and non-singularity.
Therefore, this paper also selects the sliding mode surface to design the control law.

4.2. FTC Stability Analysis

Theorem 2. Consider the AUV control system in (14) and assume ‖j(t)‖ < j, j > 0. If NFTSMS
is selected as Equation (31), and the control law is selected as (34) and (35), the control system of
the AUV will converge to the origin in a finite time globally and uniformly.

Proof of Theorem 2. Consider introducing the method of continuously differentiable and
homogeneous Lyapunov functions to prove Theorem 2.

Consider the following Lyapunov candidate function:

V2 =
2
5

α|S|T |S| 3
2 − 1

k3
1

STY3 + κ|Y|T |Y|4 (30)

where κ > 0.
According to the Proof of Theorem 2 in [23], it is easy to calculate that the above

candidate Lyapunov function V2 is bounded and positive definite.
Thus, the time derivative of the Lyapunov candidate function V2 is given as follows:

.
V2 = α

(
〈S〉 3

2
)T .

S − 1
k3

1

((
Y3)T .

S + 3STYYT
.

Y
)
+ 5κ

(
〈Y〉4
)T .

Y

= −
(

α
(
〈S〉 3

2
)T − 1

k3
1

(
Y3)T

)(
k1〈S〉

1
3 − Y

)
− YTY

(
5κ
(
〈Y〉2
)T − 3

k3
1
ST
)(

k2〈S〉0 +
..
e22
f

) (31)

According to the Proof of Theorem 2 in [23] and Lemma 3 in this paper, one can obtain the
following inequality:

.
V2 ≤ −η2V

4
5

2 (32)

According to Lemma 1, combined with the basic Lyapunov theories for differential
inclusions, the AUV control system in (14) is globally uniformly finite-time stable. �

4.3. Parameter Adjustment Method for AUV Thrusters

This section introduces the reasons for the proposed parameter adjustment method
(PAM) for AUV thrusters and its specific implementation steps.

The simulation results show that, compared with the method in [23], FTESO − FTC is
effective at reducing energy consumption, but there is a problem of a low tracking accuracy.
Moreover, the controller parameters of the referenced methods are mostly constant values,
which have the problem of a low tracking accuracy. Specifically, a large value of k1 will lead
to an increase in tracking accuracy, but also increased chattering and energy consumption,
while a small value of k1 will lead to a decrease in tracking accuracy, but correspondingly
decreased chattering and energy consumption, so it is not ideal to adopt constant values.
Through the analysis, this problem can be effectively solved by analyzing k1 as a piecewise
function in the shape of a ramp, as shown in (34) designed in this paper.

The controller parameters are adaptive parameters instead of constant values, and the
design of PAM can be expressed as follows:

k1 =

⎧⎪⎨⎪⎩
a, (0 ≤ t < t1)

a − (t−t1)(a−b)
(t2−t1)

, (t1 ≤ t < t2)

b, (t2 ≤ t < t3)

(33)

where a, b are constant values; t1, t2 and t3 are time values.
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Remark 4. Therefore, on the basis of the FTESO − FTC proposed in this paper, we add the
PAM for AUV thrusters, which aim to reduce energy consumption while maintaining a good
tracking accuracy.

5. Simulation and Analysis

To verify the effectiveness of the method proposed in this paper, this paper uses ODIN
AUV [31] to conduct trajectory tracking control simulation experiments in the simulated
ocean current environment. This section first introduces the preparation of the simulation
experiment. Then, the comparison and simulation verifications between FTESO − FTC −
APAM and FTESO − FTC and previous method in [23] are carried out.

5.1. Preparations for Simulation Experiments
5.1.1. Introduction of ODIN AUV

In this paper, ODIN AUV was selected as the simulated vehicle. At present, this AUV
has been used as a research object in many literature works for simulation experiments, such
as [31,32]. ODIN AUV is an open-frame underwater vehicle with four lateral thrusters and
four vertical thrusters, and its model parameters are presented in [33]. In the simulation,
the initial state of the ODIN AUV is set as η (0) = [ 1 ; 1 ;−1 ; π/18 ; π/18 ; 2π/9 ]
and

.
η (0) = [ 0.2 ; 0.2 ; 0.2 ; 0.2 ; 0.2 ; 0.2 ]. Furthermore, it is assumed that the thruster

amplitude limits are ±200 N.

5.1.2. Desired Trajectory

In this simulation, ODIN AUV is controlled to track a spiral trajectory to test the
performance of the proposed control scheme, in comparison with the controller in [23]. The
desired spiral trajectory is described as: ηd = [xd, yd, zd, 0, 0, 0]T , xd = 3(1 − cos(0.15t)),
yd = 3 sin(0.15t), zd = −0.2t.

5.1.3. Simulate Current Disturbance

Based on the current simulation method given in the literature [24], in this paper, a
first-order Gauss–Markov process was used to simulate the ocean current, and the specific
expression is shown as follows:

.
Vc + ucVc = ωc (34)

where Vc is the simulated current value; ωc is Gaussian white noise (mean 1.5 and variance
1); uc = 3; two angles involved in ocean currents are βc and αc; βc is generated by the sum
of Gaussian noise with mean 0 and variance 50, and αc = βc/2.

5.1.4. Model Uncertainty and Fault Simulation

This paper considers inevitable model uncertainty. In the simulations, 30% modelling
uncertainty was considered, i.e., the parameters of ODIN AUV in the controller were only
70% of the nominal system dynamics. The thruster faults generally include the incipient
thruster fault, abrupt thruster fault, etc. [34]. In this paper, two different thruster fault
simulation methods were used to conduct the simulation experiments. The specific abrupt
thruster fault was described, as Equation (36), which indicates that the thruster is healthy
from the 0th s to 20th s, and then the magnitude of the thruster fault persists until the end
of the simulation. However, the controller does not know this fault a priori.

The mathematical description of different fault degrees under an abrupt fault is given
as follows:

β =

{
1 0 ≤ t < 20
1 − σ 20 ≤ t < 120

(35)

where a 30% fault degree is expressed as σ = 0.3; when the fault degree is 50%, σ = 0.5.
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5.1.5. Control Parameters

This paper involves multiple parameters, and the result of the parameter selection
affects the control effect. The following is a brief introduction to each parameter selec-
tion method.

1. Parameter selection in sliding surface

When designing the FTESO, the parameter of the ISMS is selected, K = 3. When
designing the controller, the parameters of the NFTSMS are selected as follows: σ1 = 1,
σ2 = 1, ψ = 7, L = 7, p = 6.

2. FTESO parameter selection

According to reference [23], the specific parameters in the observer are α1 = 0.66,
β1 = 0.2, β2 = 0.07.

3. FTC parameter selection

The control parameters are determined by trial and error, given as follows: f = 2 and
k2 = 0.001 are constants, and k1 is determined by PAM instead of a constant value. The spe-
cific design of the adaptive parameter is shown as (33), where a= 25 × diag([5, 5, 5, 1, 1, 5]),
b= 0.3 × M̂η , t1 = 5, t2 = 60, t3 = 120.

5.2. Comparative Simulation Verification

In order to verify the effectiveness of the FTESO − FTC − PAM proposed in this
paper in reducing the energy consumption of fully actuated AUVs, this paper adopts the
fault-tolerant control method proposed in [23], in which the FTESO and the controller share
a terminal sliding surface to carry out comparative simulation experiments.

There are two types of fault: abrupt fault and incipient fault, and the thruster fault
degree is divided into three kinds: 0, 30%, and 50%. In the simulation experiments, it was
found that the simulation results of the abrupt and incipient fault types are similar under
the same fault degree. Therefore, the fault type of the thruster in this paper is chosen as the
abrupt fault.

To validate the performance of the proposed FTESO − FTC − PAM for fully actuated
AUV, three cases were considered in this subsection.

Case 1: 30% fault degree at thruster T1.
Case 2: 50% fault degree at thruster T2.
Case 3: no fault at any thruster.
The simulation results of FTESO − FTC − APAM and FTESO − FTC and the compared

method for Case 1 are presented in Figures 1–3, respectively. In addition, the simulation
results of these three methods for Case 2 are presented in Figures 4–6, respectively. Finally,
to fully illustrate the effectiveness of the method in this paper, the tracking results of these
three methods for Case 3 are presented in Table 1.

Table 1. Compared results of the three methods under Cases 1–3.

Methods Tracking Error Distance Errors (m) SSCS (107 × N2)

Case 1 Case 2 Case 3 Case 1 Case 2 Case 3

FTESO − FTC − PAM
Mean 0.0224 0.0227 0.0212

2.77 3.49 2.43Mean square
error 0.1502 0.1522 0.1482

FTESO − FTC
Mean 0.0356 0.0367 0.0328

2.74 3.48 2.34
Mean square error 0.1991 0.2008 0.1863

Compared method [23]
Mean 0.0225 0.0236 0.0215

3.81 4.71 3.07
Mean square error 0.1516 0.1527 0.1496
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(a) Tracking error (b) Control output 

Figure 1. The control effect of FTESO − FTC − APAM under Case 1.

  
(a) Tracking error (b) Control output 

Figure 2. The control effect of FTESO − FTC under Case 1.

Referring to [35], in this paper, the mean and mean square error of the absolute value
of the tracking error were used to measure the tracking effect. If the chattering phenomenon
in the control signals became serious, the energy consumption caused by the chattering
of the control signal would be increased if the environmental parameters had no change,
according to [36]. The energy consumption value was calculated by the sum of the squares
of the control signal (SSCS), shown as follows:

SSCS = ∑
8

∑
i=1

|ui|
2

(36)

For the convenience of analysis, this paper organizes and summarizes the mean, mean
square error of the absolute value of the tracking error, and energy consumption (SSCS) in
Case 1–Case 3 into Table 1.
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(a) Tracking error (b) Control output 

Figure 3. The control effect of the compared method under Case 1.

  
(a) Tracking error (b) Control output 

Figure 4. The control effect of FTESO − FTC − PAM under Case 2.
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(a) Tracking error (b) Control output 

Figure 5. The control effect of FTESO − FTC under Case 2.

  
(a) Tracking error (b) Control output 

Figure 6. The control effect of the compared method under Case 2.

In addition, in this paper, the position errors of the three degrees of freedom, X, Y, and
Z, are synthesized into distance errors.

In terms of the tracking error and energy consumption, the simulation results of
FTESO − FTC − APAM and FTESO − FTC and the compared method are analyzed.

Firstly, compared with the method in [23], the analysis of Cases 1–3 in Table 1 shows
that FTESO − FTC has an obvious effect on reducing the energy consumption; however,
the tracking accuracy was reduced. Taking Case 1 as an example, compared with the
method in [23], the mean and mean square error of the distance error of FTESO − FTC
increased by 58.22% and 31.33%, respectively, so the tracking accuracy decreased. However,
it can be found that compared with the method in [23], FTESO + FTC reduced the energy
consumption by 28.08%.

Compared with [23], it can be concluded that FTESO − FTC was effective at reducing
the energy consumption, but there was the problem of reducing the tracking accuracy.
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Therefore, this paper proposed PAM based on FTESO − FTC to reduce the energy con-
sumption of the control output while maintaining a good tracking accuracy.

Then, compared with FTESO − FTC, it can be seen from Cases 1–3 in Table 1 that
FTESO − FTC − PAM significantly improved the tracking accuracy and slightly increased
the energy consumption. Similarly, taking Case 1 as an example, compared with FTESO −
FTC, FTESO − FTC − PAM reduced the mean value and mean square error of the distance
error by 37.07% and 24.56%, respectively, that is, the tracking accuracy was significantly
improved. FTESO − FTC − APAM was close to FTESO − FTC in terms of the energy
consumption (slightly increased).

Furthermore, compared with the method in [23], it can be obtained from Cases 1–3
in Table 1 that FTESO − FTC − APAM can significantly reduce energy consumption on
the premise of a slightly improved tracking accuracy. Then, taking Case 1 as an example,
compared with [23], the mean value and mean square error of the absolute value of the
distance error in the FTESO − FTC − APAM were slightly smaller, and the tracking
accuracy was slightly improved. In terms of energy consumption, compared with the
method in [23], FTESO − FTC − APAM was reduced by 29.92%, and the effect of reducing
the energy consumption was obvious.

It can be concluded that FTESO − FTC − PAM was a further improved method based
on the FTESO − FTC of this paper. Overall, based on the simulation results of the above
three methods, it is concluded that compared with FTESO − FTC, the FTESO − FTC −
PAM could greatly improve the tracking accuracy under the condition of a slight increase
in energy consumption. Compared with the method in [23], the FTESO − FTC − PAM
of this paper made up for the shortcomings of FTESO − FTC in reducing the tracking
accuracy when reducing the energy consumption and finally could achieve the control goal
of reducing the energy consumption while maintaining a better tracking accuracy.

6. Conclusions

This paper studies the problem of fault tolerant control for fully actuated AUV
thrusters in the presence of current disturbances, thruster faults, and dynamic model
uncertainty. In view of the problems of high energy consumption caused by the chattering
of the control signal when the method in [23] is used in AUV, this paper proposes FTESO −
FTC − PAM, i.e., a fault-tolerant control method based on a finite-time extended state ob-
server for AUV with unknown thruster faults. Through theoretical analysis and simulation
experiments, the following conclusions can be drawn.

(1) Aiming at the problem of large energy consumption when a previous method is
applied to AUVs, this paper proposes the FTC method based on FTESO (FTESO − FTC). In
this paper, the design of the FTESO and the FTC adopts ISMS and NFTSMS, respectively.
The stability of the finite-time extended state observer and the finite-time convergence of
the closed-loop control system formed by the fault-tolerant control method are proved by
the Lyapunov stability theory. The simulation comparison experiment results using an
ODIN AUV show that under the simulated thruster fault and ocean current interference,
FTESO − FTC is more effective at reducing the energy consumption than the method
in [23], but it has the problem of reducing the accuracy of tracking.

(2) To this end, the above-mentioned FTESO − FTC is further improved, and the
parameter adjustment method (PAM) for AUV thrusters is added. The simulation and
compared experimental results for the ODIN AUV show that after adding PAM, the
tracking accuracy can be effectively restored, and the energy consumption is basically not
increased. Moreover, the simulation results show that the FTESO − FTC − PAM is superior
to the method in [23] in terms of reducing the energy consumption and improving the
tracking accuracy.
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Abstract: A constitutive relation for shape memory alloys (SMAs) that is simple, accurate, and
effective is the basis for deep-sea intelligent actuators used in marine engineering applications. The
existing kinetic models of phase transition all have common drawbacks, such as sharp change at the
turning point of the phase transition, constant phase transition rate, and many variable parameters. In
this study, the one-dimensional thermodynamic constitutive equation for SMAs is extended based on
the thermodynamic framework of the Boyd–Lagoudas constitutive model. In addition, the traditional
phase transition function is replaced by an improved logistic nonlinear function in order to construct
the relation for the macroscopic variable-speed phase transition that constitutes deep-sea actuator
driving wires. The logistic model is compared to other models and verified by the numerical fitting
results of the traditional constitutive model and the experimental data for two scenarios: (1) constant
load and (2) constant temperature. The results show that the improved constitutive model has more
advantages and better adaptability than the traditional models. Consequently, it can accurately
describe the slow and gradual phase transitions in the initial and final regions of the phase transition
with fewer variable parameters and has the ability to flexibly adjust the rate of change of the phase
transition rate. These results provide important theoretical support for the design of SMA deep-sea
actuators used in marine engineering applications.

Keywords: deep sea; shape memory alloy; logistic function; phase transformation kinetics;
numerical fitting

1. Introduction

The deep sea is located at a depth of more than 1000 m below the ocean’s surface, and
it accounts for about 90% of the ocean system. Due to its extreme environment of high
pressure, low temperature, and no light, humans have minimal understanding of this part
of the ocean. Nevertheless, the deep sea is the most important area for gathering oil, gas,
minerals, and biological resources [1], and it also forms the core of what is called the “smart
ocean.” In recent years, with the development of emerging technologies, such as artificial
intelligence and network cloud computing, in marine fields, the smart ocean has become
another “peak” in the strategy for “caring about the ocean, understanding the ocean, and
managing the ocean” [2]. The application of smart ocean engineering to the deep sea has
revealed the limitations of traditional deep-sea drive systems, and new actuators based
on smart materials are urgently required for new marine equipment that is miniaturized,
intelligent, and refined.

Shape memory alloys (SMAs) are suitable for fulfilling these requirements. They are
a new type of biofunctional material that integrate sensing, actuation, and control. At
present, they are the most suitable smart material useful for practical applications of marine
engineering [3,4]. In particular, titanium-nickel (Ti-Ni) SMAs are the most widely used and
have the best thermomechanical properties. Accordingly, they have significant application
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potential not only in marine fields, but in aerospace, national defense, automotive, elec-
tromechanical, biomedical, and other fields as well [5]. Furthermore, Ti-Ni SMAs possess
excellent shape memory effect (the maximum shrinkage strain of their one-way and two-
way shape memory effects can reach 8% and 4.1%, respectively), superelasticity, corrosion
resistance, and biocompatibility [6]. Moreover, the special phase composition (martensite
phase and austenite phase) and crystal structure (crystalline martensite, detwinned marten-
site, and austenite) of SMAs results in a complex thermomechanical response to external
stimulation. This structural relationship also exhibits nonlinear coupling. Currently, the
mainstream SMA constitutive models are divided into macroscopic phenomenological
models, microscopic mechanical models, and microscopic thermodynamic models. The
macroscopic phenomenological models are considered to be the most valuable models for
SMA structural analysis and engineering design because they have fewer parameters and
their fitting and calculation methods are simple [7,8]. The most widely used models in this
category are exponential function macromodels (e.g., the Tanaka and Boyd-Lagoudas mod-
els) and cosine function macromodels (e.g., the Liang–Rogers and Brinson models) [8–10].
The Brinson model subdivides martensite transformation into temperature-induced and
stress-induced parts, which more accurately describes the relationship between stress,
strain, temperature and martensite volume fraction, and effectively describes the marten-
site reorientation process. At present, it is a relatively complete phenomenological theory
based constitutive model for actual engineering application. The main difference between
these models is the assumed phase transition kinetic function. These traditional phase
transition functions still have many common drawbacks, even though their fitting methods
are simple [11–13]. On the one hand, the predicted thermomechanical responses at the
beginning and end of the phase transition change abruptly, which is inconsistent with the
smooth and gradual changes that are actually exhibited at the beginning and end of the
phase transition. On the other hand, traditional phase transition kinetic models only focus
on the phase transition and ignore the variable nature of its intermediate process. In order
to avoid the fitting errors caused by these common drawbacks, it is necessary to improve
the existing model in order to build a simple, accurate, and effective constitutive model
that is useful for engineering applications, such as deep-sea actuators.

The logistic function is often used to describe the dynamic processes of systems to
elucidate the “slow-fast-slow” system evolution law, and it has been improved many times
to adapt to nonlinear growth modeling applications in different fields [14]. The logistic
function is characterized by typical sigmoid nonlinear growth, which is consistent with
the thermodynamic response characteristics of the SMA phase transition process [15]. In
this study, based on the thermodynamic framework of the Boyd–Lagoudas constitutive
model, the thermodynamic constitutive equation is extended to replace the traditional
phase transition function with an improved logistic function. This serves to facilitate the
construction of an SMA constitutive relation that can describe the slow and asymptotic
phase in the initial and final regions of the entire phase transition as well as the transition
rate variability. By comparing the numerical fitting results of the traditional Brinson model
and the logistic constitutive model, the superior performance of the improved logistic
function is verified. Lastly, the validity of the model is verified with experimental data.

The rest of this paper is organized as follows. Section 2 details the hydrostatic pressure
dependence of the SMA phase transition process. In Section 3, the macroscopic phenomeno-
logical variable speed constitutive model is explained. Section 4 describes and discusses
the results, and Section 5 draws the conclusions.

2. Hydrostatic Pressure Dependence of SMA Phase Transition Process

Hydrostatic pressure is an omnidirectional force that is exerted by a homogeneous
fluid on an object, and it acts on all surfaces of the object with an equal vertical compressive
stress. An increase in hydrostatic pressure reduces the volume of the object subject to that
pressure but does not change its shape. The effect of omnidirectional hydrostatic pressure
on SMA behavior is primarily reflected in the change of the material’s elastic volume
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and does not involve plasticity [16]. When the volume of the SMA changes reversibly
during the phase transition, the amount by which the hydrostatic pressure changes the
phase transition temperature is independent of the phase transition mechanism and the
distribution of the two phases at the phase transition temperature [17]. According to the
Clausius–Clapeyron equation, the relationship between the omnidirectional hydrostatic
pressure and the phase transition temperature can be expressed as

dP
dT

=
ΔH

T0ΔV
=

ΔS
ΔV

(1)

where P is the hydrostatic pressure, T is the phase transition temperature that occurs
under the hydrostatic pressure; T0 is the equilibrium temperature of the two phases,
T0 = (Ms + As)/2, where As and Ms are the characteristic temperatures of the SMA phase
transition, respectively; ΔV is the change in volume that occurs during the SMA phase
transition, ΔH is the latent heat of the phase transition, and ΔS is the change in entropy of
the phase transition.

The temperature of the SMA phase transformation depends linearly on the external
stress, and changes in the phase transition temperature do not depend on the macroscopic
direction of the stress [18,19]. The rate of change of the equivalent hydrostatic stress
as a function of phase transition temperature under multidimensional loading can be
expressed as

dP
dT

= Ci (2)

where Ci is the rate of change of the stress of the martensite (i = M) or austenite (i = A)
transformation (which is the slope of the stress-transition temperature curve). Integrating
Equation (2) results in

T =
P
Ci

+ T′
0 (3)

where T′
0 is the transformation temperature under normal pressure.

Because the thermoelastic phase transition of dense solid SMA wire is almost volume-
conserved, the percentage of the volume change caused by the phase transition under
an external force is very small and almost negligible. Therefore, the effect of hydrostatic
pressure on the transformation strain of solid SMA wire is negligible, i.e., the influence
of omnidirectional hydrostatic pressure on the solid SMA constitutive model can be ig-
nored [20,21].

3. Constitutive Model of Nonlinear Phase Transition

SMAs have special thermodynamic properties that are different from the general
properties of metals, and their constitutive model exhibits a coupled nonlinear stress–
strain–temperature relationship. Most of the engineering applications of deep-sea actuators
are based on SMA wire [22,23]. The macroscopic phenomenological constitutive model
based on thermodynamics and phase transition dynamics can facilitate simple and efficient
simulations and predictions of the macroscopic thermodynamic behavior of SMAs, which
is relevant for the design of intelligent actuators used in marine engineering applications.

3.1. Thermodynamic Constitutive Equations of SMAs in the Deep Sea Environment

In the deep sea environment, fully dense SMA wire is constrained by a multidimen-
sional stress tensor, which is composed of two parts: the omnidirectional hydrostatic
pressure tensor and the deviatoric stress tensor. As the elastic volume changes, the de-
viatoric stress tensor primarily causes the deformation of the material. Small-diameter
and dense SMA wire used in deep-sea actuators undergoes very minimal volume changes
due to the omnidirectional hydrostatic pressure, and the effect of the hydrostatic pressure
on the phase transformation strain in SMAs is negligible [20,21]. Assuming SMA wire is
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isotropic, the multidimensional load state of the SMA wires in the deep sea environment
can be simplified to one dimension.

According to Hartl et al. [24], the total strain in an SMA is the sum of the elastic strain,
phase transformation strain, and thermal expansion strain. This can be expressed as

ε = εe + εt + εα (4)

where ε is the total strain, εe is the elastic strain, εt is the phase transformation strain, and εα

is the thermal expansion strain.
Differentiating Equation (4), the Green–Lagrange strain increment form can be ex-

pressed as
dε = dεe + dεt + dεα (5)

where dεe is the elastic strain increment, dεt is the transformation strain increment (which
is related to the martensite volume fraction), and dεα is the thermoelastic strain increment.

According to the principles of elasticity and thermodynamics,{
dεe = dσ/D(ξ)

dεα = αdT
(6)

where σ is the stress, T is the temperature, ξ is the volume fraction of martensite, D(ξ) is the
elastic modulus of the SMA, and α is the thermal expansion coefficient of the SMA material.

Given that the transformation strain varies linearly with the volume fraction of the
detwinned martensite, the maximum transformation strain is reached in the state in which
100% of the martensite is detwinned [25]. This can be expressed as

εt = εLξDM (7)

where εL is the maximum recoverable residual strain of the SMA.
Combining Equations (5)–(7), the SMA constitutive equation can be expressed as

dε =
dσ

D(ξ)
+ εLdξDM + αdT (8)

Based on the crystal phase structure composition of SMAs, and the fact that the
martensite contains twinned martensite and detwinned martensite variants, the total
martensite volume fraction and elastic modulus of SMAs can be expressed as{

ξ = ξDM + ξTM
D(ξ) = DA + ξ(DM − DA) = DA + ξ(DTM − DA) + ξDM(DDM − DTM)

(9)

where ξTM and ξDM are the volume fractions of the twinned and detwinned martensite,
respectively; DM and DA are the elastic moduli of the complete martensite and austen-
ite phases, respectively, and DTM and DDM are the elastic moduli of the twinned and
detwinned martensite, respectively.

Integrating Equation (8), the SMA constitutive equation in full form can be expressed as

ε − ε0 =
σ

D(ξ)
− σ0

D(ξ0)
+ εL(ξDM − ξDM0) + α(T − T0) (10)

where ε0, σ0, ξDM0, and T0 represent the initial values of the corresponding variables.

3.2. Dynamic Equation of Phase Transition Based on Logistic Function

The kinetic equation of the phase transformation characterizes the dependence of the
martensite volume fraction on changes in the external loads (e.g., temperature and stress),
and is the basis for the construction of the SMA constitutive model. The logistic function
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is a continuous, smooth, and strictly monotonic threshold function, and its mathematical
formula is defined as [26]

f (x) =
1

1 + e−x (11)

where x is the independent variable.
The logistic function is characterized by typical sigmoid nonlinear growth [14]. The

bell-shaped curve of its natural growth rate corresponds to the rate of change of the peak of
the heat flow-temperature curve of SMAs, and the cumulative growth curve is very similar
to the rate of change of the martensite volume fraction as a function of temperature, as
shown in Figure 1. Figure 1a shows the curve of logistic function, and Figure 1b shows the
derivative of logistic function.

Figure 1. Typical (a) logistic function for the cumulative martensite volume fraction and (b) bell
curves for the rate of change martensite volume fraction.

According to the differential scanning calorimetry (DSC) test curve of Ikuta et al. [19],
the rate of change of the martensite volume fraction is a typical S-shaped nonlinear growth
curve. On the basis of the phase transition kinetic model constructed by Ikuta et al., the
description of the intermediate variable process using the phase transition rate coefficient
was added. By replacing the traditional phase transition kinetic equation with the improved
logistic function, the slow and gradual phase transition in the initial and final regions of
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the entire phase transition process could be described and the thermodynamic behavior of
SMA with different phase transition rates could be expressed. This generated numerical
simulation results that were more consistent with the experimental results. The shape
memory effect has different transformation kinetic equations in the process of martensite
forward and reverse transformation.

When
•
T > 0, the martensite volume fraction can be expressed as

ξM→A =
1

1 + e
ab

A f −As (T−TA− σ
CA

)
(12)

TA =
As + A f

2
(13)

and when
•
T < 0, the martensite volume fraction can be expressed as

ξA→M =
1

1 + e
ab

Ms−M f
(T−TM− σ

CM
)

(14)

TM =
Ms + Mf

2
(15)

where TM and TA are the average characteristic temperatures of the martensite and austenite
phases under zero stress, respectively. Ms and Mf are martensite start and finish temper-
ature, respectively, during cooling. As and A f are austenite start and finish temperature,
respectively, during heating. CM and CA are the rates of change of the stress of the forward
and reverse martensite transformations (which are the slopes of the stress-transformation
temperature curve), respectively, a is the phase transition rate coefficient, and b is a material
constant related to the atomic ratio of Ni-Ti alloys (which can be obtained via a DSC test).

When
•
T = 0, the SMA transforms from twinned martensite to detwinned martensite due

to the stress. The detwinned martensite volume fraction can be expressed as

ξDM =

⎧⎪⎪⎨⎪⎪⎩
0 σ ≤ σs
1

1+e
ab

σs−σf
(σ−σd)

σs < σ < σf

1 σ ≥ σf

(16)

σd =
σs + σf

2
(17)

where σs and σf are the critical stresses at the beginning and end of the martensite de-
twinning, respectively, and σd is the average value of the critical stress of the detwinned
martensite phase in the zero stress state.

4. Results and Discussion

Based on the improved SMA constitutive model of the logistic function, the dynamic
process of the SMA phase transition was fitted and analyzed. Numerical fitting and
prediction were carried out through the shape memory effect under the two scenarios of
a constant load and constant temperature, and the model was compared and verified by
traditional constitutive data as well as literature test data.

4.1. Logistic Variable Speed Phase Transition Kinetics Fitting and Analysis

Under the constant load scenario, the initial stress was assumed to be 50 MPa and
the temperature cycling range was 0–150 ◦C. The relationship between the martensite
volume fraction and the temperature was numerically fitted using the Brinson model and
the logistic variable speed constitutive model, and the results are shown in Figure 2. The
fitted curves show that the dynamic equation of the logistic variable-speed transformation
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adjusted the shape of the curve using a single coefficient, and that it could flexibly adjust
the rate of change of the transformation rate. The rate of change of the martensite volume
fraction at a given temperature was not unique. However, for a given material parameter
in the Brinson model, the rate of change of the martensite volume fraction was unique, the
phase transformation rate was constant, and the intermediate process could not be flexibly
adjusted. In contrast, the thermomechanical responses in the initial and final regions of
the phase transition represented by the logistic variable-speed phase transition kinetic
equation were completed in a smooth and gradual manner, while the phase transition
region represented by the Brinson model was relatively sharp and abrupt. When the
transformation rate coefficient was a = 1, the rates of change of the martensite volume
fraction fitted by the logistic variable-speed transformation kinetic equation and the Brinson
model were essentially the same except for the beginning and end of the transformation. As
the phase transition coefficient increased, the curve became steeper in the phase transition
region, and the phase transition responded more sharply in the initial and final regions.
In summary, the improved variable-speed phase transition kinetic equation based on the
logistic function could flexibly adjust the intermediate process of the phase transition and
had superior adaptability compared to the traditional model.

Figure 2. Relationship between the martensite volume fraction and the temperature for different
transformation rate coefficients.

Figure 3 shows the numerical fitting results for the volume fraction rates of change
for martensite and austenite with temperature cycling under a constant stress of 50 MPa.
During the process of martensite forward and reverse transformation, the rate of change of
the martensite volume fraction initially increased and then decreased as the temperature
changed. The change was relatively gradual at the beginning and end of the phase transi-
tion, and it reached a peak in the central region of the phase transition. This was generally
consistent with the trends in the rates of change of the endothermic and exothermic peaks
in the heat flow-temperature curve measured by the DSC test. When the transformation
rate coefficient a = 1, the logistic function basically agreed with the rate of change of the
martensite volume fraction curve described by the transformation control equation in the
form of a cosine function. As the phase transition rate coefficient increased, the range of the
rate of change gradually increased, and the peak value that appeared increased gradually.
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Figure 3. Relationship between the rate of change of the martensite volume fraction and the tempera-
ture for different transformation rate coefficients: (a) reverse martensitic transformation, (b) marten-
sitic transformation.

4.2. Numerical Fitting and Analysis of Phenomenological Constitutive Model

The constitutive model improved by the logistic function could completely describe
the thermodynamic response characteristics of the beginning, ending, and intermediate
processes of the SMA phase transition. In order to verify the accuracy and validity of the
model, the SMA shape memory effect under constant load and constant temperature was
numerically fitted and predicted using MATLAB, and the fitting results were compared
to the Brinson model and the experimental data. The material parameters involved in the
fitting are shown in Table 1. The thermomechanical performance parameters refer to the
data in [25].
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Table 1. The transformation temperatures and thermomechanical properties of SMA.

Phase
Transition

Temperature

Thermal
Coefficient

Elastic Modulus
Phase

Transition
Parameters

Maximum
Residual Strain

Mf = 22 ◦C α = 1 × 10−5

◦C−1
DTM = 22,800

MPa CM = 5 MPa/◦C εL = 0.072

Ms = 65 ◦C b = 6.8 DDM = 17,600
MPa CA = 5 MPa/◦C

As = 82 ◦C DA = 42,800 MPa σs = 136 MPa
Af = 107 ◦C σf = 161 MPa

4.2.1. Different Load Cycles at Constant Temperature

Under different load conditions at constant low temperature, the initial crystal phase
structure of the SMA was completely twinned martensite, and its initial conditions were
T0 = −10 ◦C, σ0 = 0 MPa, ε0 = 0, ξDM0 = 0, ξ0 = 1, and a = 0.5. When the twinned martensite
was completely transformed into detwinned martensite, the end conditions were ξDM = 1,
ξ = ξDM. Combining Equations (10) and (16), we can get the complete stress–strain
relationship in the detwinning process. Figure 4 shows the numerical fitting of the stress–
strain relationship of the SMA wire at constant temperature performed by the logistic
variable-speed constitutive model and the Brinson model; this was also verified by the
experimental data taken from the literature [25]. At constant temperature, the stress–strain
relationship of the SMA under different loads presented three different response regions
during the loading process. In the initial elastic region, the stress increased linearly with
the strain. When the stress reached the critical stress, it entered the phase transformation
plateau region; the twinned martensite began to transform into detwinned martensite,
the strain increased significantly, and the stress remained stable. When the stress reached
the critical stress, it entered the linear elastic region again, the twinned martensite was
completely transformed into detwinned martensite, and the stress increased linearly with
the strain again. During the unloading process, the martensite existed as a completely
detwinned variant, and the stress decreased linearly with the strain. When the stress
dropped to zero, a small part of the elastic strain recovered, and most of the transformation
strain remained. When the temperature was raised again, the residual transformation strain
recovered, thus realizing the shape memory effect. Figure 4 shows that the elastic moduli
of the twinned martensite and detwinned martensite structures were not equal, and the
fitting results of the Brinson model exhibited a certain deviation in the initial and final
stages of the transformation and the unloading stage. The rate of change of the structural
model at the beginning and end of the phase transition was relatively smooth and slow,
and the fitted curve was more similar to the experimental data.

4.2.2. Different Temperature Cycles under a Constant Load

Under a constant load, the initial crystal phase structure of the SMA was fully
twinned martensite, the temperature range was −20–200 ◦C, and the initial conditions
were T0 = −20 ◦C, σ0 = 100 MPa (σ0 < σs), ε0 = 0, ξDM0 = 0, ξ0 = 1, and a = 0.5. Combining
Equations (10), (12) and (14), we can get the relationship between strain and temperature
of the complete temperature cycle. Figure 5 shows the numerical fitting of the strain-
temperature relationship of the SMA wire under constant stress for the logistic model
and the Brinson model. The logistic model was verified by the experimental data in the
literature [25]. The results show that the strain–temperature relationship of the SMA under
constant load had three different response regions: the pure martensite state, pure austenite
state, and mixed transformation state. The SMA strain in the non-transition region slowly
decreased and increased with increasing and decreasing temperature, respectively, until it
became stable. The mixed phase transition region presented a nonlinear mutation, and the
mutation point was basically consistent with the four phase transition temperature charac-
teristic points (Ms, Mf, As, and Af). The strain–temperature curves did not coincide during
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heating and cooling, and there was an obvious strain difference. Figure 5 shows that the
strains of the three different response regions were all nonlinear with temperature, while
the curves fitted by the Brinson model were all linear in the non-transition region and their
transitions were too sharp at the beginning and end of the phase transition. Furthermore,
they deviated by a certain amount from the test results. The fitting results of the improved
phase transition model based on the logistic function were in good agreement with the
experimental results. The nonlinear relationships in different regions were fitted completely,
and the slow and gradual phase transition processes at the initial and final stages of the
phase transition were accurately described. The small deviation between the heating fitting
results and the experimental data was due to the fact that the temperature obtained from
the experiment was 2 ◦C lower than the parameter value used in the numerical fitting.

Figure 4. Comparison between the simulation and experimental results of the stress-strain relation-
ship at −10 ◦C.

Figure 5. Comparison between the simulation and experimental results of the relationship between
strain and temperature at 100 MPa.
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4.3. Consideration of Marine Engineering Application

In addition to limit factors of traditional SMA actuators, there are very special aspects
that need to be considered when SMA actuators are applied in deep sea extreme environ-
ment, including the conductivity of seawater, strong corrosion, low temperature, and high
hydrostatic pressure.

4.3.1. Conductivity of Seawater

The biggest advantage of SMA is that it can integrate execution and sensing. Moreover,
it can feedback the execution of the driver through its own resistance change. However,
seawater is a multicomponent electrolyte solution, and the conductivity of different sea
areas will be different due to the difference of temperature, salinity, and pressure, which
will lead to a deviation of the closed-loop control method based on resistance feedback.
Additionally, the conductivity of seawater will also cause the leakage of the SMA and
connecting wires, which will inevitably lead to a loss of energy efficiency of the driver.

4.3.2. Strong Corrosive

Seawater is an excellent alkaline environment that can promote the formation of an
electrochemical mechanism of corrosion and hydrolysis. When SMA is not energized, the
stable and discontinuous adhesive passivation film formed on its surface can keep good
corrosion resistance and biocompatibility of SMA. When the SMA is energized underwater,
the seawater will be electrolyzed by electrical signals and hydrogen is produced. Ti based
SMA are very sensitive to hydrogen, and sudden failure which is known as hydrogen
embrittlement will happen. Therefore, anti-corrosion protection must be considered for
deep sea SMA actuators, including soft sealing, oil-filled sealing, and insulating coating.

4.3.3. High Hydrostatic Pressure

The maximum hydrostatic pressure in an extreme deep-sea environment can reach
113 MPa, and the phase transformation strain of SMA with small diameter and compact
structure is small under the hydrostatic pressure of 113 MPa. However, the damage to the
porous structure caused by long-term electrolysis will gradually increase the influence of
hydrostatic pressure on the SMA, which cannot be ignored.

4.3.4. Low-Temperature Environment

The thermodynamic performance of SMA is closely related to the ambient temperature.
The maximum difference between the temperature of the deep seabed and the normal
temperature is 10 times. The low temperature will accelerate the surface heat dissipation
of SMA, which requires more driving thermal power. The thermodynamic performance
parameters in the air can no longer be applied to the underwater environment. Therefore,
the driving thermodynamic properties of SMA in deep-sea applications need to be further
explored.

5. Conclusions

The traditional phenomenological model used to describe SMAs has the common
drawbacks of abrupt transitions at the beginning and ending of the phase transition and
an invariable speed in the phase transition process. The traditional phase transition mod-
els with constant phase transition speed, such as cosine functions, linear functions, and
exponential functions, are suitable for single crystal SMAs, while polycrystalline SMAs
require a more flexible variable speed phase transition function. The improved logistic func-
tion developed in this study is an excellent substitute for the traditional phase transition
function.

The phenomenological variable-speed constitutive model expanded the thermody-
namic constitutive equation through the decomposition of the phase transition strain,
replaced the traditional phase transition function with an improved logistic nonlinear
function, and increased the phase transition rate coefficient to systematically describe the
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variability of the intermediate phase transition process. Compared to the traditional model,
this model has more advantages and better flexibility, and is more consistent with actual test
results. Through an analysis of the fitting performance in multiple scenarios, it was found
that the dynamic model of the variable-speed phase transition improved by the logistic
function could adjust the shape of the curve through a single coefficient, and it could also
perform simple and efficient fitting and prediction of the SMA shape memory effect with
fewer parameters. Additionally, it accurately modeled the gradual changes in the initial
and final regions of the phase transition and had the ability to flexibly adjust the rate of
change of the phase transition rate. These results can be used to lay a theoretical foundation
for the design of SMA deep-sea actuators used in marine engineering applications.

Author Contributions: Conceptualization, J.G., B.P. and W.C.; methodology, J.G.; validation, J.G.,
B.P., W.C. and S.H.; formal analysis, J.G. and B.P.; writing—original draft preparation, J.G.; writing—
review and editing, J.G., B.P. and W.C.; project administration, S.H. All authors have read and agreed
to the published version of the manuscript.

Funding: This research was funded by the Science and Technology Research Project of Social Devel-
opment of Shanghai Science and Technology Commission, grant number 21DZ1205503.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Li, C. The potential and challenges of China’s marine science and technology development. People’s Forum Acad. Front. 2017, 18,
37–43.

2. Li, J.; Liu, F.; Ma, W. Development status of intelligent equipment industry for marine unmanned systems at home and abroad.
Ship Eng. 2020, 42, 25–31.

3. Guo, J.; Pan, B.; Cui, W.; Hu, S.; Han, Z. Review of deep-sea actuators and marine bionic robots based on intelligent materials.
Ship Mech. 2022, 26, 13.

4. Bai, Z. Summary of research progress and application of smart materials. Mil. Civ. Dual-Use Technol. Prod. 2020, 3, 15–20.
5. Guo, K.; Xia, P. Research progress of smart composite materials. Funct. Mater. 2019, 50, 4017–4022, 4029.
6. Hao, L. Research on Mechanical Properties of Shape Memory Alloy Bulge. Ph.D. Thesis, Nanjing University of Aeronautics and

Astronautics, Nanjing, China, 2018.
7. Moumni, Z.; Zaki, W.; Nguyen, Q.S. Theoretical and Numerical Modeling of Solid–Solid Phase Change: Application to the

Description of the Thermomechanical Behavior of Shape Memory Alloys. Int. J. Plast. 2008, 24, 614–645. [CrossRef]
8. Yang, J.; Huang, B.; Gu, X.; Wang, J.; Zhang, Y.; Zhu, J.; Zhang, W. Review of Mechanical Behavior and Application of Shape

Memory Alloys. J. Solid Mech. 2021, 42, 345–375.
9. Liu, K. Design and Control Technology of Underwater Vector Deflection Actuator Based on Ni-Ti Shape Memory Alloy. Master’s

Thesis, South China University of Technology, Guangzhou, China, 2020.
10. Cisse, C.; Zaki, W.; Zineb, T.B. A review of constitutive models and modeling techniques for shape memory alloys. Int. J. Plast.

2016, 76, 244–284. [CrossRef]
11. Lagoudas, D.; Hartl, D.; Chemisky, Y.; Machado, L.; Popov, P. Constitutive model for the numerical analysis of phase transforma-

tion in polycrystalline shape memory alloys. Int. J. Plast. 2012, 32–33, 155–183. [CrossRef]
12. He, J.; Toi, Y. Improved constitutive modeling for phase transformation of shape memory alloys. J. Solid Mech. Mater. Eng. 2013, 7,

11–26. [CrossRef]
13. Lagoudas, D.C.; Entchev, P.B.; Popov, P.; Patoor, E.; Catherine Brinson, L.; Gao, X. Shape memory alloys, Part II: Modeling of

polycrystals. Mech. Mater. 2006, 38, 430–462. [CrossRef]
14. Kucharavy, D.; Guio, R.D. Application of S-shaped curves. Procedia Eng. 2011, 9, 559–572. [CrossRef]
15. Guan, J.H.; Pei, Y.C.; Wu, J.T. A driving strategy of shape memory alloy wires with electric resistance modeled by logistic function

for power consumption reduction. Mech. Syst. Signal Process. 2021, 160, 107839. [CrossRef]
16. Ding, Y. Research on the Multidimensional Constitutive Relation of Shape Memory Alloys. Master’s Thesis, Xi’an University of

Architecture and Technology, Xi’an, China, 2005.
17. Johari, G.P.; McAnanama, J.G.; Sartor, G. Effect of hydrostatic pressure on the thermoelastic transformation of Ni-Ti alloy and the

entropy of transformation. Philos. Mag. B 1996, 74, 243–257. [CrossRef]

49



J. Mar. Sci. Eng. 2022, 10, 1951

18. Wan, J.L.; Chen, Z.B.; Qin, S.J.; Shang, J. Effect of hydrostatic pressure on thermally induced phase transformation in NiTi alloy: A
molecular dynamics study. Comput. Mater. Sci. 2018, 153, 119–125. [CrossRef]

19. Ikuta, K.; Tsukamoto, M.; Hirose, S. Mathematical model and experimental verification of shape memory alloy for designing
micro actuator. In Proceedings of the IEEE Micro Electro Mechanical Systems, Nara, Japan, 30–2 January 1991; pp. 103–108.

20. Liu, B. Study on the Phase Transformation Mechanism and Mechanical Properties of Porous Shape Memory Alloys. Ph.D. Thesis,
Beijing Jiaotong University, Beijing, China, 2013.

21. Zhu, X.; Dui, G. Modeling of superelastic–plastic behavior of porous shape memory alloys incorporating void shape effects. Acta
Mech. Solida Sin. 2021, 34, 632–644. [CrossRef]

22. Sumoto, H.; Yamaguchi, S. A study on a control meth- od of artificial muscle using segmented binary control for an up-scaled fish
type robot. In Proceedings of the 21st International Offshore and Polar Engineering Conference, Maui, HI, USA, 19–24 June 2011;
pp. 223–229.

23. Angilella, A.J.; Gandhi, F.S.; Miller, T.F. Design and testing of a shape memory alloy buoyancy engine for unmanned underwater
vehicles. Smart Mater. Struct. 2015, 24, 115018. [CrossRef]

24. Hartl, D.J.; Lagoudas, D.C. Thermomechanical Characterization of Shape Memory Alloy Materials. In Shape Memory Alloys:
Modeling and Engineering Applications; Springer: Boston, MA, USA, 2008.

25. Li, J.; Yang, Z. Numerical analysis and modification of thermodynamic empirical constitutive model for shape memory alloys.
Mater. Rev. 2021, 35, 18116–18123.

26. Kudryashov, N.A. Logistic function as solution of many nonlinear differential equations. Appl. Math. Model. 2015, 39, 5733–5742.
[CrossRef]

50



Citation: Dong, L.; Wei, Z.; Zhou, H.;

Yao, B.; Lian, L. Numerical Study on

the Water Entry of a Freely Falling

Unmanned Aerial-Underwater

Vehicle. J. Mar. Sci. Eng. 2023, 11, 552.

https://doi.org/10.3390/

jmse11030552

Academic Editor: Rafael Morales

Received: 2 February 2023

Revised: 25 February 2023

Accepted: 1 March 2023

Published: 4 March 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Journal of

Marine Science 
and Engineering

Article

Numerical Study on the Water Entry of a Freely Falling
Unmanned Aerial-Underwater Vehicle

Liyang Dong 1,2,3, Zhaoyu Wei 1,*, Hangyu Zhou 1, Baoheng Yao 1,3 and Lian Lian 1,3,*

1 School of Oceanography, Shanghai Jiao Tong University, Shanghai 200240, China
2 School of Naval Architecture & Ocean Civil Engineering, Shanghai Jiao Tong University,

Shanghai 200240, China
3 State Key Laboratory of Ocean Engineering, Shanghai Jiao Tong University, Shanghai 200240, China
* Correspondence: wzhyu@sjtu.edu.cn (Z.W.); llian@sjtu.edu.cn (L.L.)

Abstract: The unmanned aerial–underwater vehicle (UAUV) is a new type of vehicle that can
fly in the air and cruise in water and is expected to cross the free water surface several times to
perform continuous uninterrupted observation and sampling. To analyze the hydrodynamic and
motion characteristics of the vehicle, the whole water-entry process of a multi-degree-of-freedom
UAUV with various velocity and pitch angle was investigated through a Reynolds-averaged Navier–
Stokes method. The computational domain was meshed by trimmer cells. The relative movement
between the vehicle and fluid domain was simulated using moving reference frame overset mesh
to delineate the interaction region around vehicle body. To reduce the computational cost, adaptive
mesh refinement and adaptive time-stepping strategy were used to capture the slamming pressure
accurately with reasonable computational effort. First, convergence study is considered. Simulations
of the vehicle with various initial velocities and different pitch angles were performed. The variable
physical properties were analyzed, and detailed results through the time-varying force and velocity
were shown. Initial velocity and pitch angle are found to significantly influence hydrodynamic
behavior, including the time-varying force, while thickness ratio has a great impact on added mass
and pressure. The results show that higher entry velocity results in greater peak vertical force. The
transverse hydrodynamic characteristics for oblique water entry of the vehicle with varies pith angle
are quite different.

Keywords: unmanned aerial–underwater vehicle; adaptive mesh refinement; water entry; hydrodynamic
forces; freely falling

1. Introduction

The unmanned aerial vehicle (UAV) and the autonomous underwater vehicle (AUV)
have become significant in joint multidomain marine operations, which have been widely
favored by research communities. A single independent unmanned vehicle cannot satisfy
the mission demand well, whereas it also is a daunting challenge to integrate various kinds
of vehicles into one system properly. The unmanned aerial–underwater vehicle (UAUV)
exhibits the characteristics of both the UAV and AUV, which meets demands for aerial
and underwater tasks. The UAUV can fly in the air and cruise in water and is expected
to cross the free water surface several times (Nicolaou [1]). The UAUV concept has been
introduced as the LPL (Russian abbreviation for Flying Submarine) projects by the Soviet
Union, which can navigate in either air or water (Petrov [2]). So far, UAUVs are still at the
stage of prototype concept, and most work has been devoted to designing a configuration
fitting for both air and water domain operations, and its irregular surface shape poses some
challenges in the final manufacture. With their potential civil and military requirement,
UAUVs have attracted more and more attention from researchers in recent years.

The complete motion process of the vehicle consists of three main stages: air flight,
underwater navigation, and media crossing motion, including water entry and exit stages.
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The wing-folding machinery for the vehicle is difficult to design and manufacture. The
propulsion systems should be suitable for both water-to-air and air-to-water transition
(Li et al. [3]). Among the key technologies for the development of UAUVs, the techniques
for air-to-water transition are quite significant, especially for fixed-wing shaped UAUVs.
During the transition, fixed-wing UAUVs always undergo a sharp change in hydrodynamic
force and a complicated slamming phenomenon associated with cavity formation, splash,
and free surface deformation, which may cause damage to the vehicles’ components. For
instance, the impact load may make UAUVs bounce on the water surface, damaging their
components (Oumeraci [4]). Instability of the motion may also produce negative effects
for the working conditions of the cruise. Furthermore, the hydrodynamic forces of lift and
drag affect motion during the smoothing and consecutive transition from air flight to water
cruise (Wei et al. [5]). To consider this aspect, the hydrodynamic characteristics of UAUVs
were studied in the present work using the computational fluid dynamics (CFD) method.

The pioneer reports on the phenomenon of water impact by a rigid body were pub-
lished by Von Karman [6], who gave an analytical expression for the impact force de-
rived from the momentum theorem without considering the splash-up effect. Based on
Von Karman [6], Wagner [7] derived a fair flat theoretical assumption and proposed
a mathematical model that obtained satisfactory results. Based on an integro-differential
equation introduced by Wagner [7], Dobrovol’skaya [8] extended the model and obtained
self-similar solutions for water entry of a wedge at a constant speed. Toyama [9] pre-
sented typical solutions for asymmetrical water entry of unsymmetrical section bodies
without flow separation, based on the potential flow introduced by Wagner [7]. Based on
Dobrovol’skaya [8], Mei et al. [10] introduced a boundary element method (BEM). Early
investigations on the problem of water entry were studied by many researchers (Vorus [11],
Semenov & Iafrati [12], Xu & Wu [13], Han & Sun [14]) using potential flow and boundary
elements theory, and variations in pressure distribution were also obtained. Based on
the accurate surface shape of the fluid-structure coupling, Wang et al. [15] established
an oblique water-entry impact model coupled with ballistic and dynamic models. How-
ever, the above methods ignore some physical properties, such as viscosity, vortex, and
cavitation of the fluid.

With the rapid development of high-performance computational technology in recent
years, the parallelization of computation efficiency and accuracy has increased so that
complicated coupling problems are expected to be solved (Afzal, 2017 [16]). Qiu et al. [17]
studied the water entry process of bodies of revolution by the CFD analysis software
FLUENT with user-defined functions (UDFs) and a MIXTURE process model. Based
on the Reynolds-averaged Navier–Stokes (RANS) method, Guo et al. [18] simulated the
planned forced landing of a transport aircraft on the water free surface and studied the
water-entry impact forces and the proper initial angle. Shi et al. [19] designed a buffer
cap for an underwater vehicle and analyzed the influence of various parameters on the
water-entry process. Chen et al. [20] presented a numerical study of the launching and
recovery process for an autonomous underwater helicopter from a research vessel using the
commercial software STAR-CCM +, showing that the optimal water-entry angle was 75◦,
which contributes to shape optimization. Du et al. [21] studied the influence of geometrical
shapes on cavity evolution, flow fields, and vortex structure evolution during water-entry
processes by using experimental and OpenFOAM platforms.

By simulating the hydrodynamics of water entry, some further applications about
the vehicles have also been studied by researchers. Based on the motions and forces re-
sult by numerical simulations, identification of vehicle parameters can be done thereafter.
Wu et al. [22] established the dynamic model of a freely falling UAUV immerging into the
water and obtained the satisfactory trajectory using a cuckoo search (CS) optimization
algorithm. Wu et al. [23] also studied the cross-domain trajectory for an aerial–aquatic
coaxial eight-rotor vehicle, considering the influence of navigation error. On the other hand,
some control could complete the control task of the unmanned vehicle system, without
a priori knowledge or an identification process. Baldi & Roy [24] designed an autopilot
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framework, which needs no knowledge of the vehicle dynamics and environment mes-
sages. Embedding adaptation mechanisms in guidance law, Wang & Roy [25] proposed
an adaptive vector field guidance method for UAVs, where a priori knowledge is also not
required, and obtained fine results in the tests on the hardware platforms.

When a fixed-wing UAUV enters the water, the impact always induces a series of prob-
lems. This work considers the hydrodynamic problems of UAUVs using the CFD method.
In contrast to the regular shapes, such as wedges, cones, and circulars mentioned above,
vehicles have curvy surfaces and relatively complicated shapes, which makes the problem
no longer linear. The volume of fluid (VOF) method is utilized to numerically capture the
free surface profiles (Wang et al. [26]), and overset mesh technology is utilized to achieve
the interaction between the background domain and the body region. This technology has
an instructive significance in practical engineering applications that provides a reference in
the dynamic modeling of cross-domain bodies. The present study is motivated by the need
to evaluate the impact loads that may induce damage to the structure or bouncing of the
falling object.

2. Materials and Methods

For freely falling bodies, it is also common to assume that the motions can be decoupled
into longitudinal and lateral motions. In this study, it is speculated that the vehicle enters
the water in a vertical plane, as shown in the sketch in Figure 1. It is of interest to analyze
the slamming force and the motion responses of the vehicle.

Figure 1. The sketch of the problem definition.

2.1. Governing Equations and Turbulence Model

As the velocity of the vehicle is much lower than the acoustic speed, the compressibility
of water can also be ignored. Without energy exchange, the numerical solution only follows
the conservation equation of mass and continuum:

∂ρ

∂t
+

∂(ρui)

∂xi
= 0 (1)

∂(ρui)

∂t
+

∂(ρuiuj)

∂xj
= − ∂p

∂xi
+

∂ρ(τij)

∂xj
+ ρgj (2)

where xj are the Cartesian coordinates; ui and uj are the Cartesian components of the
time-averaged velocity (i, j = 1, 2, 3), p is mean pressure, ρ is the fluid density, g denotes
the body forces due to the gravitational acceleration, and τij is the viscous stress tensor
belonging to a new unknown in which the equations are not closed.

To close the Reynolds stresses in the equations, the RANS has been modeled with the
Shear-Stress Transport (SST) k-ω model (Menter [27]). Wilcox derived a 2-equation k-ω
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turbulence model for the correlation between the transport equations for 2 parameters: the
turbulent kinetic energy k and the specific dissipation rate ω = ε/Cμk, which are obtained
from the following transport equation:

∂

∂t
(ρk) +

∂

∂xi
(ρkui) =

∂

∂xj

(
Γk

∂k
∂xj

)
+ G̃k − Yk (3)

and:
∂

∂t
(ρω) +

∂

∂xi

(
ρωuj

)
=

∂

∂xj

(
Γω

∂ω

∂xj

)
+ G̃ω − Yω + Dω (4)

where Γk and Γω are the effective diffusivities for the SST k-ω model, respectively:

Γk = μ +
μt

σk
(5)

Γω = μ +
μt

σω
(6)

where σk and σω represent the turbulent Prandtl numbers for kinetic energy k and the
specific dissipation rate ω, respectively. The turbulent viscosity μt is computed as:

μt =
ρk
ω

1

max
[

1
a∗ , SF2

a1ω

] (7)

σk =
1

F1
σk,1

+ (1−F1)
σk,2

(8)

σω =
1

F1
σω,1

+ (1−F1)
σω,2

(9)

where S is the modulus of the mean rate-of-strain tensor. The term G̃k represents the
production of turbulence kinetic energy, which is defined as:

G̃k = min(Gk, 10ρβ∗kω) (10)

To evaluate the term Gk consistent with the Boussinesqu hypothsesis:

Gk = μtS2 (11)

The term Gω is defined as:

Gω =
a
vt

G̃k (12)

and Dω is defined as:

Dω = 2(1 − F1)ρ
1

ωσω,2

∂k
∂xj

∂ω

∂xj
(13)

This turbulence model provides accurate and reliable solutions for a wide variety
of flows, including adverse pressure gradient flow, effectively blending the robust and
accurate formulation of the model in the far field [28]. For the fully developed turbulent
flow, the higher accuracy of the k-ω model helps in predicting characteristics of the flow
field and tracking streamline distribution during the whole water-entry process. More
details on the closure coefficients and auxiliary relationships in the above equations were
presented in previous papers by Wilcox [29,30].
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2.2. Treatment of Free Surface

For multiphase analyses, the Eulerian-based VOF method developed by Hirt and
Nichols [31] is applied to capture the interface in multiphase flows. This method is based
on the rationale of the determination of air-water interface by calculating the volume
function of the air and water phases within the grids [32]. In this work, the free surface is
computed through the VOF method. The VOF formulation is set to be unsteady implicit in
this study. Throughout the computational domain, air above the free surface of the calm
water is selected as the gas phase, while the water is selected as the liquid phase. In the
beginning step, flat wave has been selected.

To simulate the time-varying process of a vehicle submerging into the water, the
overset mesh technique is used to track the motion of the vehicle region. This technique
utilizes a set of Chimera embedding grids to discretize complex regions into simpler
meshes [33]. The scheme is to transfer physical quantities between the multiblock mesh
systems by interpolations in which the solution from one grid is linked to the solution on
the embedding grids.

For free surface problems and overset mesh interaction problems, the implementation
of grid refinement plays an important role in the accuracy of numerical solutions. Several
arbitrarily shaped volumetric control regions were previously adopted to refine some
meshes near the body surface and the free surface with a larger curvature. In order to
balance accuracy and efficiency during the simulation, the AMR method, which adjusts
the cell grid adaptively, is developed in the STAR-CCM+. To improve the stability and
the accuracy of the results during the simulation, the adaptive mesh refinement (AMR)
technology is used to increase the convergence rate and reduce calculation errors and [34].
An initial uniform mesh is generated at the beginning, and the local mesh near the specified
area will be redefined adaptively in next iteration step. The accuracy error of numerical
solutions is the criterion for adjusting each cell node during the iteration. In the regions with
higher nonlinearity, the distribution of gird nodes will be denser to increase computational
accuracy using the proposed method. In order to decrease computational burden, it will be
sparser in the regions with lower nonlinearity in the meantime.

Adaptive time-stepping strategy is also used to reduce run time of the simulation and
attain a specified temporal resolution. In the iteration process, this strategy first calculates
local time step automatically, based on the free surface Courant-Friedrichs-Lewy (CFL)
condition. Then, the global time step is obtained based on Courant number weight using
the rate of change of volume fraction. This adjustment is particularly useful for cases with
large variations of flow topology or large varying time scales of the physics [34].

2.3. Numerical Procedure

The motion of the body interacts with the unknowns of flow characteristics, so it
should be decoupled. With the dynamic fluid body interaction (DFBI) module superposed
rotation and translation motion, the motions of the vehicle can be obtained at each time step.
First, the pressure and shear on each boundary are obtained through Equations (1) and (2)
above, and the resultant forces and moments acting on the body surface can also be
calculated by integration, according to the related kinetic parameters. At this time, the
accelerations can be obtained through the governing equations of the 6 degrees of freedom
(6-DOF) motion solver. Once the new position and orientation of the body are updated
over time, the body surface will in turn act on the nearby fluid domain. Then, the real-time
physical state of the body is computed again.

The simulations are conducted using the CFD software STAR-CCM+ (version 17.02) to
numerically simulate the problem. The solution method for solving the pressure-velocity
coupled equation system in multiphase flow is the SIMPLE scheme algorithm. In discretiza-
tion of volume fraction and turbulent kinetic energy, 1st-order upwind is selected until the
residuals converge and then are turned into 2nd-order backward Euler scheme to improve
precision of the simulation. The implicit unsteady algorithm is used for velocity–pressure
coupling. The same numerical scheme had been used to investigated the oblique water
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entry of projectiles (Song & Duan [35]). The gravity acceleration in this case is set in nega-
tive z0-direction. A robust automated prism layer meshing algorithm is also used on the
vehicle surface, with two-layer all y+ wall treatment, to better capture the boundary layer.

3. Test Object and Computational Mesh

In this section, studies on the water-entry process of UAUVs is carried out. This
vehicle can be carried by a supporting vessel and transit between two phases smoothly.
Similar to AUVs and UAVs, UAUAVs can cruise underwater and fly in the air.

3.1. Description of the UAUV

As shown in Figure 2, the main stages of the complete operation are taking off,
climbing, aerial flight, diving, water entry, underwater cruise, floating, and water exit.
In an ocean survey, when the supporting vessel arrives at the ingress area, the vehicle
is launched from the deck. Thereafter, the vehicle flies to the wrecked area and surveys
aerially above the water surface. Then, the vehicle immerges into the water to investigate
the region of interest. When the underwater cruise is completed, the vehicle floats up by
the propellers. The stream flow produced by the propellers and the lift forces generated by
the wings can also help the UAUV convert into flight state smoothly. Upon water exit, the
UAUV communicates with the supporting vessel and transmits key data for making timely
decisions afterward. Then, the UAUV could continue aerial or underwater observation
missions. This vehicle has a real-time ability to exchange information and achieve extensive
range of both aerial and underwater investigations such as relay communication, marine
environment reconnaissance, seabed detection, and rescue applications.

Figure 2. Schematic sketch of operational regimes of the UAUV.

Definition of the main parameters are given in Table 1, and the configuration of the
UAUV is shown in Figure 3. Figure 3a–c shows three views of the UAUV and Figure 3d
shows the stereogram view of the UAUV. The fixed wing is based on an ultrathin RSG-
28 airfoil commonly used in UAVs, which remarkably saves space to facilitate folding.
Two small winglets are implemented to improve the kinetic stability of the vehicle, ensuring
aerodynamic efficiency during air flight. An aerodynamic propeller is adopted on the
vehicle’s fore, and a hydrodynamic propeller is adopted on the aft.

Table 1. Parameters of the object.

Main Parameters Symbol Unit Quantitative Values

Length of the vehicle L m 1.62
Span of the wing (UAV moed) b m 1.72
Width of the vehicle (AUV mode) B m 0.23
Weight of the vehicle W kg 7.86 kg
Pitch angle of the vehicle θ ◦ variable
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Figure 3. Prototype configuration for the UAUV: (a–c) three views; (d) stereogram view.

The equilibrium of the buoyancy force and gravity influences the stability of under-
water vehicles. The relative mass density of a vehicle determines its negative, positive,
or neutral buoyancy. Most underwater vehicles are designed as neutrally or positively
buoyant so that they can float passively in case of an accident. In the simulations, the
UAUV is set as neutrally buoyant.

3.2. Coordinate Systems and Dimensionless Quantities

To describe the hydrodynamic forces and motions of the vehicle, there are two right-handed
Cartesian coordinate systems as shown in the sketch in Figure 4. In this study, the vehicle
changes its wing span and orientation before water entry, and the simulated object is the
UAUV under the folded state (AUV mode). In order to display the direction of the y axis
more clearly, the wings are unfolded as in Figure 4. O-x0y0z0 is the inertial Earth-fixed
coordinate system, and fixed in the space is defined with O arranging at the center of
gravity (CG) of the vehicle; the x0 axis coincides with the mean water surface, and the z0
axis points upward. In addition, a moving coordinate system of O-xyz fixed on the vehicle
is defined, with its horizontal axis Ox and vertical axis Oz aligned at the right angle and
along the moving direction of the vehicle, respectively.

Figure 4. Schematic diagram of the Earth-fixed coordinate and body-fixed coordinate system of
the UAUV.
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To simplify the problem, the UAUV moves only in the x0-O-z0 plane and the out-
of-plane motions are neglected, which indicates the motion plane of the vehicle being
normal to the y0 axis. As the vehicle entered the water, the body-fixed coordinate system
also moved in the x0-O-z0 plane. In this study, the simulated object is the UAUV under
the folded state. The simulated forces and moments exerted on the vehicle in 3-DOF are
estimated in the O-xyz coordinate including the surge force, force heave, and pitch moment,
designated as X, Z and M, respectively. To simplify the problem, the aerial propeller and
the underwater propeller are also neglected, because the underwater and aerial propellers
will stop rotating. The water-entry process can be regarded as freely falling.

3.3. Computational Domain and Boundary Conditions

To solve the integral Equations (1) and (2) numerically, the boundaries are represented
in spatial and temporal discretized form. A mesh strategy with high computational accu-
racy and fast efficiency should be selected for simulation calculation. The sketch of the
computational domain is shown in Figure 5a. The surface remesher is used to generate the
volume mesh for a trimmed nonstructured mesh, which has better geometric adaptability.
There is an overset mesh block around the free surface, moving in the vertical plane, as
shown in Figure 5b. Data exchange between two blocks is realized by the least square
interpolation. The DFBI solver should been created, and it is necessary to specify the
manner in which the vehicle body can move freely. In this study, the vehicle body is set
free to translate in the x axis (lateral direction) and in the z axis (transverse direction) and
to rotate about the y axis (pitch). Overset AMR and free surface AMR are utilized during
the simulation process.

 
(a) (b) 

Figure 5. The sketch of CFD settings: (a) configuration of the boundary conditions; (b) mesh of
computational domain.

During the CFD simulation, a rectangular computational domain region of 12L × 10L × 5L
is selected, as shown in Figure 5a. Due to the symmetry of the flow field, a symmetric
surface treatment is applied for the computational domain. The vehicle surface is defined
as moving walls with certain velocities. For inlet, the velocity inlet boundary is set with
a specification of inlet velocity magnitude and specified at 4L upstream of the vehicle. The
pressure outlet with specified pressure is specified at 8L downstream of the vehicle. After
the vehicle model is released, it falls freely due to Earth’s gravity with an initial velocity.
The water depth is set as 6L, and the initial height of the vehicle is specified as 0.5 m
above the mean water. The y+ values should be larger than 30 to ensure accuracy for the
SST k-ω model [36].

4. Convergence Study

This section describes the convergence study conducted to make sure the appropriate
time step and mesh size are chosen so that the whole process of the UAUV entering the
water can be solved. To test the numerical error, convergence studies were conducted for
the UAUV to evaluate the influences of mesh size dl and time step Δt on the simulation
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results. The mesh convergence study was carried out with the dl of the fine grid to 20 mm;
the dl of the other two meshes were 25.19 and 31.75 mm. The initial mesh number NT was
scaled by a factor of 2.0 with three typical sizes. Therefore, three meshes were evaluated
with a grid refinement ratio of rG = 3

√
2, In each mesh system, the same basic length scale

was applied to both background mesh and overset mesh.
Three groups of elements were chosen to carry out the grid uncertainty analysis,

as shown in Table 2. The time interval of the grids changed with the decrease of mesh
number due to the refinement dl. The medium grid illustrated in Figure 6a,b contains
a total of 2,451,104 cells. The overset domain contains about 80% of all meshes. The
cell parameters should be decided with caution, as this involves much computational
resources. Meanwhile, most meshes of the background were near the free surface to obtain
a convergent profile. The meshes around the block interface should be similar in size to
ensure efficient data transfer through the interface. For better computational convergency,
the grid size and discrete scheme should be approximate between the background and the
overset region.

Table 2. Detailed information on the initial mesh systems.

Mesh Basic Mesh Size dl (mm) Time Interval Δt (s) Initial Mesh Number NT

Coarse 31.75 0.002 1225 k
Medium 25.19 0.001 2451 k
Fine 20 0.0005 4902 k

Figure 6. The sketch of the CFD mesh generations: (a) cross-view details; (b) mesh partition of the
UAUV surface.

For a vehicle with a smooth fore, the stagnation point is near the fore and may move
toward the upstream direction. According to Bernoulli’s equation, the fore of the vehicle is
generally exposed to the pressure peak, which can be taken into consideration. Therefore,
the maximum pressure at the fore of the vehicle is defined as a representative pressure, as
shown in Figure 6b. In the simulations, the vertically deposited UAUV with initial pitch
angle θ0 = 90◦ falls freely and vertically with Ws = 4.0 m/s, where Ws is the initial vertical
water-entry velocity in the Earth-fixed coordinate. For the vertical water-entry problem,
the vertical velocity W equals the transverse velocity u in the body-fixed coordinate.

The STAR-CCM+ predicted pressure at the fore and the vertical force Z0 (in z0-
direction) as shown in Figure 7a,b, respectively. There are some differences between
the fine mesh and the other two meshes, especially in pressure. Too coarse a mesh may
cause computation divergency, because the fluid domain is discretized into unstructured
trimmer cells in Star-CCM+ simulations. The basic mesh size and the time step in the
third mesh could capture key features of the flow field better. However, the fine mesh
system involved too much computational resources and CPU time. The hydrodynamic
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performance of the vehicle is one of the major focuses in present study, and the medium
mesh system is enough to ensure the fidelity of hydrodynamic forces and motion during
the numerical procedure, occupying fewer computational resources. Empirically based
on extensive test simulation, the second mesh fits due to the compromise of computation
efficiency and accuracy. The medium mesh system spatial size grid is shown in Figure 6.

 
(a) (b) 

Figure 7. Convergent analysis of the time history curves of (a) pressure at the fore; (b) vertical force
for the water entry of UAUV with different mesh systems.

5. Numerical Results and Discussions

This section computes more results of UAUVs entering the water using the present
method and considers the effects of two main parameters: initial vertical velocity W and
initial pitch angle θ. A series of numerical simulations are presented in this section. The
initial time step Δt = 0.001 s and the basic mesh size dl = 25.19 mm are chosen for all the
cases in this section. The time step and mesh are automatically adjusted during the course
of calculations, followed by an adaptive time-stepping strategy and AMR technology.

5.1. Effect of Initial Vertical Velocity

This section considers four conditions in which the UAUV falls freely into the water at
initial velocities of Ws = 2.0, 4.0, 8.0, and 12 m/s. According to the results, the hydrodynamic
forces acting on the approximately symmetric vehicle is approximately along the vertical
axis during the whole water entry, and the horizontal (in x0-direction) motion is somewhat
smaller than the vertical (in z0-direction) motion. Thus, the horizontal motion can be
ignored here, so this section lists only the results of the vertical motion. For the sake of
comparison, the Froude number Fr can be defined as

Fr =
Vz√
gL

(14)

where g is the gravity acceleration and Vz is the vertical velocity in z0-direction.
In some water-entry problems, a time-varying and deformable cavity may form while

the body is immersing into the water (Birkhoff & Zarantonello [37]). To study the influence
of initial velocity, the simulated free surface profiles over the UAUV at Ws = 4.0 m/s and
12.0 m/s at each moment are shown in Figures 8 and 9, respectively. The deformed free
surface finally tends to move downward due to the acting force from the vehicle surface
and the restoring force of the gravity effect. As x position increases, the evolution of water
first increases sharply and then gradually falls to zero far away from the vehicle due to the
infinity boundary condition.
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(a) (b) (c) (d) (e)  

Figure 8. Free surface profiles of the vehicle entering water at Ws = 4.0 m/s at different times:
(a) t = 0.10 s, (b) t = 0.15 s, (c) t = 0.20 s, (d) t = 0.25 s, and (e) t = 0.30 s.

 
(a) (b) (c) (d) (e)  

Figure 9. Free surface profiles of the UAUV entering water at Ws = 12.0 m/s at different times:
(a) t = 0.04 s, (b) t = 0.06 s, (c) t = 0.08 s, (d) t = 0.08 s, and (e) t = 0.12 s.

Figure 10a shows the jet flow around the intersection area between the water and
the vehicle. The flow separation depends on the Froude number and the shape of body
(Gurevich [38]). In some cases, the water would separate from the body in the absence of
fluid gravity, and the water would break up into spray, as shown in Figure 10a. Streamlines
around and velocity magnitude distributions at t = 0.15 s are shown in Figure 10b. Because
of gravity, the fluid particles attached to the body surface were pulled down eventually,
and the attached water could not be sustained indefinitely. Fluid/structure interaction may
also make the flow more turbulent.
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(a) (b) 

Figure 10. Profiles for (a) jet flow and (b) streamlines around the UAUV with Ws = 4.0 m/s at t = 0.15 s.

The characteristics of the predicted vertical velocity, acceleration, and hydrodynamic
force are analyzed against a submergence parameter s. The depths curves of the vertical
translation s and vertical velocity (in the Earth-fixed coordinate) are given in Figure 11a,b.
While impacting the water, the vehicle decelerates due to the slamming force exerted on it.
Through the comparison of different Ws, it was found that vertical translation varies faster
with larger vertical velocity.

  

(a) (b) 

Figure 11. Comparison of the depth curve of (a) vertical displacement and (b) vertical velocity for
the water entry of UAUV with different initial velocities.

The velocity variation is highly correlated with the real impact velocity W0, which
is the velocity magnitude when the fore end of the vehicle first touches the water. Due
to the gravity effect, W0 may be larger than the intended initial speed. Table 3 shows
the comparison of the velocity variation at certain positions. W1 is the velocity magni-
tude at s = 0.8 m, and W2 is the velocity magnitude at the final distance of s = 1.4 m.
W0% = (W0 − Ws)/Ws, W1% = (W1 − Ws)/Ws, and W2% = (W2 − Ws)/Ws are the velocity
variation percentages relative to Ws. Both vertical velocity reductions W1% and W2%
become less for the vehicle with larger Ws. This is because in the vehicle with larger velocity
the interaction of fluid/structure impact becomes more significant, thus making kinetic
energy dissipate faster.
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Table 3. Comparison of the velocity variation of the UAUV with various Ws.

Initial Velocity W0 [m/s] W1 [m/s] W2 [m/s] ΔW0% ΔW1% ΔW2%

Ws = 2.0 m/s 2.885 3.766 3.667 44.24 88.28% 83.37%
Ws = 4.0 m/s 4.486 4.985 4.814 12.16 24.63% 20.35%
Ws = 8.0 m/s 8.248 8.219 7.784 3.11 2.73% −2.70%
Ws = 12.0 m/s 12.148 11.793 11.117 1.24 −1.73% −7.36%

Figure 12 compares the monitored pressure at the fore of the vehicle. Undoubtedly, the
pressure in the initial stage is mainly caused by the slamming, which is closely associated
with the local deadrise angle (Wu et al. [39]). It can be found from the vehicle profile that
the normal deadrise angle increases rapidly and then decreases gradually as the vehicle
becomes submerged in water. There is a sharp peak pressure during the early stage, which
can be defined as the slamming pressure. After a sharp increase, the pressure gradually
decreases and then smoothly increases in the later stage. This is because the effect of fluid
gravity becomes more significant in the water-entry process.

 
Figure 12. Comparison of the time history curve of monitored pressure for water entry of UAUV
with various initial velocities.

The vertical force and vertical acceleration for different initial velocities are given
in Figure 13a,b. Here, the vertical force Z0 equals the transverse force in the body-fixed
coordinate. As can be seen, the simulated acceleration curves from the four cases coincide
with the force curves for the same case during the whole water-entry process. In addition,
pressure and force with higher Ws are entirely larger than with lower Ws. Notably, the force
Z0 is always positive throughout the whole water entry due to the slamming effect. This
may be because more active turbulence dynamics are caused by larger induced velocity.
When s is small, the local deadrise angle is smaller, thus leading to higher pressure peaks
and high loads. The slamming force is normally proportional with quadratic velocity as
indicated by Von Karman [6]. After the peak slamming force, the vertical hydrodynamic
force decreases rapidly until it drops to the minimum positive value and then climbs
up again, which can also be verified by the results of the acceleration. According to
its contributing factor, the total hydrodynamic force can be divided into viscous force
and pressure force. In the early water-entry stage, the pressure force occupies the main
component (Xiang & Wang et al. [40]), and the hydrodynamic forces in the late stage are
essentially buoyancy forces. At the same time, when Froude is low, the growth trend is
faster because there is a more obvious gravity effect in the late stage.
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(a) (b) 

Figure 13. Comparison of the displacement curve of (a) vertical force and (b) vertical acceleration for
the water entry of UAUV with different initial velocities.

The acceleration histories can also illustrate the trend of hydrodynamic force. In
a physical meaning, when the slamming velocity decreases, the Froude number also
decreases, and the influence of gravity turns into remarkable gradually. Before the vehicle
touches the water, the vertical acceleration approximately equals the gravity acceleration
g for the effect of freely falling. For lower Ws, the curve would not be consistent with the
results of larger Ws. During the initial water-entry stage, the vertical acceleration suddenly
varies to a positive peak. After the vehicle submerges, the sign of the vertical acceleration
is always positive because of buoyancy, resistance, and slamming force.

5.2. Effect of Initial Pitch Angle

Except for vertical water entry, it is of extensive interest to simulate the oblique water
entry of a body with an initial pitch angle. As an important physical parameter, the
difference of a vehicle’s inclination has a significant influence on the media crossing motion.
The water-entry velocity is us = 4.0 m/s, and the initial pitch angles θ0 are 90◦ (reference
case), 80◦, 70◦, and 60◦, while holding other variables the same. The direction of initial
water-entry velocity us is along the axis of the vehicle as shown in Figure 14a. Here, angle
of inclination (AOI) is defined as the complementary angles of the pitch angles, which are
0◦, 10◦, 20◦, and 30◦, correspondingly. In this section, further results on horizontal motion
and hydrodynamic force will be discussed.

 

Figure 14. The sketch of the CFD mesh partition of (a) initial time and (b) running time of the oblique
water entry.
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Figures 15–17 show snapshots of the free surface profiles when the UAUV enters the
water with different θ0. With time, the free surface first moves upward, with the most
dramatic nonlinear effect observed near the jet root with the curviest free surface. As seen
in the figures, flow separation occurs more violently for the vehicle with higher horizontal
velocity. It can also be found that gravity would eventually pull the water down at this
velocity as discussed in Section 5.1.

Figures 18a and 18b, respectively, give the time-varying moment and pitch angle
of the vehicle. The net rotation of the vehicle with θ0 = 60◦and 70◦ is much larger than
the other two cases, as shown in Figure 18b. The initial pitch angle affects the horizontal
translation and rotation of the vehicle as it enters the water for a longer time. A larger
righting moment exerted on the vehicle accelerates its rotation and restores its orientation.
Figures 19a and 19b, respectively, gives the horizontal and vertical translation of the vehicle
with different initial pitch angles. With time, the vehicle penetrates the water surface
gradually. Transverse resistance is also exerted on the vehicle, which results in horizontal
translation. The trajectories depend on both the direction of velocity and the inclination
state. In Figure 19b, the curve of θ0 = 80◦ is close to the reference case of vertical water entry.

 
(a) (b) (c) (d) (e)  

Figure 15. Free surface profiles of the vehicle entering water at θ0 = 60◦ at different times: (a) t = 0.10 s,
(b) t = 0.15 s, (c) t = 0.20 s, (d) t = 0.25 s, and (e) t = 0.30 s.

 
(a) (b) (c) (d) (e)  

Figure 16. Free surface profiles of the vehicle entering water at θ0 = 70◦ at different times: (a) t = 0.10 s,
(b) t = 0.15 s, (c) t = 0.20 s, (d) t = 0.25 s, and (e) t = 0.30 s.
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(a) (b) (c) (d) (e)  

Figure 17. Free surface profiles of the vehicle entering water at θ0 = 80◦ at different times: (a) t = 0.10 s,
(b) t = 0.15 s, (c) t = 0.20 s, (d) t = 0.25 s, and (e) t = 0.30 s.

  
(a) (b) 

Figure 18. Comparison of time history curve of (a) moment and (b) pitch angle for the water entry of
UAUV with different initial pitch angles.

  
(a) (b) 

Figure 19. Comparison of time history curve of (a) horizontal translation and (b) vertical translation
for the water entry of UAUV with different initial pitch angles.
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Figure 20 compares the time history curve of transverse and lateral forces in the
body-fixed coordinate, whose direction is shown in Figure 14b. The simulated lateral
force curves from all cases show similar trends, with a gentle peak in the initial stage
due to the slamming effect. In the early stage of water entry, the vertical slamming peak
of the transverse lateral force is sharper and slightly increases correspondingly with the
increasing of inclination. Transverse force not only depends on the entry velocity but is
also related to the projected wetted surface and volume. The associated wetted area of the
vehicle is affected by both the pitch angle and penetration depth. When the vehicle touches
the water surface, the pressure difference between the two sides results in a moment in
the y0 direction, resulting in the vehicle’s rotation. As the vehicle penetrates obliquely
deeper, the transverse wetted area increases, resulting in a larger drag force in the vertical
direction as shown in Figure 20a. Therefore, the inclination increases due to the wetted
surface area increase. Then, as result of the rotation, the associated wetted area in the
horizontal direction also decreases compared with the vertical water-entry case, which
causes a smaller vertical hydrodynamic force. The vertical slamming peak force slightly
increases correspondingly with the increasing of inclination, and it can be inferred that
vertical water entry mildly helps reduce the early vertical slamming force for a slender
vehicle. As the vehicle penetrates deeper, its vertical projected wetted area constantly
increases. However, for vertical water entry of θ = 90◦, the curve would not be consistent
with the results of oblique water entry. In the early period, the difference in vertical force
become less obvious after a numerical transition period, and then the gap increases faster
in a later period.

  
(a) (b) 

Figure 20. Comparison of time history curve of (a) transverse force and (b) lateral force for the water
entry of UAUV with different initial pitch angles.

Figure 21 compares the simulated horizontal and vertical velocity history curves of
the vehicle, in the O-x0y0z0 coordinate. As the vehicle enters the water for a longer time,
it obviously begins moving in a transverse direction as shown in Figure 21a. It can be
noticed that the final velocity at t = 0.3 s significantly decreased in contrast to us. The
curve of the horizontal velocity changes less and gradually becomes close to linear. In
addition, it can be clearly found in Figure 21b that the turning points of the curve are
the corresponding moment when the vehicle touches the water surface. In the beginning,
the lateral hydrodynamic force is still developing, so the vehicle does not move in the x0
direction. In addition, the development of transverse hydrodynamic force is not unbalanced
enough. Similarly, for the water entry of the cylinder, vortex is only induced after the initial
‘warm-up’ stage (Xiang & Wang et.al [36]). As shown in Figures 15–17, it can be observed
that more flow separation occurs for the oblique water-entry cases in the later stage. More
energy transfers to the water because of horizontal velocity, generating more water splashes.
On the other hand, the pressure difference between the two sides of lager inclination is
larger, resulting in a much larger horizontal hydrodynamic force. Thus, more air is trapped
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on the downstream side, which can also be observed in Figures 15–17. Compared with
the oblique water-entry cases, the time history curve of transverse force for the vertical
water entry is much flatter in the later stage. In the early stage, the pitch angle has less
effect on both transverse force and lateral force. Over time, the pitch angle produces more
effect on the hydrodynamic force, especially transverse force. This may be induced by the
asymmetric shedding vortex of the body with higher inclination angle.

  
(a) (b) 

Figure 21. Comparison of time history curve of (a) horizontal velocity and (b) vertical velocity for
the water entry of UAUV with different initial pitch angles.

6. Conclusions

In this work, the water-entry process of a multi-DOF vehicle have been simulated
based on the RANS method with AMR technologies. The flow field and structural body
motion are solved simultaneously using a DFBI solver. Numerical convergency with respect
to mesh sizes and time step was verified, and more simulations were performed. Parametric
studies have been conducted in addition to factors such as the vertical velocity and pitch
angle of the UAUV. Flow separation occurs around the vehicle body, and some jet flow could
be observed. The comparison of the time-varying velocity, pressure, force, and acceleration
revealed that the vertical velocity exhibits a significant effect on the hydrodynamics of the
vehicle. The results show that the slamming pressure and force occurred at the early stage.
In the oblique water-entry cases, the velocity and force of the vehicle in each direction were
analyzed deeply. It was found that the pitch angle significantly affects the motion and
force in the later stage of water entry. The effect of initial inclination has been conducted in
which the horizontal velocity decreases with a larger pitch angle. The influence of initial
pitch angles on the horizontal force was more significant in the later stage of water entry.
The numerical results indicated that the vertical hydrodynamic force was mainly affected
by vertical velocity, and the contributions of pitch angle are less significant.

In the simulated oblique entry cases, some flow separation would occur near the
vehicle body on the downstream side, around where cavities may occur. The studied
vehicle is slender and symmetric, with its head entering the water vertically. Based on the
present study, further investigations will be required with ventilation, air cavity phenomena,
and initial air cushion.
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Abstract: The growing need for deep-sea biological research and environmental monitoring has
expanded the demand for benthic landers. Compared with remotely operated vehicles (ROVs) and
autonomous underwater vehicles (AUVs), benthic landers can reduce overall operation cost and
also possess longer endurance. Configuring a suitable descent velocity is important for benthic
lander designs, helping them avoid retrieval failure and improve sea trial efficiencies. In this study,
an effective scheme for the configuration and optimization of a self-developed benthic lander was
outlined. First, the structural characteristics of the benthic lander were analyzed, and then a dynamic
model was established. Second, the hydrodynamic coefficients of the benthic lander during its
descent process were calculated using computational fluid dynamics (CFD) methods. Third, the
MATLAB Simulink simulation environment was used to solve the dynamic model, and then the
multi-objective optimization algorithm was introduced for the optimization design. Finally, the
model was validated based on sea trial data, which demonstrated that the designed configuration and
optimization scheme were correct and efficient. Collectively, this work provides a useful reference for
the rational configuration and practical application of benthic landers.

Keywords: benthic lander; dynamic modeling; computational fluid dynamics (CFD); optimization design

1. Introduction

The deep sea is rich in energy, minerals and biogenetic resources; thus, it has significant
economic value [1,2]. The impact of human activities on the marine environment is continually
increasing [3,4], especially in offshore areas, but the response of the deep-sea to human
activities remains unclear. In recent years, a large number of underwater vehicles have been
used in marine climate change exploration, deep-sea observation, bioprospecting, mineral
resource development and other fields. However, the mobility of conventional ROVs is
severely limited due to the connection of the umbilical cable, while the cost of ROV sea
trials is relatively high [5,6]. Although AUVs compensate for the abovementioned ROV
shortcomings, they have poor endurance [7]. In contrast, benthic landers are playing an
increasingly important role due to their relatively low cost, longer endurance and reusability.

Benthic landers have been widely utilized in in situ studies of deep-sea ecology, re-
sources and environments. In 1975, Smith et al. designed a free vehicle respirometer (FVR)
that could in situ measure the oxygen consumption of benthic communities relative to
abyssal depths [8]. The other two types of benthic landers—the Autonomous Lander for
Biological Experiments (ALBEX) [9,10] and the deep-sea benthic environmental observa-
tion system (Benvir) [11]—were developed for studies on deep-sea sediment community
oxygen consumption. With the development of marine science and engineering technology,
benthic landers can be equipped with various types of sampling modules for the collec-
tion of deep-sea seawater, sediment, microfauna and macrofauna. In 2009, the sediments
incubated in the benthic lander named FLUFO [12] contained seep-associated fauna, and
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this study reveals the relationship between methane emissions from sediments with the
seep-associated fauna. In the same year, a project called the Hadal Environment and
Educational Program (HADEEP) was launched; it aimed to examine hadal biology and
extend ecology research [13]. In this project, benthic landers were equipped with biological
traps and seawater samplers to collect hadal samples. Thereafter, two function-similar
benthic landers—a 7000-m-depth-rated lander (HaiJiao) [14] and a full-ocean-depth-rated
lander—were separately produced by the Shenyang Institute of Automation of Chinese
Academy of Sciences and the University of California San Diego (UCSD) [15]. Recently,
Wei et al. successfully mounted their newly designed multiple in situ nucleic acid col-
lections (MISNAC) on a benthic lander (Phoenix) to collect deep-sea microbial nucleic
acid samples under in situ conditions [16]. In our previous study, a novel genus-level
deep-sea bacterial species was isolated from an in situ enriched consortium collected by a
benthic lander [17], and the lander used there is the prototype of the lander intended for
optimization in this study. Benthic landers also have important applications in deep-sea
acoustics [18], geohazards [19] and ocean-bottom seismometers (OBS) [20]. Collectively, in
order to have an intuitive understanding of the background, onboard sensors and sampling
modules of related landers, some typical cases of deep-sea environmental and biological
studies using benthic landers are summarized in Table 1.

Table 1. Summary of typical benthic landers used in in situ studies of deep-sea ecology, resources
and environments.

FVR ALBEX FLUFO HADEEP Benvir HaiJiao UCSD-Lander

Background

Country U.S.A. Netherland Germany Japan and
UK China China U.S.A.

Time 1975 1998 2009 2009 2009 2015 2019

Sensor

CTD
Dissolved

Oxygen (DO)
PH

Sampling modules

Camera
Seawater

Sediments
(Microbe

Enrichment)
Biological trap

In recent years, the frame structure of the benthic lander has also been greatly devel-
oped. The early lander mainly comprised a tripod frame [8,9,13] was constructed around a
centrally located acoustic release, similarly to the FVR lander; on top of the three legs is an
aluminum plate. The BIGO [21,22] lander also has a tripod frame, but a cuboid frame is
added on the top of the floatation sphere array of the lander to carry more scientific devices.
The three legs make up the simplest stable structure, and the plate provides a larger contact
area to avoid retrieval failure caused by excessive subsidence depth with the seafloor. Then,
the three legs gradually developed into four legs [23–25] for higher stability, which greatly
increased the ability of the lander to carry scientific devices, similarly to the RAP2 [26]
lander. The four-legged Gothenburg [27] lander adopted a two-frame solution, and this
was significant because it allowed for the flexibility to deploy only the inner-frame from
small vessels. However, landers used for ocean-bottom seismic research usually have flat
boards [28] or annular structures [20,29].
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The control of descent velocity is a key concern in the design and application of benthic
landers. After the benthic lander separated from the ship, its descent velocity was mainly
determined by the system’s configuration [30]. When the descent velocity is too low, the
efficiency of the sea trial will be reduced, and the lander may also experience uncontrolled
lateral drift driven by ocean currents. Simultaneously, excessive descent velocities will also
lead to a series of problems, such as lander damage or sinking too deep into the seabed
sediment, which may all lead to a failure in lander retrieval. To solve these problems,
Mortensen et al. [31] designed crossed wings to control the descent velocity of the lander.
However, the velocity was too low, which resulted in lower efficiency and higher costs
in sea trials. Jun [32] and Gang et al. [33] controlled the descent velocity by integrating
a hydrofoil into the lander, but the effectiveness needs to be further verified. Therefore,
achieving a more direct control scheme over the descent process is a problem that needs to
be considered when designing a benthic lander.

Based on the above analysis, an effective scheme for the configuration and optimization
of a self-developed benthic lander was outlined in this study. This scheme started with
dynamic modelling and hydrodynamic coefficients calculation. Second, the CFD methods
and multi-objective optimization algorithms were used to comprehensively study the
influence mechanism of several variables on the lander’s descent velocity, including the
number of floatation spheres, the mass of the weight stack and the contact area of the
weight stack. Finally, the mutual restriction relationship between the lander’s descent time
and subsidence depth was revealed. This study provides a useful reference for the rational
configuration and practical application of a benthic lander.

2. Model Establishment of the Benthic Lander

2.1. Frame Structure and Working Principle of the Benthic Lander

The lander mainly comprises three parts: an upper floatation sphere array that pro-
vides positive buoyancy, a frame that supports the scientific device and a lower weight
stack that provides descending gravity (see Figure 1a). The floatation sphere array is
connected in series with the fiber rope, and each floatation sphere (model: NMS-FS-6700-
17RO, Nautilus Marine Service GmbH) provides 26 kg of positive buoyancy; moreover,
the number of floatation spheres is configurable depending on the weight of the scientific
device. The frame is made of titanium alloys. Loaded within the frame is a syntactic
foam that provides positive buoyancy and structural support to the frame, and on top of
the frame is a lifting bail that facilitates the process of deployment and retrieval. At the
center of the frame is an acoustic release (model: OCEANO 2500S Light, iXblue, Paris,
France) that is responsible for releasing the disposable weight stack. The scientific device
includes the microbe enrichment device [34] array, which is the main usage of the lander,
and a dual-axis inclinometer sensor (model: LCT100A, Guigangshi Lecheng Information
Technology Co., Ltd., Guigang, China) with an angle resolution of 0.0001◦ and a 1–100 Hz
configurable output frequency. The weight in water of the frame (including foam, release
and science devices without the weight stack) is −85 kg, which was obtained from the
water tank experiment (see Figure A1). Based on the above explanation of the lander’s
frame structure, the working principle of the benthic lander is described as follows: At
the end of the experiment, an acoustic remote-control unit (model: TT801, iXblue, Paris,
France) is used to release the hook of the acoustic release; see Figure 1b. Then, the weight
stack and bearing bracket (see Figure A2) are automatically separated from the frame, and
the positive buoyancy provided by the floatation sphere array and syntactic foam allows
the frame to ascend from the seafloor.
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(a) (b) 

Figure 1. (a) The overall structure of the benthic lander; (b) the working principle of the benthic lander.

2.2. Benthic Lander Dynamic Modeling

The dynamic model of an underwater vehicle in six degrees of freedom can be de-
scribed as a nonlinear equation of motion in matrix form [35]:

M
.
υ+ C(υ)υ+ D(υ)υ+ g(η) = τ (1)

.
η = J(η)υ (2)

where M = MRB + MA is the inertia matrix for the rigid-body mass matrix and added
mass matrix, respectively;

C(υ) = CRB(υ) + CA(υ) is the Coriolis and centripetal matrix for rigid-body mass
and added mass, respectively;

D(υ) = Dquad.(υ) + Dlin. is the quadratic and linear damping matrix, respectively;
g(η) is the hydrostatic restoring force matrix resulting from the different positions of

the center of buoyancy and the center of gravity;
τ is the sum of the acting forces and moments produced by the propulsion system of the

vehicle, which is equal to zero in this case because the lander is a freely descending vehicle;
υ is the generalized velocity vector; accordingly,

.
υ is the generalized acceleration vector;

η denotes the generalized position coordinates, and J is the rotation matrix for the trans-
formation from the body-fixed frame to the earth-fixed frame. Note: M, C(υ), D(υ) ∈ R6x6,
g(η),τ,υ,η ∈ R6x1.

Due to the relatively low descent velocity (please refer to the data presented in “6 Sea
Trials”.), the Coriolis and centripetal matrix can be ignored, and its symmetrical structure
design means that the lander is relatively stable with respect to its attitude (please refer to
the data presented in “3.2. Calculation of Damping Force Coefficients”.); thus, the quadratic
and linear viscous coupling coefficients between the degrees of freedom are small and can
be ignored. Finally, the descent process of the next analysis was only carried out for the
lander’s heave degree of freedom, and the model described in Equations (1) and (2) can be
simplified as follows:

(MRB + MA)
.
υ+ (Dquad.(υ) + Dlin.)υ = −g (3)

where MRB is the mass of the lander; Dquad. and Dlin. are the quadratic and linear damping
coefficients, respectively; υ is the descent velocity in the heave degree of freedom; −g is
the net gravity for the free descending vehicle (lander). Moreover, gravity is composed of
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three parts: weight in seawater of the weight stack (positive), the buoyancy of the floatation
sphere array (negative) and the buoyancy of the frame (negative).

3. Calculating Hydrodynamic Coefficients

3.1. Hydrodynamic Modeling

The benthic lander is an open frame structure with different configurations of the
scientific device, which increases the difficulty of solving the hydrodynamic coefficients
in Equation (3). The Favre-averaged Navier–Stokes (FANS) equation is a widely used
method for hydrodynamic simulations of underwater vehicles with turbulent flows. In this
study, the CFD software add-in, SOLIDWORKS Flow Simulation, is used to implement
the FANS to compute the hydrodynamic coefficients. Assuming that the fluid comprises
continuous media and does not exhibit energy conservation, the conservation laws for
mass and angular momentum can be written in the conservation form as follows [36]:

∂ρ

∂t
+

∂

∂xi
(ρui) = 0 (4)

∂ρui
∂t

+
∂

∂xj

(
ρuiuj

)
+

∂p
∂xi

=
∂

∂xj

(
τij + τR

ij

)
+ Si i = 1, 2, 3 (5)

where u is the fluid velocity, and ρ is the fluid density. Moreover, S1 denotes a mass-
distributed external force per unit mass due to a porous media resistance, and S2 denotes
buoyancy (S2 = −ρgi, where gi is the gravitational acceleration component along the i-th
coordinate direction). S3 denotes the coordinate system’s rotation. Moreover, τij denotes
the viscous shear stress tensor, accordingly, τR

ij denotes the rotation form of τij. Significantly,
with the exception of Si, other subscripts represent the corresponding coordinate direction.

The κ-ε turbulence model is used for the simulation, and the fluid volume is selected as
8Llander × 8Wlander × 10Hlander(length, width, height (LWH)); the dimension of the lander
is 0.99 × 0.97 ×1.04 m. The wall conditions and wall roughness comprise an adiabatic
wall and is rated at zero, respectively. The two-scale wall functions (2SWF) model [36] was
used to describe boundary layers on a fine mesh; the number of cells across a boundary
layer is 8, and the corresponding approach is called the ”thick boundary layer”. To select
an appropriate basic mesh size and obtain high calculation accuracy with as few cells as
possible, six different basic mesh sizes were used to calculate the hydrodynamic drag force
during the lander’s descent process, and the incoming flow velocity is set at 0.1 m/s and
1.0 m/s. The so-called mesh irrelevance verification is shown in Table 2.

Table 2. The mesh irrelevance verification.

Basic Mesh 1/(m) Cells Drag/(N) in 0.1 m/s Drag/(N) in 1.0 m/s

0.17 131,459 7.18 721.98
0.15 210,683 6.02 601.49
0.13 311,779 6.98 704.71
0.11 525,830 6.97 696.15
0.09 898,422 6.83 686.12
0.07 1,974,685 6.81 681.81

1 The basic mesh is used for the x/y/z direction.

As observed in Table 2, when the basic mesh is less than 0.09 m, the drag force gradu-
ally stabilizes and undergoes a small change. Considering limited computing resources, a
basic mesh of 0.09 m is finally selected for the next CFD simulation.

3.2. Calculation of Damping Force Coefficients

In the CFD simulation, the descent velocity of the benthic lander is changed by
adjusting the incoming flow velocity. The incoming flow velocity is set as 0.1–1.0 m/s, and
the interval is 0.1 m/s. In contrast, Figure 2a, a cut plot, provides a contoured view of the
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velocity parameter distribution in which the range is divided by colored intervals; thus,
each interval has its own color. Obviously, the symmetrical velocity distribution of the
left and right sides also means that the damping force (D(υ)) of the lander is essentially
symmetrical. Therefore, when only hydrodynamic forces are considered, the lander is
relatively stable in its attitude. The damping force is a quadratic function of velocity
only. From the simulated forces, the least mean square method is used to determine the
hydrodynamic parameters based on Equation (3), and the results are shown in Figure 2b.
The corresponding quadratic function is shown in Equation (6). As with the lander, the
damping force function of a single floatation sphere is shown in Equation (7). For the full
CFD data, we refer the readers to Supplementary Table S1: CFD data.

D(υ) = 686.5υ2 − 0.3υ (6)

D(υ) = 119.4υ2 + 0.5υ (7)

(a) (b) 

Figure 2. (a) Cut plot when the incoming flow velocity is 1 m/s; (b) damping force quadratic function
curve of the lander.

3.3. Calculation of Added Mass Coefficients

When an underwater vehicle moves in a fluid, the inertia of the fluid opposes the
motion; that effect is equal to having a virtual mass added to the mass of the vehicle.
In other words, when the underwater vehicle exhibits unsteady motion, it will produce
added mass; we refer the reader to Equation (3). The velocities with sine functions [37] or
ramp functions [38] are widely used in unsteady motions. In this study, the velocity with
ramp functions was selected; we refer the reader to Equation (8), where “a” is the constant
acceleration and the parameter is set as 3 groups: 0.100, 0.125 and 0.150 m/s2.

υ = a · t (8)

In the SOLIDWORKS Flow Simulation, the simulation project selects the time-dependent
physical feature. The fluid’s unsteady motion requires a certain time period (for example,
in group 3, the time approx. 13 s) to reach relatively stable acceleration velocities, and the
actual acceleration is different from the set value. The actual velocity development is shown
in Figure 3a, where the black dashed line represents the actual acceleration (or slope) when
the steady state is attained. As shown in Equation (3), the total drag force comprises two
parts: the damping force calculated in Equation (6) and the difference force generated by the
added mass. The results of the explained difference force are shown in Figure 3b (in group 3,
the data from groups 1 and 2 are shown in Figures A3 and A4, respectively). The dashed
line is the boundary at which the fluid reaches a relatively stable acceleration; obviously, the
difference force is relatively constant at this boundary. Finally, bringing simulation data into
Equation (3), we can obtain the added mass; we refer the reader to Table 3.
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(a) (b) 

Figure 3. (a) The actual velocity development; (b) the difference force generated by the added mass
in group 3.

Table 3. Summary of added mass calculation.

Group Setting Acceleration (m/s2) Actual Acceleration (m/s2) Boundary(s) MA(kg) 1

1 0.100 0.143 14–18 4008.4

2 0.125 0.173 12–16 4138.2

3 0.150 0.212 12–14 4163.9

The mean value of MA(kg) in 3 groups 4103.5
1 Note: the MRB is 588.6 kg.

4. MATLAB Simulink

To study the influence of the lander’s configuration parameters on the variables of the
descent process and based on the established dynamic model and calculated hydrodynamic
coefficients, the MATLAB Simulink simulation environment was used to design the block
diagram model (as we can see from Figure 4), and the corresponding file is shown in
Supplementary Model S1: Simulink dynamic model. This simulation model has three
input variables—the number of floatation spheres (N), the mass of the weight stack (mstack)
and the bottom area of the weight stack (Astack) —and three output variables—the descent
velocity (Vdes), descent time (Tdes) and subsidence depth (Dsub) with the seafloor. The
variable explanation is as follows, and the nomenclature is shown in Table 4.

Figure 4. Simulink block diagram model.
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Table 4. Nomenclature.

Symbol Description Unit Symbol Description Unit

N number of floatation spheres - Tdes descent time H

mstack mass of the weight stack kg Vdes descent velocity m/s

Astack bottom area of the weight stack m2 Dsub subsidence depth mm

• Astack influences the hydrodynamic coefficients (as we can see from Figure A5): The
corresponding function relationship is calculated by using SOLIDWORKS Flow Simu-
lation. The results are shown in Equations (9) and (10);

• Tdes takes the water depth of 5133 m during the sea trial as the background: The
corresponding function is shown in Equation (11);

• Dsub was tested by a previous study [39,40] for the same benthic lander: The corre-
sponding function is shown in Equation (12).

Dquad. = 14.29Astack
2 − 23.17Astack + 9.92 (9)

Dlin. = 14.29Astack
2 − 23.17Astack + 9.92 (10)

Tdes =
5133

3600υ
(11)

Dsub = 30.7υ+ 2.65 (12)

The dynamic model in Equation (3) is a nonlinear, first-order differential equation
that may be integrated (in the Simulink diagram model, the Integrator block is used; we
refer the readers to Figure A5) numerically to yield vehicle translational velocities when
provided with the suitable initial conditions. The fixed-step size is 0.02 s by using the ode4
(Runge–Kutta) solver to solve the nonlinear differential equation.

Keeping the number of floatation spheres (N) constant at five in the descent process,
the steady state motion was calculated by changing the mass of the weight stack (mstack)
and the bottom area of the weight stack (Astack). The developmental rules of the subsidence
depth (Dsub) and descent time (Tdes) are shown in Figure 5. Obviously, the subsidence
depth increases with mstack; the smaller the bottom area, the greater mstack affects the
subsidence depth. This shows that when the bottom area is small, it is easier to change the
subsidence depth of the lander by adjusting mstack. In contrast, the descent time decreases
with mstack; therefore, mstack shall be appropriately increased in the sea trial in pursuit of
operational efficiency.

 
(a) (b) 

Figure 5. (a) Subsidence depth vs. the mass of the weight stack and bottom area of the weight stack;
(b) descent time vs. mass of the weight stack and bottom area of the weight stack.
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Keeping the bottom area of the weight stack (Astack) constant at 0.96 m2 in the descent
process, the steady state motion was calculated by changing the mass of the weight stack
(mstack) and the number of floatation spheres (N). The results of the descent time (Tdes)
and subsidence depth (Dsub) are shown in Figure 6. As the number of floatation spheres
increases, Tdes increases but Dsub decreases. When mstack is small, Tdes and Dsub are more
sensitive to changes in the number of floatation spheres. For example, when N is six, Tdes
increased dramatically and lost its practical significance; thus, this situation was deleted
from this Figure. Therefore, mstack should not be too small in value in order to reduce the
influence of Tdes and Dsub.

Figure 6. Subsidence depth, descent time vs. mass of the weight stack and number of floatation spheres.

5. Multi-Objective Optimization

Based on the analysis of MATLAB Simulink, we know the relationship between
specific configuration parameters and descent time (Tdes) and subsidence depth (Dsub) of
the lander, but making a choice is still difficult because there are various configuration
schemes. Second, in practical applications, the descent time should be as small as possible
to increase the operation efficiency in sea trials, and the subsidence depth should be as small
as possible to avoid retrieval failure. As we can see from Figure 5, the descent time and
subsidence depth are two conflicting objectives; thus, it is a multi-objective optimization
problem (MOP). In this case, the objective of optimization is to minimize the descent time
and subsidence depth simultaneously, which can be formulated [41] as follows:{

min
X

F(X) = (f1(X), f2(X))
T

s.t. gi(X) ≤ 0, i = 1, 2, 3
(13)

where X = (x1, x2, x3)
T is the decision vector; decision variable x1 ∈ [4, 5, 6] is the number of

floatation spheres (N), which is configured by previous sea trial experience; x2 ∈ (370 − 580)
is the mass of the weight stack (mstack), which is limited by the boundary of the bottom
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area of the weight stack (Astack); and x3 ∈ (0.8 − 1.2) is the bottom area of the weight stack
(Astack), which is limited by the number of scientific device carried by the lander. F(X) is
the objective vector, objective value f1(X) is the descent time (Tdes) defined in Equation (11),
and f2(X) is the subsidence depth (Dsub) defined in Equation (12). gi(X) denotes inequality
constraints, where g1(X) ensures that the total net gravity is positive, g2(X) ensures that
the descent time is less than 3 h, and g3(X) ensures that the subsidence depth is less than
45 mm. The details are described as follows, and the corresponding MATLAB code is
shown in Algorithms B1.

g1(X) = 26N − 1869.7
2869.7

x2 + 85 ≤ 0 (14)

g2(X) = f1(X)− 3 ≤ 0 (15)

g3(X) = f2(X)− 45 ≤ 0 (16)

Based on the above MOP, the platform for evolutionary multi-objective optimization
(PlatEMO) [42] was used to solve this problem, and the corresponding multi-objective
evolutionary algorithms (MOEAs) comprise NSGA-II; [43]. The population size is set to 100,
and the evaluation number is 10,000. The Pareto-optimal front (objective value) is obtained
as shown in Figure 7a, and the corresponding Pareto-optimal set (decision variable) is
shown in Figure 7b. The black, red and blue points distinguish the different numbers of
floatation spheres. Finally, parts of the configuration from the Pareto-optimal front and
set are shown in Table 5 (Supplementary Table S2: multi-objective optimization), which
provides an accurate configuration reference depending on the specific Tdes and Dsub.

 
(a) (b) 

Figure 7. (a) The Pareto-optimal front of optimization results; (b) the distribution of the Pareto-
optimal set.

Table 5. Summary of optimization results.

Decision Variables Objective Values Decision Variables Objective Values

N mstack (kg) Astack

(
m2) Tdes (H) Dsub (mm) N mstack (kg) Astack

(
m2) Tdes (H) Dsub (mm)

4 557.7 0.89 1.03 45.0 4 511.8 0.92 1.18 39.8
4 510.0 0.83 1.10 42.3 4 508.1 0.87 1.13 41.3
5 392.0 0.96 1.76 27.5 5 441.9 1.20 2.63 19.3
5 468.3 1.19 2.35 21.3 5 444.5 1.10 2.24 22.2
6 410.4 0.89 3.00 17.2 6 553.6 0.92 1.44 33.1
6 436.5 0.88 2.32 21.5 6 414.0 0.89 2.88 17.9

The goal of MOEAs is to provide the last population with good convergence and
diversity when the evaluation ends; convergence and diversity are also two important per-
formance indicators for evaluating the optimization results. Diversity is usually measured
by the diversity metric (DM) [44], and larger values are better. Convergence is usually
measured by the inverted generational distance (IGD) [45], and smaller values are better.
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Finally, the results of the DM and IGD indicators in this study are shown in Figure 8.
Obviously, the IGD tends to be stable when the number of evaluations is greater than 500;
the DM has some oscillation, but the average value is approximately 0.7, both of which
meet the requirements of engineering practice.

Figure 8. The DM and IGD indicator of optimization results.

6. Sea Trials

The benthic lander sea trial was conducted in the South China Sea in July 2018 [39,40],
and the newest sea trial was conducted in the western Pacific Ocean (location: 134.84◦E,
16.96◦N) in January 2021 (Figure 9). The corresponding video is shown in Supplementary
Video S1: sea trial. The newest sea trial will be discussed in this study, and the basic
configuration is N = 5, mstack = 392 kg, and Astack = 0.96 m2, one of the optimization
results from Table 5. After the lifting device is released from the benthic lander, gravity
provided by the weight stack drives the lander to freely land on the bottom of the seafloor.
The original document that shows the range function of the acoustic release that obtains
the relationship between the descent depth and descent time (Table 6 and Figure 10a) can
be found in Supplementary Document S1: Lander deployment log sheet, and the following
details are noteworthy:

• The depth information reflected by the range data of the acoustic release is relatively
accurate and reliable. First, the total mass of the lander system (603 kg) is large, and
the sea current has little influence on it. Second, the successful retrieval of the lander
at the original location in the later sea trials proved that the horizontal drifts during
the descent process can be ignored;

• Removal of instability during the initial launch and final landing, and the steady
descent (6–70 min) velocity fluctuates between 0.68 and 0.89 m/s, which meets the
expected results.

As observed in Figure 10b, the Simulink simulation velocity is basically consistent with
the mean descent velocity in the sea trial; the correctness of the Simulink simulation results
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and CFD hydrodynamic calculation was verified; the mean descent velocity was calculated
in the steady descent (6–70 min) process. As the added mass is considered in Section 2.1,
the acceleration process of the lander is relatively long; at approx. 50 s, its velocity reaches
the maximum and remains relatively stable. The descent time (Tdes) calculated based on
the average descent velocity of the sea trial is 1.85 h. Table 5 shows that, under the sea trial
configuration, the descent time obtained by using multi-objective optimizations is 1.76 h,
and the relative error between the two is 5.1%. Thus, the correctness of multi-objective
optimizations was verified.

 
(a) (b) 

Figure 9. (a) The lander on the deck; (b) the lander to be released.

Table 6. The depth information comes from acoustic release.

Descent Time (min) Descent Depth (m)
Corresponding
Velocity (m/s)

Descent Time (min) Descent Depth (m)
Corresponding
Velocity (m/s)

0 0 - 28 1536 0.89
2 88 0.73 41 2083 0.70
4 343 2.13 58 2908 0.81
6 434 0.76 70 3396 0.68
11 694 0.87 95 5071 1.12
17 951 0.71 105 5133 0.10

(a) (b) 

Figure 10. (a) Descent information from the sea trial; (b) Simulink simulation data vs. sea trial data.

7. Discussion

In this study, based on the analysis of MATLAB Simulink and CFD methods, the
multi-objective optimization algorithm was used to achieve a rational configuration scheme
for a benthic lander that realizes reasonable control of descent velocity. This scheme makes
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up the shortcomings of previous studies, for example, using crossed wings (Mortensen
et al. [31]) or integrating a hydrofoil (Jun [32] and Gang et al. [33]) into the benthic lander.
On the other hand, the main reasons for the higher Simulink simulation velocity (see
Figure 10b) can be concluded as follows. First, the hydrodynamic drag coefficients of the
lander and the floatation spheres are considered, but the coupling effects between the two
are neglected. Second, the CFD damping force calculation is based on the static steady
descent velocity, but the actual descent velocity has some oscillations (Figure 10a). Finally,
as described in Section 6, the horizontal drifts of the lander during the descent process can
be ignored, but the drifts exist, which leads to the actual descent depth being smaller than
the range data from the acoustic release. However, we can conclude that the overall trend
is basically correct.

In specific applications, we need to decide the descent time (Tdes) tolerated by the
sea trials and the subsidence depth (Dsub) tolerated by the lander according to Figure 7a,
and the two values were used to choose a rational configuration from Table 5 (the full
table see Supplementary Table S2: multi-objective optimization). Significantly, the proper
number of floatation spheres (N) should be carefully selected because N has a large in-
fluence on Tdes and Dsub (Figure 6). The population size and number of evaluations
should be appropriately increased when using multi-objective optimization, which can
improve the choice of configuration scheme and enhance the convergence/diversity of the
population, respectively.

The results were calculated by a multi-objective optimization algorithm, and only
configurations with five floatation spheres were verified in the sea trial. In future work,
the number of floatation spheres at four and six still require further verification, which
can comprehensively verify the correctness of the proposed scheme. The applicability
of CFD simulation also needs to be tested more directly, especially since the calculation
of the added mass coefficients usually has a relatively large error. In future studies, a
spherical example should be introduced to test the relevant settings of SOLIDWORKS Flow
Simulation in order to reduce simulation errors.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/jmse11010224/s1, Document S1: Lander deployment log sheet; Model
S1: Simulink dynamic model; Table S1: CFD data; Table S2: multi-objective optimization; Video S1:
sea trial.
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Appendix A

 

Figure A1. Water tank experiment.

 
Figure A2. Bearing bracket.

Figure A3. Difference force in group 1.
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Figure A4. Difference force in group 2.

Figure A5. Subsystem of the dynamic model.

Appendix B

Algorithms B1% Usage: 1.put Lander_optimization.m file to PlatEMO-1.6(can be
another version)\PlatEMO\Problems\CF folder

% 2. corresponding command in matlab: main(’-algorithm’,@NSGAII,’-problem’,
@Lander_optimization,’-N’,100,’-M’,2,’-D’,3,’-evaluation’,10000,’-save’,1);

% Reference: [46]
classdef Lander_optimization < PROBLEM
% <problem> <CF>
% Constrained benchmark MOP

methods
%% Initialization

function obj = Lander_optimization()
obj.Global.M = 2; %number of objects
if isempty(obj.Global.D)

obj.Global.D = 3; %number of decision variables
end
obj.Global.lower = [4370,0.8]; %lower boundary of decision variables
obj.Global.upper = [6580,1.2]; %upper boundary of decision variables
obj.Global.encoding = ‘real’;

end
%% Calculate objective values
function PopObj = CalObj(obj,X)

m_frame = 211; %mass of frame(without weight stack)(kg)
G = 9.8; %gravitational acceleration(m/s2)
Bfq = 26; %buoyancy of signal floatation sphere(kg)
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Rho_ballast = 2869.69; %the density of the ballast(kg/m3)
Rho_water = 1000; %the density of the water(kg/m3)
k1 = 686.5; %quadratic hydrodynamic coefficient of lander
k2 = 119.4; %quadratic hydrodynamic coefficient of signal floatation sphere
%round function is to towards nearest integer for the numbers of floata-

tion sphere
k = k2*round(X(:,1)) + k1.*(14.29.*X(:,3).ˆ2 − 23.17.*X(:,3) + 9.92);
%85 is the net gravity of lander without the weight stack
g = (−Bfq.*round(X(:,1)) + X(:,2)./Rho_ballast.*(Rho_ballast-Rho_water)

−85).*G./(m_frame+X(:,2));
v = sqrt((m_frame+X(:,2)) .*g./k); %descent velocity
PopObj(:,1) = 5133./(3600.*v); %descent time
PopObj(:,2) = 30.7.*v + 2.65; %subsidence depth

end
%% Calculate constraint violations
function PopCon = CalCon(obj,X)

PopObj = obj.CalObj(X);
%g_1(X) is to make sure the total net gravity is positive
PopCon(:,1) = 26.*round(X(:,1)) − X(:,2)./2869.69.*(2869.69−1000) + 85;
%g_2(X) is to make sure the descent time less than 3 h
PopCon(:,2) = PopObj(:,1) − 3;
%g_3(X) is to make sure the subsidence depth less than 45 mm
PopCon(:,3) = PopObj(:,2) − 45;

end
%% Sample reference points on Pareto front
function P = PF(obj,N)

P(:,1) = (0.33:1/20:3)’; %the values of f1(x)
P(:,2) = (30.7*5)./(9.*P(:,1)) + 2.65; %the values of f2(x)

end
end

end
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Abstract: Underwater wet-mateable connectors have been widely used to reduce the cost and the
time of installation, maintenance and reconfiguration in many fields, such as the oil and gas (O&G)
industry, offshore renewable energy (ORE), and undersea observatories. In the past few years,
the authors’ group has made some efforts in developing wet-mateable connectors. This paper
presents a methodology for designing and testing a wet-mateable electrical connector. First, an
innovative wet-mateable electrical connector with dual-bladder pressure-balanced oil-filled (PBOF)
technology is proposed. Second, the generalized equations of differential pressure are derived. Then,
a procedure of thermal-electric-structure (TES) coupling simulation is proposed, and a series of finite
element analysis (FEA) involving coupled multi-field problems is conducted, including thermal-
electric coupling analysis, static structural analysis, and dynamic analysis. Finally, a prototype of the
proposed connector is developed successfully, and its electrical performance is verified by the online
test in a hydrostatic pressure environment with an ocean depth of 3000 m, which has reached the
leading level in China. This paper is the first discloser on wet-mateable connectors in the aspects of
design, theory, simulation and testing, which might be helpful to many ocean scientists in developing
countries who are technically blocked or could not afford the high cost.

Keywords: wet-mateable; electrical connector; pressure-balanced oil-filled (PBOF); coupled multi-
field; prototype test

1. Introduction

Energy demand drove the industrial revolution in the 1800s, and it may drive another
new round of industrial revolution in the 21st century [1]. The ocean has abundant resources
(e.g., minerals, renewable energy, genes, space, etc.), which are essential for human beings
to achieve sustainable development [2]. However, we have just explored less than 20% of
the ocean, and only 5% in detail [3,4]. Although submersibles are the main working force for
the research fleet, various deep-sea equipment deployed in the oil and gas (O&G) industry,
offshore renewable energy (ORE), and undersea observatories are also fundamental to the
effective exploration and utilization of the ocean world and marine resources.

Underwater wet-mateable connectors can be mated and de-mated under the sea, they
have been extensively used in the above fields to reduce the cost and the time of instal-
lation, maintenance and reconfiguration [5]. The O&G industry is the biggest consumer
of wet-mateable connectors. With the increase in the depth of exploitation, wet-mateable
electrical connectors that can be used in a harsh environment with high ocean pressure and
submarine seismic risks are the main demand. As is experienced in the O&G exploration
and production, most of the needed wet-mateable connectors with high voltage rates (less
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than 12 kV) should be operated at depths of up to 3000 m [6]. ORE farms also need a
large number of wet-mateable electrical connectors. With the development of technolo-
gies of offshore wind energy, tidal stream, and ocean current energy, the requirement
for wet-mateable connectors with high power is also increasing [7,8]. In this field, the
voltage rate of the required wet-mateable connectors ranges from 1 kV to 33 kV, while
their depth rate is only up to 100 m [6,8]. The application of wet-mateable connectors in
ORE farms has the advantage of allowing the transformer to be lifted out of the water
with no need to lift the long and heavy cable [9]. Another important application field of
wet-mateable connectors is undersea observatories, for example, the Astronomy with a
Neutrino Telescope and Abyss environmental RESearch (ANTARES) project [10] and the
next-generation neutrino telescopes KM3NeT [11]. Figure 1 presents a schematic of the
complete link between the string power module/string control module (SPM/SCM) and
the junction box in ANTARES. Whereas the mounting of the jumpers is performed on shore,
the completion of the wet-mate connection can be realized by a remotely operated vehicle
(ROV) [10]. So, wet-mateable connectors can provide an effective solution to the expansion
and networking of undersea observatories [3].

 

Figure 1. A schematic of the complete link between the string power module/string control module
(SPM/SCM) and the junction box in ANTARES [10].

However, only a few developed countries can produce wet-mateable connectors
worldwide. The key technologies are mostly confidential and protected by patents, so there
are few published papers on this topic, which makes wet-mateable connectors become
one of the bottleneck techniques in China [3,5]. Conceivably, the market price of wet-
mateable connectors is very expensive. For example, the cost of a wet-mateable hybrid
connector rated at 11 kV is expected to be in the range of £250 k/unit [8], and even low-spec
products may cost as much as £20 k/unit [6]. Today, the top manufacturers of wet-mateable
connectors include SEACON, MacArtney Group, Teledyne ODI, Siemens Energy, and so
on. Each vendor has its own unique technology [3,7,8].

In the past few years, the authors’ group has made some efforts in developing wet-
mateable connectors. In 2021, Song and Cui [3] gave a very detailed overview of wet-
mateable connectors and proposed the concept of functional units to present a better
understanding of the key technologies involving electrical/optical connection, pressure-
balanced oil-filled (PBOF), penetrable self-sealing, automatic interlocking/docking (AID)
and so on. Readers can refer to the literature [3] for details. Among these key technologies,
PBOF is the most essential for wet-mateable connectors, which can eliminate the differential
pressure of connectors, making the wet-mate possible [3,5,7,12]. In 2022, Song et al. [5]
presented a very detailed investigation of PBOF technology and developed the core compo-
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nent used in wet-mateable connectors: a rubber-made resilient bladder [5]. Compared to
commercial off-the-shelf (COTS) products, this resilient bladder has a simple structure and
lower cost, and it is more suitable for mass production. The results of the tests verified that
the depth rate of the new bladder is greater than 6500 m. In the next step, the authors’ group
aims to develop a wet-mateable electrical connector. The simulation technique involving
a coupled multi-field problem is a proven way to save the cost and the time of research
and development (R&D) [13]. The finite element method (FEM) can be easily adapted to
constitutive equations of different physical fields [14]. So, finite element analysis (FEA) will
play a very important role in this work.

In the future, the next-generation submersible will be more inspired by fish in nature.
Compared with traditional submersibles, bio-inspired fish robots have the advantages
of high efficiency, high maneuverability, low noise, and so on [15,16]. Meanwhile, the
next-generation submersible will have more functions, such as underwater charging. If
submersibles land on an underwater docking station, the power transfer can be achieved
by using wet-mateable connectors [17,18]. Foreseeably, wet-mateable connectors must have
a bright application prospect.

In this paper, the authors proposed an underwater wet-mateable electrical connector
with dual-bladder PBOF technology. First, the generalized differential pressure equations
of dual-bladder PBOF technology are derived. Second, a procedure of coupled multi-field
simulation for wet-mateable electrical connectors is proposed. Then, a series of FEA is
conducted, including thermal-electric coupling analysis, static structural analysis, and
dynamic analysis. Finally, a prototype of the proposed connector is developed successfully,
and its electrical performance is verified by a series of tests. The technical level of this
prototype has reached the leading position in China. This paper might be the first discloser
on wet-mateable connectors in the aspects of design, theory, simulation, and testing, which
might be helpful to many ocean scientists in developing countries who are technically
blocked or could not afford the high cost.

2. Design and Theory

2.1. Overall Design

The main specifications of the proposed wet-mateable electrical connector are listed in
Table 1. Considering the current demands in the O&G industry and undersea observatories
in China, the operating depth of wet-mateable connectors will not exceed 3000 m in the
next five years. Other specifications mainly refer to some first-class COTS products, such
as SECAON HydraElectric, NautilusTM WM1.7-30, and Siemens DigiTRON.

Table 1. Main specifications of the proposed wet-mateable electrical connector.

Number of Contacts Depth Rating Contact Resistance Insulation Resistance Operating Current Operating Voltage

4 3000 m ≤5 mΩ ≥10 GΩ ≤30 A ≤1.5 kV DC

Figure 2 presents a schematic of the proposed connector which consists of two parts:
the plug unit and the receptacle unit. The dual-bladder PBOF technology is introduced to
improve reliability, and its core components are two kinds of resilient bladder (parts 12
and 13). The shuttle pin design is used in electric connections to achieve penetrable self-
sealing, and its core component is a moveable stopper (part 11) and the contact pin with
an insulating layer (part 3). The proposed connector also has the AID technology which
can facilitate ROVs to operate under the sea, and its core component is a latching member
(part 4). Compared to available products, the proposed connector is a smaller-sized one,
whose maximum radial dimension is less than 100 mm and the axial dimension in the
mated state is less than 210 mm. The key technologies of the proposed connector are
patented by China National Intellectual Property Administration [19].
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Figure 2. A schematic illustration of (a) the de-mated state and (b) the fully mated state of the
proposed wet-mateable electrical connector: 1-plug pedestal; 2-plug orifice plate; 3-contact pin with
an insulating layer; 4-latching member; 5-aligning key; 6-plug shell; 7-dust cap; 8-receptacle orifice
plate; 9-receptacle front pedestal; 10- electric connection; 11-moveable stopper; 12-primary resilient
bladder; 13-secondary resilient bladder; 14-receptacle rear pedestal; 15-receptacle shell; 16-retaining
ring; 17-O-ring.

2.2. PBOF Design

PBOF technology can provide a small mating/de-mating force and sealing pressure
with better reliability. Thus, the general O-ring sealing design can be used in the proposed
connector. Figure 3 presents a schematic of the dual-bladder PBOF technology used in the
proposed connector. The primary oil chamber is formed outside of the primary resilient
bladder, while the independent secondary oil chambers are formed inside each secondary
bladder. The oil chambers are all filled with the dielectric oil by a custom hypodermic tube
of a syringe which can be inserted through each passageway of the moveable stopper. In
the ocean, the primary bladder separates seawater and filled-oil. The ocean pressure can be
transmitted to the oil in the primary oil chamber first and then to that in the secondary oil
chamber, so an internal pressure is produced to balance the ocean pressure.

In particular, to fill the primary oil chamber, one secondary bladder must be punched
through with holes to connect the primary oil chamber and its secondary oil chamber.
So, this electrical channel protected by only one bladder can be used for unimportant
circuits or ground terminals. The frequently used filled oil is the XIAMETERTM PMX-200
silicon fluid (previously known as DC 200) produced by Dow Corning, which has good
water-repellency, lubrication, and dielectric property [3]. Fluorosilicone rubber is preferred
to make such bladders that shall not react with silicone oil and seawater.
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Figure 3. A schematic illustration of the dual-bladder PBOF technology used in the proposed wet-
mateable electrical connector: 1-primary resilient bladder; 2-secondary resilient bladder; 3-secondary
resilient bladder with through-holes; 4-primary oil chamber; 5-secondary oil chamber.

2.3. PBOF Theory

Due to the compressibility of oil, a differential pressure between the ambient pressure
and the oil pressure will arise, which is a very important indicator of PBOF technology.
The authors’ group has studied this problem systematically and the results are presented
in a previous publication [5]. On this basis, this paper further gives the generalized
differential pressure equations of the dual-bladder PBOF technology. For the proposed
connector, the differential pressure of the primary resilient bladder can be determined by
the following equations.
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where
P is the ocean pressure, in the unit of MPa;
ΔP1 is the differential pressure of the primary resilient bladder, in the unit of MPa;
E1 is the apparent elastic modulus of the primary resilient bladder, in the unit of MPa;
EB is the bulk modulus of the filled-oil, in the unit of MPa;
L0 is the length of the primary oil chamber, in the unit of mm;
L1 is the length of the primary resilient bladder, in the unit of mm;
R0 is the internal radius of the primary oil chamber, in the unit of mm;
R1 is the external radius of the primary resilient bladder, in the unit of mm;
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δ1 is the thickness of the primary resilient bladder, in the unit of mm;
μ1 is the Poisson’s ratio of the primary resilient bladder.
Similarly, the differential pressure equation of the secondary resilient bladder can be

obtained by the following equations.
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⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩
C12 =

(2−μ2)
2R4

2
2E2

2δ2
2

(
L2
2 −2k12+k22

)
C22 =

2(2−μ2)R3
2

E2δ2

(
L2
2 −k12

)
+

R2
0L0−(R2−δ2)

2L2
EB

C32= − R2
0L0−(R2−δ2)

2L2
EB

· P

(5)

⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩
k12 = 1

β2

(
1 − e−

β2 L2
2 cos β2L2

2

)
k22 = 1

4β2

[
3 − e−β2L2(2 + sin β2L2+ cos β2L2)

]
β2 =

4
√

3(1−μ2
2)√

R2δ2

(6)

where
ΔP2 is the differential pressure of the secondary resilient bladder, in the unit of MPa;
E2 is the apparent elastic modulus of the secondary resilient bladder, in the unit of

MPa;
L2 is the length of the secondary resilient bladder, in the unit of mm;
R2 is the external radius of the secondary resilient bladder, in the unit of mm;
δ2 is the thickness of the secondary resilient bladder, in the unit of mm;
μ2 is the Poisson’s ratio of the secondary resilient bladder.
Therefore, the total differential pressure of the proposed connector is as follows:

ΔP = ΔP1+ΔP2 (7)

For the proposed connector, we have R0 = 28 mm, L0 = 67 mm, and EB = 1034 MPa.
For two resilient bladders, we have E1 = E2 = 22 MPa, R1 = R2 = 7 mm, δ1 = δ2 = 1 mm,
μ1 = μ2 = 0.5, L1 = 65 mm, and L2 = 67 mm. Then, the differential pressures of the proposed
connector can be determined. Figure 4 presents a three-dimensional (3D) view of two
bladders, as well as the theoretical results of their differential pressures. The results are
given as follows:

Figure 4. A 3D view of (a) the primary resilient bladder and (b) the secondary resilient bladder, and
(c) the change curves of the differential pressures in the proposed wet-mateable electrical connector.
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(1) The total differential pressure is mainly determined by the primary bladder, which
is almost less than 3.5% of the ocean pressure.

(2) The differential pressure of the secondary bladder is much smaller than that of the
primary bladder. This reminds us that the differential pressure provided by the bladder
under the action of internal pressure is much larger than that provided by such a bladder
with a similar dimension but under the action of external pressure.

(3) Although the dual-bladder PBOF technology can improve reliability, it may also
increase the total differential pressure. Nevertheless, due to the pressure-balanced mode of
the secondary bladder, there is only a slight impact on the performance.

2.4. Shuttle Pin Design

The shuttle pin design can provide the sealing performance in the dynamic process of
mating and de-mating, which belongs to a penetrable seal-sealing [3,20]. As is depicted in
Figure 5, when the contact pin is inserted into the electric socket, it will push the moveable
stopper inside and make full contact with the crown spring. Thus, the current will flow
through the pin to the socket, and then to the conductive sleeve and the conductive shaft in
turn. When the pin is de-mated, the stopper will be followed by the pin closely under the
action of the spring force. Therefore, the sealing performance can always be guaranteed by
this penetrable self-sealing design.

 
Figure 5. A schematic illustration of the shuttle pin design in (a) the disconnecting state and (b) the
connecting state, and the detail views of (c) the contact pin and (d) the electric socket: 1-contact pin;
2-moveable stopper; 3-electric socket; 4-conductive sleeve; 5-spring; 6-conductive shaft; 7-insulating
layer; 8-crown spring.

The shuttle pin design involves the following essential components and subtle de-
sign skills:

(1) The moveable stopper must be an insulating part, which is made of polyetherether-
ketone (PEEK). The diameter of the stopper is only 3 mm, which almost reaches the limit of
commercial off-the-shelf (COTS) products. The stopper’s small size brings great challenges
to the manufacturing and the penetrable self-sealing. Therefore, it presents one of the most
difficult challenges in developing wet-mateable electrical connectors.
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(2) The contact pin, as shown in Figure 5c, has an insulating layer made of PEEK to
prevent seawater from contacting the conductor after the intrusion, which is almost as
expensive as the resilient bladder due to the difficulty of processing.

(3) The maximum deformation of the spring should satisfy the hypodermic tube of the
syringe and can reach the position of oil-filling. Additionally, the authors recommend using
the piano-wire spring which has good performance in strength and fatigue resistance.

(4) According to the requirement of the maximum operating current, the standard
parts can be selected for the crown spring, which is usually made of beryllium copper.
The other conductive components can be made of copper alloys, such as brass or lead
brass. Moreover, gold plating can be used on the electrical contact surface to decrease
contact resistance.

(5) An easily occurred and fatal failure mode of the shuttle pin design is that the
moveable stopper cannot eject to the original position after de-mating. To avoid this, the
end of the stopper and the end of the fitted hole in the electric socket are both designed
as cone types, which are shown in Figure 5d. This skill can also increase allowable fit
tolerances to decrease the cost of manufacturing.

(6) It is worth noting that PEEK plastic is a very important dielectric material used in
wet-mateable electrical connectors, which has good insulating properties in harsh environ-
ments under the sea. Also, PEEK is a self-lubricating material with higher tensile and yield
strength and excellent fatigue resistance [3].

3. Finite Element Analysis

3.1. Coupled Multi-Field Simulation

Due to the Joule heating effect, wet-mateable electrical connectors will inevitably
generate heat when they transfer electricity. However, the excessive temperature will
reduce the elasticity of electric contact and soften the insulating material, resulting in the
failure of connection and insulation. Moreover, thermal stress may also cause a fatal effect
on the reliability of the structure. For example, if high stress produces a large deformation
of the moveable stopper, the function of the penetrable self-sealing will be totally lost.
Therefore, the coupled multi-field simulation is indispensable for the development of
wet-mateable electrical connectors.

Here, the basic equations of thermal-electric coupling are given as follows. Equations (8)
and (9) are derived from the heat flow equation and the charge continuity equation respec-
tively, and Equation (10) is the constitutive equation for the dielectric medium [14,21].

ρC
∂T
∂t

+∇·([Π]·J)−∇·([λ]·∇T)=
.
q (8)

∇·
(
[ε]·∇∂ϕ

∂t

)
+∇·([σ]·[α]·∇T) +∇·([σ]·∇ϕ)= 0 (9)

D =[ε]·E (10)

where
C is the specific heat capacity, in the unit of J/(kg·◦C);
T is the absolute temperature, in the unit of ◦C;
q is the heat generation rate, in the unit of W/m3;
ρ is the density, in the unit of kg/m3;
D is the electric flux density vector, in the unit of C/m2;
E is the electric field intensity vector, in the unit of V/m;
J is the electric current density vector, in the unit of A/m2;
[Π] is the Peltier coefficient matrix, [Π] = T·[α], in the unit of V;
[α] is the Seebeck coefficient matrix, in the unit of V/◦C;
[ε] is the dielectric permittivity matrix, in the unit of F/m;
[λ] is the thermal conductivity matrix, in the unit of W/m·◦C;
[σ] is the electrical conductivity matrix, in the unit of S/m.
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By applying the Galerkin FEM procedure to the above-derived coupled equations, the
thermoelectric finite element equations can be obtained as follows [14,21]:[
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0 Cϕϕ

]( .
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ϕe

)
+

[
KTT 0
KϕT Kϕϕ

](
Te
ϕe

)
=

(
Q
I

)
(11)

where
CTT is the thermal damping matrix;
Cϕϕ is the dielectric damping matrix;
KTT is the thermal stiffness matrix;
KϕT is the Seebeck stiffness matrix;
Kϕϕ is the electric stiffness matrix;
I is the electric current load vector;
Q is the combined heat load vector;
Te is the nodal temperature vector;
ϕe is the nodal electric potential vector.
As is depicted in Figure 6, the authors proposed a procedure of thermal-electric-

structure (TES) coupling simulation for wet-mateable electrical connectors, which can be
achieved by FEM based on ANSYS software. The interface of ANSYS Workbench can easily
realize coupled-field analysis. First, an FEA model involving thermal-electric coupling
is proposed to verify the thermoelectricity of the above-designed connector. Second, the
obtained temperature distribution should be transferred to the static structural FEA model.
Then, the thermal stress distribution can be determined to verify the reliability of the
structure. Furthermore, the pre-stress in the structure cannot be ignored in dynamic analysis.
Thus, thermal stress should be transferred to the FEA model of modal analysis. Only in
this step can accurate dynamic analyses be done. The simulation results of the proposed
connector will be presented and discussed next. All the material specifications used in the
FEA models are listed in Table 2, which are from ANSYS GRANTA Materials Database.

 

Figure 6. A schematic illustration of the TES coupling simulation for wet-mateable electrical connectors.
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Table 2. Material specifications of the proposed wet-mateable electrical connector.

Property

Material
Copper Alloy PEEK Plastic Fluorosilicone Rubber * Stainless Steel

Density (kg/m3) 8940 1310 1120 7900
Isotropic Thermal Conductivity (W/m·◦C) 394 0.25 0.245 15

Isotropic Resistivity (S/m) 1.72×10−8 9.95×1013 1.22×1012 7.07×10−7

Coefficient of Thermal Expansion (1/◦C) 1.70×10−5 5.48×10−5 2.74×10−4 1.70×10−5

Young’s Modulus (GPa) 131 3.85 - 198
Poisson’s Ratio 0.345 0.4 0.27

Yield Strength (MPa) 247 90.9 8.97 243
Tensile Strength (MPa) 320 96.3 8.97 546

* The hyper-elastic of the fluorosilicone rubber is described by Mooney-Rivlin model with the constants
C10 = 2.59 × 105 Pa and C01 = 6.5 × 104 Pa.

3.2. Thermal-Electric Coupling Analysis

A thermal-electric coupling FEA model is proposed based on ANSYS Mechanical, and
the corresponding boundary conditions include the following aspects:

(1) The current I is applied to the end-face of the contact pin (here I = 40 A). The
voltage U of the end-face of the conductive shaft is set to be zero (U = 0).

(2) Due to the existence of contact resistance Rcontact, a heat flow QHF is applied on the
surface of the electric contact (here, QHF = I2·Rcontact = 3.2 W).

(3) According to different conditions of the environment, the convective film coefficient
hconvective is set on the corresponding heat dissipation surface.

To begin with, Figure 7 presents the temperature distribution of the electric contact
with PBOF technology, as well as corresponding boundary conditions. The results are
shown as follows:

(1) The maximum temperature of the electric contact in Figure 7a is about 74.61 ◦C,
while it is decreased by 2.85% to about 72.48 ◦C in Figure 7b. The maximum temperature
of the crown spring in Figure 7a is about 69.29 ◦C, while it is decreased by 3.09% to about
67.15 ◦C in Figure 7b.

(2) Due to the higher convective film coefficient of oil, PBOF technology can improve
the heat dissipation capability of the electric contact. Importantly, because the use of
the secondary resilient bladder increases the area of dissipation, the dual-bladder PBOF
technology can further reduce thermal power by about 3%.

Figure 8 further gives the temperature distribution of the whole connector in terres-
trial and underwater environments respectively, as well as the corresponding boundary
conditions. Figure 9 presents the electric field distribution of some insulating components
in an underwater environment, as well as the corresponding maximum intensity Emax. The
results are shown as follows:

(1) The maximum temperature of the proposed connector in a terrestrial environment
is about 53.92 ◦C, while it is decreased by about 35.17% to 34.98 ◦C in the underwater
environment. The maximum temperature in both cases appears on the contact pin.

(2) The ambient temperature under the sea is much lower than the terrestrial tem-
perature. Also, the convective film coefficient of seawater is much larger than that of air.
This allows better heat dissipation of wet-mateable electrical connectors in the operating
condition, which can further be improved by the dual-bladder PBOF technology. As a
result, the overcurrent capacity of the proposed connector will exceed the rated current of
the crown spring.

(3) The receptacle front pedestal has the strongest electric field with an intensity of
21.8 kV/mm, which almost reaches the breakdown field of PEEK. The electric field intensities
of other insulating components are much smaller. The analysis of thermoelectric performance
further confirms that the maximum operating current of the proposed connector can reach 40 A.

To this extent, the thermal-electric coupling analysis further reveals a characteristic of
wet-mateable electrical connectors, that is, the overcurrent capacity can be enhanced by
the underwater environment and PBOF technology. Therefore, we revised the maximum
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operating current in Table 1 as follows: 30 A in dry conditions and 40 A under the sea.
Moreover, the glass fibre-reinforced PEEK can be used to provide better resistance to
dielectric breakdown.

 

Figure 7. The temperature distribution of the electric contact with (a) PBOF technology and (b) dual-
bladder PBOF technology: 1-contact pin; 2-electric socket; 3-moveable stopper; 4-conductive sleeve;
5-conductive shaft; 6-secondary resilient bladder.

 

Figure 8. The temperature distribution of the proposed wet-mateable electrical connector in (a) terrestrial
environment (the ambient temperature is 20 ◦C) and (b) underwater environment (the ambient tem-
perature is 5 ◦C): 1-plug shell; 2-plug pedestal; 3-receptacle front pedestal; 4-electric contact; 5-primary
resilient bladder; 6-secondary resilient bladder; 7-receptacle rear pedestal; 8-receptacle shell.
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Figure 9. The voltage distribution of the main insulating components in an underwater environment
(the ambient temperature is 5 ◦C): (a) moveable stopper, (b) primary resilient bladder, (c) secondary
resilient bladder, (d) plug pedestal, (e) receptacle front pedestal, and (f) receptacle rear pedestal.

3.3. Static Structural Analysis

A static structural FEA model based on ANSYS Mechanical is proposed. The obtained
temperature distribution from the thermal-electric analysis is coupled with this FEA model
to calculate the thermal stress. Figure 10 presents the stress distribution of some core
components, as well as the corresponding maximum stress σmax. The results are shown
as follows:

 

Figure 10. The thermal stress distribution of some core components of the proposed wet-mateable
electrical connector: (a) contact pin, (b) crown spring, and (c) moveable stopper.

(1) The components having large deformation are the resilient bladders, and the
maximum deformation is about 0.97 mm which has no influence on the reliability of the
structure. The deformation of the moveable stopper is just about 0.02 mm at maximum,
which has no effect on the function of the shuttle pin design.

(2) The components having large thermal stress are the contact pins, and the maximum
equivalent stress is about 123.44 MPa which is less than the yield stress of copper alloy. The
equivalent stress of the crown spring is about 24.45 Mpa in maximum, which has no effect
on its elasticity. The thermal stress of the moveable stopper is much smaller.
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In this subsection, a static structural FEA model of the AID technology is also proposed
to verify the performance and provide guidance for the selection of the latching member’s
material. Figure 11 presents the mating process in the simulation, and Figure 12 gives
the change curves of the mating/de-mating force and the equivalent stress of the latching
member. The results are given as follows:

 

Figure 11. The mating process of the latching mechanism in the simulation: (a) the receptacle (part 3)
starts engaging with the plug (part 1), (b) the receptacle is made the maximum engagement with the
latching member (part 2), and (c) the plug and the receptacle are fully mated and interlocked by the
latching member.

Figure 12. The change curves of (a) the mating/de-mating force and (b) the equivalent stress of the
latching member.

(1) The latching member must have the appropriate elastic constants. If the Young’s
modulus of the material is too small, it cannot provide enough locking force, while if
Young’s modulus is too large, the mating force will be increased. According to the simula-
tion results, the material with Young’s modulus of about 70 MPa is the ideal material for
the latching member.

(2) The de-mating force of the proposed AID technology is about 66.50 N, while
the mating force is about 31.01 N. The de-mating force should be appropriately larger
than the mating force, which can achieve easy docking and reliable interlocking of the
wet-mateable connectors.

3.4. Dynamic Analysis

A pre-stress FEA model of modal analysis based on ANSYS Mechanical is proposed.
The obtained thermal stress distribution from the TES coupling analysis is transferred to
this FEA model. The results are given as follows:

(1) The natural frequencies of the proposed connector are around 24.2 Hz, 75.4 Hz, 96.2 Hz
and 113.6 Hz, which should be avoided in the operating condition in engineering practice.
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(2) The inherent vibration is concentrated on the primary resilient bladder, which
indicates that the primary bladder has a good effect on vibration attenuation. Some typical
mode shapes of the primary bladder are shown in Figure 13.

 

Figure 13. The mode shapes of the primary resilient bladder: (a) 1st mode, (b) 11th mode, and
(c) 12th mode.

Moreover, a pre-stress FEA model of harmonic response based on ANSYS Mechanical
is also proposed. The obtained thermal stress distribution from the TES coupling analysis
is transferred to this FEA model, too. The frequency spacing ranges from 0 Hz to 70 Hz.
Figure 14 gives the mode shape and the frequency response of the secondary resilient blad-
der. The results show that the harmonic response is concentrated on the secondary resilient
bladder. Therefore, we can realize another advantage of the proposed dual-bladder PBOF
technology; that is, the primary bladder has the function of inherent vibration attenuation,
while the secondary bladder has the function of harmonic vibration attenuation.

 

Figure 14. The harmonic response analysis of the secondary resilient bladder: (a) mode shape,
(b) frequency response in the axial direction, and (c) frequency response in the radial direction.

4. Prototype and Test

4.1. Prototyping

According to the previously described design and analysis, a prototype of the pro-
posed wet-mateable electrical connector has been manufactured. Figure 15 presents some
important parts of prototyping. Because the primary resilient bladder has been developed
successfully [5], four secondary resilient bladders are made of the same material by injection
moulding, shown in Figure 15a. The insulating layer of the contact pin is made of PEEK
also by injection moulding, shown in Figure 15b. The latching member is made of HP
7500 nylon by 3D-printing, shown in Figure 15c. Figure 15d presents four assemblies of
electric contact. Figure 15e shows some custom syringes for oil-filling, in which a notch is
formed in the end-face of hypodermic tubes by wire-electrode cutting. This is a cost-saving
way compared with the way of manufacturing with computer numerical control (CNC).
Importantly, before filling the oil, the air in the oil chambers should be extracted by the
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syringe, and then, the oil with the determined volume can be injected, which is shown in
Figure 15e. Finally, we complete the assembly of the prototype, which is shown in Figure 16.
For the convenience of the pressure test, four electrical channels of the plug are connected
in pairs (Channel I to IV, Channel II to III), and two flanges are installed to the plug and
the receptacle.

 

Figure 15. The core components in the prototyping of the proposed wet-mateable electrical connector:
(a) secondary resilient bladders, (b) contact pins with PEEK insulating layers, (c) latching member,
(d) assemblies of electric contact, (e) oil-filling syringe, (f) process of oil-filling.

 
Figure 16. A prototype of the proposed wet-mateable electrical connectors: (a) the plug unit, (b) the
receptacle unit, and (c) the fully-mated state of the prototype.

4.2. Electrical and Pressure Testing

The electrical performance of the prototype is qualified in accordance with the specifi-
cation SEAFOM TSD-02, which is a key standard covering the requirement for designing
and testing a wet-mateable connector [22]. First, the electrical performance of the prototype
has been fully tested in a dry environment. The contact resistance is measured by the
UNI-T® UT620C digital micro-ohm-meter with 4-wire Kelvin type measurement, and the
insulation resistance is measured by the VICTOR® VC60E+ insulation tester under the
voltage of 2.5 kV/DC. The results (see Table 3) show that the contact resistance is lower
than 2 mΩ and the insulation resistance is above 10 GΩ, which are satisfied with the design
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requirements. Also, the prototype has passed the proof voltage test of 1.0 kV/DC with the
Tonghui® TH9320 hipot tester. The photos of the above tests are shown in Figure 17.

Table 3. Electrical test results of the prototype in a dry environment *.

Test Type Contact Resistance Insulation Resistance Proof Voltage

Channel I 1.750 mΩ - -
Channel II 1.819 mΩ - -
Channel III 1.785 mΩ - -
Channel IV 1.764 mΩ - -

Channel I–II - 12.78 GΩ 1.0 kV/DC
Channel III–IV - 12.99 GΩ 1.0 kV/DC

* All the tests are performed in accordance with SEAFOM TSD-02.

 

Figure 17. Electrical testing of the prototype: (a) contact resistance test, (b) insulation resistance test,
and (c) proof voltage test.

Then, the online test of electrical performance was conducted in a hydrostatic pressure
environment, and the schematic is illustrated in Figure 18. Here, a pressure chamber in the
Hadal Science and Technology Research Centre (HSTRC) of Shanghai Ocean University
is used. The fully-mated prototype is installed inside the pressure chamber where four
test wires are penetrated through it. The electrical performance of the prototype has been
verified in the pressure environment with an ocean depth of 3000 m. Figure 19 gives
the electrical performance curves of the prototype in a hydrostatic pressure environment,
which shows that:

Figure 18. A schematic illustration of the prototype’s online test of electrical performance in
pressure environment.
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Figure 19. The electrical performance curves of the prototype in a hydrostatic pressure environment:
(a) contact resistance and (b) insulation resistance.

(1) When the test pressure is less than 30 MPa, the electrical performance of the
prototype can meet the design requirements. The contact resistance is about 3.3 mΩ in
maximum while the insulation resistance is about 10.71 GΩ at minimum.

(2) As the test pressure increases, the contact resistance is increased while the insulation
resistance is decreased. It reminds us that leakage plays a decisive role in the electrical
performance of wet-mateable electrical connectors.

(3) When the test pressure exceeds 30 MPa, the differential pressure of the prototype
will be higher than the sealing pressure of the O-rings used in the shuttle pin design. Thus,
the failure of the penetrable self-sealing will cause a large amount of water to intrude into
the electric contact, which results in infinite contact resistance and zero insulation resistance.

4.3. Failure Analysis

The above tests also revealed the failure modes of wet-mateable electrical connectors,
which are discussed as follows:

(1) The main failure mode of wet-mateable connectors is sealing failure [23]. For the
proposed connector, because the dual-bladder PBOF technology is introduced, only the
common O-ring is used in the shuttle pin design. Additionally, its small size limits the
sealing pressure of the penetrable self-sealing.

(2) Another important failure mode is the PBOF failure. Some ultimate pressure tests
were conducted on the prototype. Under the condition with a very large pressure rate
(about 10 MPa/min), the destruction of the primary resilient bladder was observed. As is
shown in Figure 20, a very clean cut appears on the primary bladder. The PBOF failure can
lead to the rapid loss of the sealing performance, which must be avoided.

 

Figure 20. A destructed primary resilient bladder in the ultimate pressure test.
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According to the failure analysis, we can realize how to improve the depth rate of the
prototype in the future, and two aspects should be focussed on as follows:

(1) Replace the rod seals in the shuttle pin design to improve the sealing performance
of the penetrable seal-sealing. For example, O-rings made of fluorosilicone rubber with
high hardness or other rod seals with high sealing pressure can be used.

(2) Woven fabrics can be added to the material of resilient bladders to enhance the
strength, which can improve the reliability of PBOF technology.

5. Discussion and Conclusions

This paper presents a methodology for designing and testing a wet-mateable electrical
connector, which might be the first discloser on this topic in the aspects of design, theory,
simulation and testing. The innovations of the proposed connector can be summarized
as follows:

(1) The dual-bladder PBOF design used in the proposed connector is mainly based
on the low-cost primary resilient bladder, which is different from some COTS products’
designs (e.g., SECAON HydraElectric, NautilusTM WM1.7-30 and Siemens DigiTRON).
The bladders used in COTS products are often very large, which are usually very difficult
to manufacture by injection moulding.

(2) The AID design used in the proposed connector is also different from what is used
in NautilusTM WM1.7-30 and Siemens DigiTRON. Also, the latching member can be made
directly by 3D printing, which is cost-effective.

(3) In fact, the cost of developing a wet-mateable connector is very high. We have
almost reached the limit of cost control in the R&D process. From another perspective, with
lower cost and a shorter development cycle, we have made some major breakthroughs in
this bottleneck field in China, and this benefited from the previous review research and the
use of innovative simulation techniques.

It should be noted that the wet-mating online test of electrical performance in a high-
pressure environment has not been carried out in this paper. To realize the wet-mating
operation in a high-pressure environment, a specially-customed pressure chamber should
be required. Unfortunately, such equipment is unavailable to us at present, which also
involves a lot of key technologies. Limited by our financial conditions, the depth rate of the
prototype and the test condition can only reach the present level, which can be improved
in the future.

The main conclusions can be summarized as follows:
(1) An innovative wet-mateable connector has been proposed, which involves the

dual-bladder PBOF technology, the penetrable self-sealing design, and the AID technology.
(2) The generalized differential pressure equations of the dual-bladder PBOF technol-

ogy have been derived. The results show that the differential pressure provided by the
bladder under the action of internal pressure is much larger than that provided by such a
bladder with a similar dimension but under the action of external pressure.

(3) A procedure of thermal-electric-structure (TES) coupling simulation for wet-
mateable electrical connectors has been proposed, and a series of FEA involving coupled
multi-field problems have been conducted, including thermal-electric coupling analysis,
static structural analysis, and dynamic analysis. The results show that the underwater
environment allows better heat dissipation of wet-mateable electrical connectors, which
can further be improved by the dual-bladder PBOF technology. Also, the primary resilient
bladder has the function of inherent vibration attenuation while the secondary resilient
bladder has the function of harmonic vibration attenuation.

(4) A prototype of the proposed connector has been developed successfully, and many
process problems of core components have been solved. The electrical performance of the
prototype has been verified by the online test in the hydrostatic pressure environment with
an ocean depth of 3000 m. The technical level has reached the leading position in China.

(5) The failure modes of wet-mateable connectors have been revealed, mainly including
the sealing failure and the PBOF failure. The rod seals with high sealing pressure should
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be used in the shuttle pin design. The woven fabric-reinforced fluorosilicone rubber
can be used to make resilient bladders to improve the reliability of PBOF technology.
Additionally, the glass fibre-reinforced PEEK can be used to provide better resistance to
dielectric breakdown.
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Abstract: Radial seals are sensitive to axial overload failure and may cause leaks. This paper presents
two semi-analytical methods for the joint strength and sealing performance of the subsea pipeline
compression connector under axial overload failure. The method for the joint strength consists of two
parts: One is the analytical model for the joint strength of the connection and seal under axial tension
and compression conditions. The models are based on membrane theory, considering the hardening
and bending effects. The other is a two-dimensional, axisymmetric finite element model for the joint
strength of the radial metal seal. The semi-analytical method for the overload sealing performance
is derived using a finite element model and the Reynolds equation of the laminar flow. The effects
of critical parameters on the joint strength and the overload sealing performance are analyzed. The
experiments are carried out with specimens and prototypes to evaluate the evolution of the sealing
interface and the joint strength. The results show that both the internally turned sealing surface and
the deflection of the pipe can improve the joint strength. In addition, the compression-type connector
can remain sealed under the maximum axial overload. The proposed methods allow the prediction
and identification of the overload joint strength and the sealing condition of the compression-type
connector and provide a better understanding of the radial metal seal under the axial overload
condition.

Keywords: semi-analytical method; compression connector; joint strength; sealing performance;
failure; membrane theory; radial seal

1. Introduction

The axial force overload is a significant factor contributing to the pipeline failure in
subsea connections [1]. For non-welded connectors [2], when subjected to the overload,
connectors with axial seals may fail due to the separation of sealing surfaces, while con-
nectors with radial seals may fail due to the axial sliding of sealing surfaces. This study is
performed to analyze the joint strength and sealing performance during the axial overload
of the subsea compression connector with the radial metal seal.

The key problem of the radial metal seal is the leakage, and the complexity of the
metal seal derives from its surface topography [3]. Due to the existence of stochastic gaps at
the sealing interface, the two sealing surfaces cannot be fully contacted on the microscopic
scale, and the risk of leakage increases if the gaps are connected across the seal [4]. In the
studies of the leakage ratio on randomly rough surfaces, the topography formed by turning
shows unique sealing properties [5]. This issue can be traced back to the groundbreaking
studies on the surface waviness theory [6] and its further developments on the surface
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roughness [7] and sealing design factors [8]. In the aspect of the gasket, through experi-
mentation, Nakamura and Funabashi [9] studied the leakage on a spiral-like topography;
then, Polycarpou and Etsion [10] developed a simplified semi-empirical model to analyze
the leakage and emphasized the significance of micro-profile parameters in determining
the sealing performance of the metal gasket. Arghavani et al. [11] compared the deforma-
tion and pressure distribution of the sealing surfaces of flanged gaskets manufactured by
different machining methods, and the surface topographies were found to be the decisive
factors affecting the leakage ratio. In terms of experiments, a polymer film method was
introduced, and the spiral contact marks and leakage flow paths were proposed to observe
the true contact condition of the topography on the gasket [12], and the real contact areas
on the sealing surfaces were measured [13]. To provide further clarification on the sealing
capabilities of the turning topography, Geoffroy and Prat [3] developed a model for the
leakage of turning metal gaskets and identified the transition from radial to spiral leakage.
One of the advantages of their progress is to establish a more realistic geometric model
of local surfaces, which is considered a substitute for the geometrical representation of
ideal surfaces. In addition, Robbe-Valloire and Prat [4] further studied the radial and
circumferential leakage paths by specifying the typical contact patterns of metal static seals.
Ledoux et al. [14] simulated the leakage ratios utilizing a modal discrete decomposition
method and concluded that the leakage ratios can be greatly reduced if the turned-like
waviness is controlled. Bourniquel et al. [15] studied the leakage prediction using a similar
method, with the idea that the roughness may not have a significant effect on the overall
leakage ratio.

The turning topography related to the studies of the asperity [16] and the probabilistic
models [17] of rough surfaces. By creating a two-dimensional (2D) stochastic model, Lorenz
and Persson [18] proved that the leakage ratio sensitively depended on the skewness
in the height probability distribution. Then, by developing a three-dimensional (3D)
finite element (FEA) model, Zhang et al. [19] proposed a novel approach to calculate the
leakage ratio for specific surface topographies. Besides, multiscale and fractal methods are
utilized as effective means for morphological analysis. Marie et al. [20] created a functional
prototype and implemented a multiscale computational approach for the leakage ratio of
the sealing structure. Liao et al. [21] proposed a technique for decomposing 3D surfaces
into multiscale surfaces by the wavelets to predict surface functions and identify machining
errors. Deltombe et al. [22] used a multiscale analysis to evaluate the performance of the
seal, and micro-roughness played a major role in the leakage. Yan and Fan [23] used a
multiscale model to investigate the impact of the fluid pressure on the sealing performance
of pipe connections. In other respects, So and Liu [24] proposed an elastic–plastic model
to consider the anisotropy of the rough contact surfaces. Shao et al. [25] predicted the
processing surface by high-definition metrology. Tang et al. [26] developed a hydraulic–
thermal FEA model for the sealing surface of connectors and showed that temperature
was significant to the thermal deformation of both metal and non-metal sealing surfaces.
Ernens et al. [27] conducted experiments for a variety of thread compounds and applied
pin/box surface coatings to describe the sealing mechanism of the metal seals.

Scholars have also conducted important research on compression connections. Based
on the elasticity superposition theorem, Wei et al. [28] derived the formula for the sealing
pressure of a compression connector and determined the sealing condition using the FEA
method. Wang et al. [29] developed an optimization method for the compression connector
using a static metal sealing mechanism and created a FEA model with the zero-order
method to optimize its structure. Weddeling et al. [30] developed an analytical model for
calculating the required charging energy for a radial connection with a mandrel placed in-
side the pipe. In another study, Weddeling et al. [31] formulated a transferable load formula
incorporating various groove shapes, using membrane theory. With the experimental data
and FEA methods, Henriksen et al. [32] analyzed the forces and deformations involved
in the process of connecting pipe flanges and found that the increased radial stiffness is
the most reliable indicator of a clamped connection. Agrawal et al. [33] presented a novel
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approach for compression connectors and conducted both tension and compression tests,
indicating that the compression connector exhibited a considerable strength with welded
joints. Onyegiri et al. [34] studied compression connectors for sandwich pipes by incorpo-
rating 2D axisymmetric and 3D FEA models. Quispe et al. [35] presented a FEA model for
a threaded compression connection with square teeth and a metal static seal. The model
was specifically designed for connecting subsea sandwich pipes. Yan and Fan [23] used a
multiscale model to investigate the impact of the fluid pressure on the sealing performance
of a pipe connection. Liu et al. [36] enhanced the anchoring structure by implementing a
nonlinear FEA technique. Li et al. [37] proposed a semi-analytical method to predict the
radial sealing performance of the compression connector, and the leakage condition was
obtained as a function of the minimum radial deflection. Wu et al. [38] presented a method
for calculating the axial load capacity of the steel pipe-to-sleeve grouted connections.

For the compression connection, there is still no analytical method to determine the
joint strength and the overload sealing performance. In practice, the FEA approach remains
the exclusive choice in many instances. A more comprehensive understanding of the
capacity for an enduring overload and sealing performance of compression connections is
needed. In addition, most studies on metal seals focus on the axial sealing mechanisms.
There is limited research available on radial seals.

This paper presents two semi-analytical methods for analyzing the joint strength and
the overload sealing performance of the subsea compression-type connector. Specimen and
prototype tests are carried out, and the results are analyzed and compared.

2. Structure and Mechanism of the Compression Connector

The compression pipeline connector is a mechanical connection (ASTM F1387 [39]
and ISO 8434-1 [40]), which is used to connect two pipes, particularly in the underwater
environment. This type has been developed by many well-known companies, including the
Phastite® connector from Parker Hannifin (Columbus, OH, USA), the Tube-Mac® connector
from PYPLOK® Corp. (Stoney Creek, Ontario, Canada), the compression connector from
HAELOK® (Schlieren, Switzerland), etc.

The studied connector and its assembly tools, as well as the assembly process, are
shown in Figure 1. It is designed to connect the single-wall subsea pipeline between 2 and
12 inches in diameter. The connector was directly attached to the pipe by the mechanical
deformation and created a metal static seal at the same time [27]. The connector comprises
a base and two press rings, as shown in Figure 1a,c, which are both made of metal and
symmetrically positioned around the pipe, as shown in Figure 1c,d. The base features one
or more sealing ridges. The dedicated assembly tools shown in Figure 1b were used for the
automation of the assembly process.

  

(a) (b) 

Figure 1. Cont.
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(c) (d) 

Figure 1. (a) Compression connector components, (b) assembly tools, (c) connector parts, and
(d) connecting process.

3. Semi-Analytical Model of the Joint Strength

After assembly, the radial deflection of the connected pipe not only creates sealing
pressure on the sealing ridge, but also provides partial joint strength in the axial direction.
In our previous study [37], analytical models for the radial deflection of the base and pipe
were developed. With these models, the joint strength of the deflected pipe can be derived.
The relevant deflection formulas are introduced below.

3.1. Analytical Model of the Pipe Deflection

In this study, the following basic assumptions were made:

• The pipe is a cylindrical shell with an even thickness, and the stress distribution is
uniform across the pipe thickness.

• During the axial loading, the small clearance between the pipe and the base is ignored.
• All surfaces are in the ideal condition without any heat treatment, coating, and defects.
• The material of the pipe is isotropic and bilinear hardening.
• The deformation is quasi-static, with strain rate > 10−2 s−1 (ASTM E8/E8M [41]).

The pipe surface is assumed to be subjected to a concentrated radial sealing pressure,
P, which is uniformly distributed in the circumferential direction, and the radial deflection
of the connected pipe can be expressed as [37]:

w(x) = − P
8K3

2 D
e−K2x(cos K2x + sin K2x)

K2 =
(

Eδ
4R2

a D

) 1
4 , D = Eδ3

12(1−υ2)

⎫⎬⎭. (1)

The model set the origin at the center of the sealing ridge, with the positive x-axis
pointing to the right side of the pipe axis. P is the sealing pressure, w(x) is the deflection,
with a positive direction pointing outside of the pipe, E is the Young’s modulus, D is the
flexural rigidity, δ is the pipe thickness, υ is the Poisson’s ratio, and Ra is the radius of the
mid-surface of the pipe wall before deflection.

Assuming the half-cone angle of the deflection as an unsigned angle, ψ(x), it can be
expressed as:

ψ(x)= P
4K2

2 D
e−K2xsin K2x. (2)

Accordingly, the deflection, w(x), and half-cone angle, ψ(x), are plotted in Figure 2.
The following conclusions were drawn from Figure 2:

• The w(x) reached the maximum at x = 0, and it was basically inversely proportional
to x.

• The influence length of the w(x) could be approximated as x ∈
(

0, 7π
4K2

)
.

• In the range: x ∈
(

0, π
K2

]
, the angle varied with x.
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−

Figure 2. Deflection, w(x), and half-cone angle, ψ(x), of the connected pipe.

When subjected to axial overload, the deflected section will deform and provide
additional resistance. To simplify the formulation, an average half-cone angle α = ψ(x).

3.2. Joint Strength of the Connected Pipe

The joint strength of the deflected pipe can be derived from the above deflection
parameters. Referring to studies on the connector that is supported by the inner man-
drel [30,31], the membrane theory was used in the formulation, and material hardening
and bending stress were also considered. Since the stress condition of the deflected pipe
was different between tension and compression, they were separately derived.

3.2.1. Tension Strength Model

When the pipe was under the axial tension load, FL, the stress state was as illustrated
in Figure 3. The origin was fixed at the projection of the ridge on the axis of the pipe. The
positive x-axis was designated as the direction opposite to FL.

(a) (b) 

Figure 3. (a) Diagram of the deflected pipe under axial tension, and (b) a thin-walled cylindrical cell
from (a).

In Figure 3a, Rb is the radius after deflection, R(x) is the radius of the deflection
section, and pi is the internal pressure. A thin-walled cylindrical cell was taken from the
deflected section of the pipe and shown in Figure 3b, where σL is the stress parallel to the
pipe surface, σn is normal to the pipe surface, and σθ is the circumferential stress.

The differential equilibrium equation normal to the pipe surface is:

σLRdθdL − 2σθsin
θ

2
δdLcosα = 0. (3)

The differential equilibrium equation parallel to the pipe surface is:

(σL + dσL)(R + dR)(δ + dδ)dθ − σLRdθδ + 2sin
dθ

2
sinασθδdL + μσnRdθdL = 0, (4)
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where μ is the friction coefficient.
We combined Equations (3) and (4) and ignored the second-order infinitesimal,

which yielded:

R
dσL
dR

+ σL + σθ(1 + μcotα) = 0. (5)

For the plastic condition of the hardening, an isotropic bilinear hardening model [42]
was adopted, and the constitutive relationship of the hardening took the form of:

σT = σs + K1·εT , (6)

where σT is the true stress, σs is the yield strength, εT is the accumulated plastic strain, and
K1 is the hardening modulus.

According to the Tresca yield criterion [43], the plastic state is:

σL + σθ = K3σT , (7)

where the coefficient K3 ∈
[
1,

√
3

2

]
[44]. Substituting Equations (6) and (7) into

Equation (5) yielded:

R
dσL
dR

− a1σL − a2R + a3 = 0, (8)

where:
a1 = μ cot α

a2 = K1K3
Ri

(1 + a1)

a3 = K3(σs + K1)(1 + a1)

⎫⎪⎬⎪⎭. (9)

The antiderivative of Equation (8) is:

(a1 − 1)σL = CRa1 − a2R + (a1 − 1)
a3

a1
, (10)

where C is a constant. By setting the boundary conditions as R = Ra and σL = −pi, the
final expression for axial stress with hardening under the tension condition was derived as:

σL =
K1K3(μcotα + 1)

Ra(μcotα − 1)

[
Ra

(
R
Ra

)μcotα
− R

]
+ K3(σs + K1)

(
1

μcotα
+ 1
)[

1 −
(

R
Ra

)μcotα
]
− pi

(
R
Ra

)μcotα
. (11)

The bending moments at both ends of the curved section in Figure 3a also affected
σL. To describe the effect, for example, we took a bending section of the pipe at R = Ra, as
shown in Figure 4.

Figure 4. A bending section of the deflected pipe.
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Within the bending area (from cross-section A-A to B-B), the curvature varied as the
stress increased. Assuming the presence of a secondary stress, σM, caused by the curvature,
and that the curvature change was entirely caused by the work carried out by σM, the
equilibrium equation of work for the cross-section A-A is given by:

σMδRadθρα = Mα, (12)

where ρ is the radius of curvature, and M is the bending moment. The equilibrium equation
of forces for the cross-section B-B is:

σLδRadθρ(1 − cosα) = M, (13)

while the bending moment can be expressed as [45]:

M =
δ2Ra

4
dθσs. (14)

Substituting Equation (14) into Equations (12) and (13) yielded:

σM = σL(1 − cosα). (15)

Hence, the axial stress considering both hardening and bending is:

σLM = (3 − 2cosα)σL. (16)

Then, the strength under tension overload could be determined as:

FL = 2πδRσLM. (17)

The maximum tension strength along the deflected segment is:

FLmax = 2πδRbσLM. (18)

The analytical model is validated by the FEA model in Section 4. The maximum
axial strength of the FEA reached 5.08 × 104 N, the corresponding theoretical value was
5.30 × 104 N, and the relative error was 4.17%. Compared to the results without hardening,
it was reduced by 4.37%. The error was caused by the simplification of the models, the
average half-cone angle, etc.

3.2.2. Compression Strength Model

The axial compression load changed the stress in the pipe. We defined the axial
pressure as σP, and according to Figure 3a,b, the differential equilibrium equations both
normal and parallel to the pipe surface can be expressed as:

σnRdϕ dR
sinα + 2σθδ dR

sinα sin dγ
2 = 0

(σP + dσP)(R + dR)δdθ − σPδRdθ − 2σθδ dR
sinα sin dϕ

2 + σnRdϕ dR
sinα = 0

}
. (19)

Since dϕ = sinαdθ and dγ = cosαdθ, Equation (19) can be written as:

R
dσP
dR

+ σP − σθ(1 + μcotα) = 0. (20)

Via the Tresca yield criterion with the material hardening:

σθ − σn = K3

[
σs + K1

(
1 − R

Ra

)]
. (21)
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Ignoring the small quantity σn, and substituting Equation (21) into Equation (20),
yielded:

R
dσP
dR

+ σP − K3

[
σs + K1

(
1 − R

Ra

)]
(1 + μcotα) = 0. (22)

Integrating the equation with the boundary conditions: R = Rb and σP = pi, the axial
stress under compression including the hardening is:

σP = K3(1 + μcotα)
(

1 − Rb
R

)[
σs + K1

(
1 − R + Rb

2Ra

)]
− pi

Rb
R

. (23)

Similar to Equation (16), the stress including the bending moment and material hard-
ening is:

σPM = (3 − 2cosα)σP. (24)

The load capacity of the pipe is:

FP = 2πRδσPM. (25)

The maximum compression strength is:

FPmax = 2πRaδσPM. (26)

The results are validated by the FEA in Section 4. During the overload process, the
maximum axial strength of the FEA was 5.46 × 104 N, while the theoretical value was
5.76 × 104 N. The relative error was 5.23%.

3.3. Joint Strength of the Seal

In engineering applications, the turning topography is usually left on the sealing
surface to achieve a better bonding strength [46]. The topography is an anisotropic helix
pattern, similar to a thread [37]. In the assembly, the topography is embedded in the pipe
surface. To determine the maximum shear strength of the sealing interface, as shown in
Figure 5, the calculation method for the thread strength [47] was used.

Figure 5. Model of the engaged sealing interface.

Taking the dent on the pipe side as the study object, the width of the embedded streaks
was much more than the height; thus, by disregarding the bending moment effect, the
maximum of axial shearing force, Fs, is given by:

Fsmax = 2πRr1bnτp. (27)

where b is the turning feed rate, Rr1 is the radial radius of the bottom of the dent, n is the
number of streaks, and τp is the allowable shear stress of the material. The average axial
overload on each streak, Fs/n, is acting on the pitch radius, Rr2.

The results are validated by the FEA in Section 4. The maximum axial strength of
the FEA was 2.49 × 105 N, compared to the analytic value of 2.47 × 104 N. The relative
error was only 0.96%. However, this method can only estimate the maximum strength
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before overload. Due to the nonlinear and prominent deformation of the topography, the
Fs changed during overload, so Fs is further studied by the FEA method in Section 4.

Combining the models obtained in the previous sections and using the superposition
theorem [28], a semi-analytical model for total axial joint strength, F, can be derived
as follows:

F = FL,P + Fs + FA. (28)

where FL or Fp need to be determined according to the force condition, Fs is obtained by
FEA, and FA is the strength of the anchor section according to its configuration, which was
considered constant in this paper. This model can be used to obtain both the maximum
axial strength and the strength variation during overload. It can also be used to predict the
overload forces in sealing experiments, as in Section 6.

4. FEA Modeling

To validate the proposed models and obtain nonlinear evolution of the sealing interface
under overload, FEA models were created. The numerical analysis was performed using
ABAQUS®/Standard [48].

4.1. FEA Model for the Pipe

A simplified 2D axisymmetric model was created to investigate the axial overload
behavior in the deflected section of the pipe, as shown in Figure 6. The model uses the
CAX4R element, which is a four-node, bilinear, axisymmetric, quadrilateral element with
reduced integration and hourglass control. The details of the ridge and sealing surfaces
were ignored, and the base was considered rigid with a high yield strength.

Figure 6. FEA of the axial strength components, FL and Fp.

4.2. FEA Model for Sealing Surface

To determine the evolution of the sealing interface during overload, a 2D axisymmetric
FEA model featuring the turning topography was created, as shown in Figure 7. The
new model retains the same element as the previous one and incorporates topography
parameters from the validated FEA model in the previous study [37]. The mesh was
optimized, as shown in Figure 7b–d. The mesh sensitivity was examined and verified.

The material and geometric parameters used in the theoretical analysis are listed in
Table 1.

Table 1. Geometrical parameters and material properties.

Name Unit Symbol Value

Type inch — 6
Sealing width mm — 3

Radius mm Ra 82.5
Thickness mm δ 5

Embedded depth mm — 2
Average half-cone angle rad α 0.034

Turning speed m/min — 100
Turning feed mm/r — 0.5
Depth of cut mm — 0.2
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Table 1. Cont.

Name Unit Symbol Value

Yield strength MPa σs 235
Shear strength MPa τp 188

Young’s modulus MPa E 2.10 × 105

Friction coefficient — μ 0.2
Poisson coefficient — υ 0.3

(a) 

   
(b) (c) (d) 

Figure 7. (a) The FEA model for analyzing joint strength and leakage, (b) the local view of the sealing
section, (c) the local view of the streaks, and (d) the view of the refinement.

The sealing topography used in the leakage model is described in Section 5 to de-
rive the theoretical sealing performance. The results of both models are compared with
experiments in Section 6.

5. Semi-Analytical Model of the Leakage Ratio

A helical leakage channel was formed when there was relative sliding of the sealing
surfaces. The cross-sectional area of this channel varied with the relative displacement, xr,
between the sealing surfaces. Figure 8 shows a typical profile of a leakage channel, which
is enclosed between curves 1 and 2. To facilitate the comparison, the Abbott–Firestone
curve [49] was used. The leakage channel can be mapped to the positive, semi-axial curve
4 via curve 3. The area enclosed by the coordinate axes and curve 4 remained constant with
the channel area.

Figure 8. A typical profile of a leakage channel and its corresponding semi-axis curves.
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The cross-section area, Ac(xr), can be expressed by the radial height, h(xr), and the
axial width, ζ(xr), as:

Ac =
∫ ζ

0
h dx. (29)

To determine the leakage ratio, the rectangular area (curve 5) can be used as an approx-
imation of the cross-sectional shape of curve 4. The equivalent height of the rectangular
leakage channel is:

h(xr) =
Ac(xr)

ζ(xr)
. (30)

The length of the leakage channel is:

Lc = 2πRr1(n − 1). (31)

The governing equation for the laminar flow can be expressed by the Reynolds equa-
tions [50] as:

∇ · (⇀qv) = 0.; ⇀qv = − h3

12η Δp;

p = pi, at x = xi;

p = po, at x = xo,

(32)

where ⇀qv is the volume flow ratio per unit width, η is the viscosity of the fluid, and p is the
fluid pressure. The circumferential leakage ratio, Qc, as a function of xr, can be derived as:

Qc(xr) =

(
p2

i − p2
o
)
ζ(xr)h

3
(xr)

48ηpo(n − 1)πRr1
. (33)

6. Results and Discussion

6.1. Parameter Analysis

In this section, the influence of the parameters on the joint strength was analyzed using
the proposed strength models, and the overload sealing performance was also analyzed.

A critical sealing factor for radial seals is the maximum pipe deflection, which is also
a critical factor for the axial strength. This study used a necking coefficient, (w/R)x=0, to
examine the correlation between the deflection and the strengths, as shown in Figure 9a. The
change rates for the strengths and w/R are presented in the semi-logarithmic coordinates
in Figure 9b.

 
(a) (b) 

− −− −

Figure 9. (a) Tension and compression joint strengths, FL and Fp, as a function of the necking
coefficient, w/R, and (b) change rates for the strengths and the necking coefficient, both at x = 0.
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The following conclusions were drawn from Figure 9:

• Compression strength was proportional to the w/R.
• The correlation between strength and w/R was approximately linear for compression,

and gradually decreased for tension.
• Trends in the rates of tension and compression strength along with w/R were opposite,

and there was a threshold for the w/R rate, within which the strength increase rate
was independent of the w/R rate.

• Compared to the crimped connector [31], a similar trend of FL was observed.

Thickness, δ, is also an important parameter that can affect the joint strength. The
strengths as a function of the ratio of δ/R are illustrated in Figure 10a. The change rates of
the strengths and δ/R are presented in the semi-logarithmic coordinates in Figure 10b.

 
(a) (b) 

− − −

Figure 10. (a) Tension and compression joint strengths, FL and Fp, as a function of the thickness
coefficient, δ/R, and (b) change rates for the strengths and the thickness coefficient.

The following conclusions were drawn from Figure 10:

• The joint strengths increased in proportion to δ/R, with an approximate quadratic
relationship.

• The trends of strengths with δ/R were similar to those with w/R. Within the thin-wall
threshold [51], δ/R < 0.05, the change rates of strengths tended to be constant; when
the δ/R ≥ 0.05, the change rates of strengths were inversely proportional to the rate
of δ/R.

• Comparing Figure 10 to Figure 9, the impacts of δ/R and w/R on the strengths were
different in magnitude.

• Compared to the crimped connector [31], a similar trend of δ/R was observed within
δ/R < 0.4, and since then, the trend changed due to the differences in the structure.

The influence of the average half-cone angle, α, is also an important control variable
during design. The strengths as a function of α are shown in the Figure 11a, while the change
rates of the strengths and α are presented in semi-logarithmic coordinates in Figure 11b.

The following conclusions were drawn from Figure 11:

• Trends in both strengths followed a similar pattern as α increased, and α had a signifi-
cant impact on the strengths within α < 1◦; when α > 2◦, α had a negligible impact
on strength.

• When α < 1◦, there were obvious differences in the influence on strengths, and α
affected the compression strength more than the tension.
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(a) (b) 

− −
−

−

Figure 11. (a) Tension and compression joint strengths, FL and Fp, as a function of the average
half-cone angle, α, and (b) change rates for the strengths and α.

Apart from these parameters, the principles governing the relationship in each formula
are self-evident; here, we focus on the sealing performance under overload conditions.
During the axial overload, there was a continuous evolution between the sealing surfaces.
Figure 12a,b show the evolution of the sealing interface during the overload by Von Mises
stress and axial displacement fields, respectively. The result shows that there was a gradual
separation of the interface, leading to a slide between surfaces.

 
(a) (b) 

Figure 12. The evolution of the sealing interface during axial overload: (a) Von Mises stress field and
(b) axial displacement field.

To demonstrate the evolution, six channel profiles at representative moments are
presented, taken from the middle channel on the interface. Binary progression profiles are
illustrated in Figure 13, with the white portion denoting the channel. The order of change
is from labels a to f. The data below are the average of all channels along the seal.

According to Section 5, the channel profile in Figure 13 can be converted into the corre-
sponding semi-axis curves, as shown in Figure 14. The height of the leakage channel, h(xr),
increased then decreased, while the width of the leakage channel, ζ(xr), gradually increased.
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(f)(e)(d)(c)(b)(a)

Figure 13. Binary progression profiles of the cross-section of the leakage channel. The white portion
denotes the channel, and the order of change is from labels (a) to (f).

Figure 14. Semi-axis curves of the typical cross-sections.

Using the above procedure, the leakage ratio, Qc, under overload conditions was
determined by sampling from the FEA results.

Next, the relative displacement under overload conditions was analyzed. Figure 15
shows the joint strength, Fs, the axial displacement of the midpoint of the ridge sealing
surface, xR, and the change rate of the relative displacement, x′r, as a function of the axial
displacement of the midpoint of the pipe sealing area, xP.

Figure 15. Joint strength, Fs, displacement, xR, and change rate of the relative displacement, x′r, of
the seal under the overload condition.

As shown in Figure 15, the development of the sealing interface can be classified into
three stages: Follow (I), Separate (II), and Slide (III). The following conclusions were drawn:

• In the Follow stage (I), the ridge was pulled by the pipe and the two contact surfaces
moved simultaneously. In this stage, Fsmax was reached.
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• In the Separate stage (II), x′r was increasing but still less than one, with some plateau
periods, indicating that the ridge was still following with the pipe. In this stage, the
helical leakage channel occurred.

• In the Slide stage (III), x′r was close to one, indicating that the ridge was completely
sliding relative to the pipe. The surfaces in this stage would be severely deformed,
ploughed [52], and worn.

• Besides, compared to the crimped connector [31] and the die-less connector [45], a
similar trend of Fs was observed within xp < 1; hence, it can be further analyzed by
the force–strain curve [45] to identify the plastic deformation of the whole prototype
and the beginning of the relative movement between the joint partners.

Based on the above analysis, the theoretical leakage ratio can be evaluated. The
typical leakage ratios of air (η = 1.77 × 10−5 Pa·s), water (η = 1.01 × 10−3 Pa·s), and
oil (η = 1.50 Pa·s), with inlet pressure, pi = 1 MPa, and outlet pressure, po = 101 kPa,
were calculated and presented in the semi-logarithmic coordinates in Figure 16. The
corresponding Fs and x′r are also displayed.

Figure 16. The leakage ratio, Qc, and the corresponding Fs and x′r of the seal during overload.

The following conclusions were drawn from Figure 16:

• The highest leakage ratio occurred in the Separate stage, while the Follow and Slide
stages had relatively low leakage ratios.

• The maximum Qc occurred after Fsmax, indicating that the compression-type connector
has an excellent overload ability.

• In the Slide stage, Qc experienced minor fluctuations, in accordance with topography
engagement. Although Lc was shortened, the change in the leakage ratio was low
because h was reduced.

In addition, the FEA results showed that there was a material accumulation on the
colliding side where the sealing edge meets the ridge, potentially impacting the leak.

6.2. Experimental Tests

Two types of overload tests were conducted: one was an axial shear test that uses
specimens to observe the topography evolution under the axial shear load, and the other
was a tension and compression test that uses full-scale prototypes to qualitatively evaluate
the overload sealing performance.

6.2.1. Axial Shear Test

The evolution of the sealing interface under the shear load was assessed using a
common approximation method for bolted joints, which suggests flattening the sealing
surface from the cylinder into a plane [53]. A schematic diagram of the test setup is shown
in Figure 17a. The test process was to apply an equivalent vertical sealing pressure, P′, to
achieve the sealing state, followed by an equivalent horizontal shear force, F′

s , to induce

123



J. Mar. Sci. Eng. 2023, 11, 1417

the shear load at the interface and produce the relative displacement, xr. To apply loads
and displacement, an YZJ-50 direct-shear device with a maximum capacity of 5 × 105 N
was used.

   
(a) (b) (c) 

Figure 17. (a) The schematic diagram of the test setup, (b) the specimens, and (c) the local view of the
sealing interface. The structure consists of: (1) vertical compression part, (2) ridge specimen, (3) pipe
specimen, (4) container, (5) specimen bed, and (6) dent area.

Specimens are shown in Figure 17b, and the local view of the seal is shown in
Figure 17c. The turning surface was simplified to an even-square area with straight streaks.
To enhance the identification of deformation, the streaks were made more obvious than the
actual turning surface. The thickness of the pipe specimen was designed to minimize the
impact on the surface deformation. All specimens were designed for the easy replacement.

To analyze the deformation of the topography, an optical stereomicroscope was used,
the Stereo Discovery V. 12. Additionally, to compare the surface waviness and roughness, a
Bruker Profile GT-K optical profiler with a maximum lateral resolution of 3.8 × 10−4 mm
was used. To avoid the edge effect, the sampling was conducted in the middle of indentation.
The measurement length was 1 mm, and the lateral resolution was 1.5 × 10−3 mm. The
typical results are shown in Figures 18–20, with arrows indicating the measuring location,
direction, and length.

−

−

Figure 18. The measured surface topography under initial conditions.
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−
−

−

Figure 19. The measured surface topography after vertical compression.

−

−

Figure 20. The measured surface topography after axial overload.

The initial condition of the specimens is shown in Figure 18, where we selected 1 mm
as the evaluation length. For the pipe, the surface roughness, Ra, was grade 6.3 [54],
and the total profile height, Rt = 37.78 mm; for the ridge, Rt = 135.59 mm, and Ra was
grade 6.3 when sampled parallel to the streaks. For streaks, the mean height variation
over all evaluation lengths was 2.64%, which was mainly due to the edge effect and the
machining error.

For the vertical compacted surfaces shown in Figure 19, the streak peaks were slightly
flattened. The surface roughness increased due to hardening, ranging from grades 6.3 to
12.5. For the waviness, the mean deviation between the test and the FEA results was 4.28%
for the ridge and 4.62% for the pipe. The error was acceptable, and the deformation trend
between the test and the FEA was consistent.

Figure 20 shows the topography after the overload by averaging multiple results. Both
surfaces exhibited severe plastic deformation with a distinct bright contact area, suggest-
ing the presence of the high-pressure zones. The amplitude of surface waviness further
decreased, and there was a ploughing phenomenon [52] along the overload direction, re-
sulting in an uneven increase in roughness. For the waviness, the mean deviation between
the test and the FEA results was 5.93% for the ridge and 6.85% for the pipe. Accumulation
was also observed on the colliding side of the specimens. The deformation trends of the test
and the FEA were consistent. The area suffered severe plastic deformation and ploughing,
and the width of the contact increased.
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In order to examine the sealing pressure during the overload, the mean sealing pressure
at each streak as a function of pipe displacement is shown in Figure 21 based on the
FEA results.

Figure 21. The mean sealing pressure at each streak as a function of pipe displacement, xP.

The following conclusions were drawn from Figure 21:

• Mean sealing pressures rose and then fell within a narrow range, with the reason
being that the contact area decreased due to the xr, and then increased due to wear
and deformation.

• During overload, the pressures at streaks 1 and 2 approached zero, indicating that
separation occurred. Conversely, high pressure was consistently found on streaks 5
and 6, where the accumulation also occurred.

It can be inferred that the metal accumulation can cause a blockage at the end of the
helical channel, allowing the connector to remain sealed, and this needs to be verified by a
prototype test.

6.2.2. Tension and Compression Overload Test

Based on ISO 21329:2004 [55], full-scale prototypes of 3 to 8 inches were tested to
assess the sealing performance under overload conditions. The sealing mediums used
were water and air. Due to safety concerns, air tests were limited to compression tests, with
restrictions on the air pressure and pipe diameter. Leakage detection was performed by
the pressure drop and bubbling test (1 × 10−3 L/h), meeting the standard requirement
(between 5.34 × 10−2 and 0.4 L/h). All tests were conducted with the room temperature of
20 ◦C. The schematic diagram and experimental setup are shown in Figure 22.

The typical test results for these prototypes are presented in Tables 2–4. Samples from
the prototypes were cut and observed, and the typical surface roughness and waviness are
shown in Figure 23.

Table 2. Typical results of the tension overload test of the water medium.

Type
(Inch)

Nominal
Diameter

(mm)

Nominal
Thickness

(mm)

Medium
Pressure

(MPa)

Theoretical Tension
Joint Strength

(N)

Experimental
Mean Strength

(N)

Relative
Error

Leakage
(≥1 mL/h)

Water Pipe Seal Total Initial Final

3 89 2 15 6.29 × 102 1.04 × 105 1.05 × 105 1.11 × 105 6.02% × ×
4 114 3 7 9.30 × 103 2.01 × 105 2.10 × 105 2.18 × 105 3.82% × ×
6 168 3 6 1.84 × 104 2.96 × 105 3.15 × 105 3.31 × 105 5.23% × ×
8 219 4 4.5 6.59 × 104 5.16 × 105 5.82 × 105 6.25 × 105 7.38% × ×
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(a) (b) 

Figure 22. (a) Schematic diagram and (b) experimental setup of the tension and compression overload tests.

 
(a) (b) 

 
(c) (d) 

Figure 23. Turning topography of the ridge: (a) before the test and (b) after the test, (c) the pipe
roughness before the test, and (d) the accumulation after the test.

Table 3. Typical results of the compression overload test of the water medium.

Type
(Inch)

Nominal
Diameter

(mm)

Nominal
Thickness

(mm)

Medium
Pressure

(MPa)

Theoretical Compression
Joint Strength

(N)

Experimental
Mean Strength

(N)

Relative
Error

Leakage
(≥1 mL/h)

Water Pipe Seal Total Initial Final

3 89 2 15 4.72 × 102 1.04 × 105 1.05 × 105 1.11 × 105 5.22% × ×
4 114 3 7 9.40 × 103 2.01 × 105 2.10 × 105 2.19 × 105 4.24% × ×
6 168 3 6 1.86 × 104 2.96 × 105 3.15 × 105 3.27 × 105 3.88% × ×
8 219 4 4.5 6.73 × 104 5.16 × 105 5.84 × 105 6.22 × 105 6.59% × ×
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Table 4. Typical results of the compression overload test of the air medium.

Type
(Inch)

Nominal
Diameter

(mm)

Nominal
Thickness

(mm)

Medium
Pressure

(MPa)

Theoretical Compression
Joint Strength

(N)

Experimental
Mean Strength

(N)

Relative
Error

Leakage
(≥1 mL/h)

Air Pipe Seal Total Initial Final

3 89 2 0.5 8.34 × 103 1.04 × 105 1.12 × 105 1.17 × 105 4.09% × ×
4 114 3 0.5 1.62 × 104 2.01 × 105 2.17 × 105 2.28 × 105 5.14% × ×

Comparing the results, both the joint strength and deformation trends of the sealing
surface well-agreed with the analysis. The error was caused by the simplification of the
methods, allowable geometrical and installation errors, etc. No leakage (≥1 mL/h) was
observed under overload. The test results showed that the compression-type connector is
capable of maintaining a sealed state even under maximum axial overload, setting it apart
from other connection types, such as pipe flanges.

7. Conclusions

This paper presented two semi-analytical methods for analyzing the joint strength and
the overload sealing performance of the subsea compression-type connector. Specimen and
prototype tests were carried out. The following conclusions were drawn:

1. A semi-analytical method for predicting the joint strength of the subsea pipeline
compression connector was proposed. On the one hand, the axial strengths of the
connected pipe under the axial tension and compression conditions were separately
deduced based on membrane theory, taking into account the effects of hardening and
bending stress. On the other hand, the joint strength of the radial seal was analyzed
based on the FEA method. Using the model, the effects of the critical parameters on
the joint strength were analyzed.

2. A semi-analytical method of the leakage ratio under axial overload was derived based
on the 2D axisymmetric FEA model combined with the Reynolds equation of the
laminar flow. Using the model, the overload sealing performance was obtained.

3. The evolution of the sealing interface during the axial overload was divided into three
stages: Follow, Separate, and Slide. The laws governing the joint strength, relative
displacement, and the cross-section of the leakage channel, and their impacts on the
leakage rate, were analyzed. The maximum leakage ratio occurred after reaching the
maximum overload. Besides, the accumulation of the metal can cause an obstruction
at the terminus of the helical leakage channel.

4. The axial shear test and axial overload test were carried out. Using the shear test, the
characteristics of the surface roughness and the deformation of the interface under
overload conditions were obtained. With the tension and compression overload
test, the overload sealing performance of the prototype was tested. Through the
experiments, the feasibility of the proposed methods was verified.

5. The study showed that the internally turned sealing surface and the deflection of
the connected pipe can improve the joint strength of the compression-type connector.
Moreover, a distinctive feature of this connection type is the ability to remain sealed
even under the maximum axial load.

The proposed methods allowed the prediction and identification of the joint strength
and overload sealing condition of the compression-type connector and provided a better
understanding of the radial metal seal. The results can help optimize the FEA design
process and improve the test efficiency in engineering applications.

The current study is only focused on the unidirectional load, and it is necessary to
further determine the joint strength and sealing performance against impacts, alternating
loads, wear, etc. In addition, a more precise and comparable test method and device are
needed to quantify the leakage ratio.
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Nomenclature

Ac Cross-sectional area of the leakage channel (mm2)
b Axial length of the streak (mm)
C Integration constant
D Flexural rigidity of the pipe (N·mm)
E Young’s modulus (MPa)
F Total joint strength (N)
FA Joint strength of the anchor (N)
FL, FP Joint strength of the pipe under tension and compression overloads, respectively (N)
Fs Joint strength of the seal (N)
h Radial height of the leakage channel (mm)
h Height of the hypothetical rectangular channel (mm)
K1 Hardening modulus (MPa)
K2 Defection coefficient
K3 Tresca criterion coefficient
Lc Total length of the leakage channel (mm)
M Bending moment (N·mm)
n Number of the turns of the streaks
pi, po Inlet and outlet pressures of the leakage channel (MPa)
P Sealing pressure (MPa)
Qc Leakage ratio (L/h)
R Radius of mid-surface of the pipe in the deflected section (mm)
Ra, Rb Radius of mid-surface of the pipe before and after deflection, respectively (mm)
Rr1, Rr2 Radius of bottom of the dent and pitch radius of the streaks, respectively (mm)
Ra Grade of the surface roughness (mm)
Rt Total profile height of the surface roughness (mm)
w Deflection of the pipe (mm)
xr Relative displacement between the sealing surfaces (mm)
x′r Change rate of the relative displacement
xP Axial displacement of the midpoint of the pipe sealing area (mm)
xR Axial displacement of the midpoint of the ridge surface (mm)
α Average half-cone angle of the deflection (◦)
γ, θ, ϕ Rotations of cylindrical coordinates (◦)
δ Thickness of the pipe (mm)
εT Accumulated plastic strain
μ Friction coefficient
ρ Radius of curvature (mm)
σT True stress (MPa)

σL, σP
Axial stresses considering hardening under tension and compression overload,
respectively (MPa)
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σLM, σPM
Axial stresses considering both hardening and bending, under tension and compression
overload, respectively (MPa)

σM Secondary stress caused by bending (MPa)
σn Normal stress (MPa)
σs Yield stress of the pipe (MPa)
σθ Circumferential stress (MPa)
τp Allowable shear stress (MPa)
υ Poisson’s ratio
ψ Half-cone angle of the pipe (◦)
ζ Axial width of the leakage channel (mm)
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Abstract: The subsea clamp connector is susceptible to sealing and locking failures over its lifetime
in harsh marine environments and complex loading conditions, posing a serious challenge to the safe
development of subsea oil and gas fields. Accurately predicting the reliability of the subsea clamp
connector under realistic and complex operating conditions is therefore an important guarantee of its
safe operation. Considering the main structural characteristic parameters of the subsea clamp connec-
tor, this paper conducts a reliability analysis using finite element numerical simulation combined
with multiple response surface methodology (MRSM), based on the seal failure and yield failure
criteria. The applicability has been verified through the application of subsea clamp connector in
the Bohai Sea. The results show that the failure probability of the system is mainly affected by the
radius of the seal, the contact angle of the upper and lower flanges and internal pressure. Considering
the influence of various factors, the reliability of the connector was calculated to be 98.73%, and the
reliability was verified by the sealing performance test. This paper provides a practical method for the
reliability analysis of the subsea clamp connector structure under the comprehensive consideration
of multiple factors, and provides a new technology to ensure the safe operation of subsea oil and
gas fields.

Keywords: subsea clamp connector; reliability; failure criteria; multiple response surface methodology

1. Introduction

With the rapid development of the world’s industry, the demand for oil and gas
resources is constantly increasing, and the exploration and exploitation of offshore oil and
gas has become the main development direction of the petroleum industry [1–3]. In the
development of offshore oil and gas fields, subsea connectors are important connecting
components for subsea production system, such as the Christmas tree and manifold [4].
Subsea clamp connectors (as shown in Figure 1) are widely used due to the advantages
of simple structure, rapid connection, and wide applicability, and their reliability directly
affects the safety of subsea oil and gas field development.

At present, research on subsea connectors is mainly focused on the theoretical re-
lationship between the load transfer of the contact surface, the locking force and the
pre-tightening force, the optimization of the sealing ring structure, and related experi-
ments [5–8]. In terms of sealing and leakage research, Yun et al. [9] established the contact
mechanics model of the metal lens-type sealing gasket at the macroscopic scale based on
the Hertz theory. They also analyzed the contact characteristics between the metal lens seal
and the flange structure at the microscopic scale by equivalently replacing the peak cutting
coefficient of a one-dimensional sinusoidal wave. Li et al. [10] analyzed the influence of
pre-tightening force, contact width, preloading compression, and operating pressure on
contact stress through theoretical calculations and finite element methods. Liu et al. [11]
derived a calculation expression for the size ratio of a spherical sealing groove based on the
spherical structure of the connector’s sealing ring. They determined the width and depth
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of the groove, and used finite element methods to study the influence of different pressures
and compression ratios on the sealing performance of O-ring seals from various aspects,
such as von mises stress, contact pressure, and contact width of different contact surfaces.

 
Figure 1. Subsea clamp connectors (https://www.fogt.com/subsea-connector (accessed on
3 May 2023)).

In the field of subsea connector reliability research, the main approaches are fault
tree analysis and dynamic Bayesian network analysis. Wan et al. [12] analyzed the failure
modes and causes of the subsea connector drive ring, and established a fault tree model.
Zhang et al. [13] obtained the failure probability magnitude of subsea connector instal-
lation through fuzzy quantitative analysis of the fault tree. Chen et al. [14] proposed a
fault diagnosis method based on a three-layer dynamic Bayesian network to diagnose
faults and predict failures for the mechanical structure of vertical collet subsea connec-
tors. Torfinn et al. [15] applied structural reliability analysis (SRA) to wellhead connectors,
fatigue induced by overload and plastic collapse are two failure modes to estimate the
fatigue failure probability. Bhardwaj et al. [16] used the first-order second-moment method
and the Monte Carlo method to evaluate the structural reliability of the pipeline system in
deep water under high internal pressure and high temperature. Pang et al. [17] proposed a
fuzzy Markov method that integrates risk, reliability, availability, and uncertainty analysis
based on fault tree, fuzzy comprehensive evaluation, and Markov methods. The method
pre-processes input fault data using fault tree and fuzzy theory to improve the reliability
of the input fault data. Wang et al. [18] proposed a reliability analysis method based on a
dynamic Bayesian network using the Monte Carlo simulation to evaluate the failure prob-
ability of subsea wellhead connectors during their service life. Tsai et al. [19] considered
wind speed probability, fatigue strength of mast arm base, miner summation, and other
uncertain factors to perform the Monte Carlo simulation and generate failure probability
curve. Simon et al. [20] described a verification method for subsea pipeline maintenance to
confirm that the product design meets DNV standards.

The MRSM is a reliability analysis method that can simultaneously consider two or
more failure factors, and it is commonly used in reliability analysis under multi-factor
coupling by establishing multiple response surface functional functions. Das et al. [21]
proposed an improved response surface method and applied it to the reliability analysis of
stiffened plate structures. The response surface functions are formed cumulatively so that
second-order effects in the response surface are properly taken into account using acceptable
computational work in the evaluation of state functions. Somdatta et al. [22] investigates
moving least squares (MLSM) to construct response surface functions. The advantage
of MLSM over the least square method (LSM) is that it reduces the number of iterations
required to obtain the updated central point of the experimental design (DOE). The final
response surface was constructed for effective structural reliability analysis. Zhang et al. [23]
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conducted a reliability study of aircraft engine blades using the multiple response surface
method by establishing four response surface models for overall deformation, radial
deformation, stress, and temperature of the blade. Lu [24] proposed a structural reliability
analysis method to study the dynamic reliability of turbine disk structures. Liu et al. [25]
used finite element numerical simulation combined with the multiple response surface
method and the Monte Carlo method to analyze the reliability of tunnel structural systems.
Zhai [26] calculated the reliability of the fan connectors according to the MRSM method.

This paper proposed an MRSM by combining the failure criterion of yield and mini-
mum sealing ratio pressure to analyze the reliability of the subsea clamp connector under
multi-factors. The proposed MRSM provides a feasible approach for the reliability predic-
tion of subsea clamp connectors.

2. Structure Characteristics of Subsea Connection System

The subsea clamp connectors are mainly used to connect and fix a variety of subsea
equipment, pipelines, and structural parts, including oil and gas pipelines, subsea oil
wells, isolators, oil-water separators, Christmas tree, etc. The subsea clamp connector
studied in the paper is a kind of structure to ensure the smooth, simple, and fast connection
between the mobile end flange and the fixed end flange. It has the characteristics of simple
operation, low requirements for installation environment, and reduces the influence of
various uncontrollable factors. The subsea clamp connector is a rotary body axisymmetric
structure, mainly including the upper flange, lower flange, clamp jaws, metal seals, and
other components (as shown in Figure 2). The three-lobe clamp form makes the force of
the flange more uniform. When the axial external force is applied, the overall structure is
stressed evenly, and the fixed constraint and load are symmetrical along the central axis.
It should maintain structural locking and sealing performance under axial force, bending
moment and pressure etc.

  

Figure 2. Schematic of the overall structure of the subsea clamp connector. 1—Locking bolt hole;
2—Three-flap clamp piece; 3—Axial support plate; 4—Clamp jaws; 5—Upper flange; 6—Seal ring;
7—Bottom flange.

The working condition of subsea clamp connection is very complicated. On the one
hand, the sealing structure of the subsea clamp connector should play a sealing role in the
internal oil and gas medium. On the other hand, the external seawater pressure caused
by the water depth of the pipeline should also play a sealing role. Therefore, the lens seal
and O-type composite seal (as shown in Figure 3) are commonly used in subsea clamp
connectors. The metal seal is the primary seal for sealing oil and gas media, and the O-type
is the secondary seal for sealing external seawater. The combination of these two sealing
methods can effectively improve the reliability and service life of the seal.
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Figure 3. Dual sealing structure with lens seal and O-type seal.

3. The MRSM for Subsea Clamp Connector

The MRSM is a reliability analysis method based on the response surface method,
which can consider multiple failure factors of the system by establishing multiple response
surface function functions. The response surface function is transformed into a specific
mathematical polynomial expression by an implicit performance function, which can be
fitted to obtain a global approximation of the output variable, and then goes to replace
the true response surface while proving its correctness. The response surface function of a
quadratic polynomial is often used in practical applications, and its basic expressions are
as follows:

y = a0 +
n

∑
i=1

aixi +
n

∑
i=1

aiix2
i +

n

∑
i>1

aijxixi (1)

The process of the newly proposed MRSM for the subsea clamp connector is shown in
Figure 4 and its main steps include:

(1) Selection of suitable failure criteria;
(2) sensitivity analysis of structural parameters and internal pressure of subsea clamp

connectors after parametric modeling;
(3) acquisition of test points based on initial data using the Latin hypercube

sampling method;
(4) numerical calculations were performed on the test point data, and the response surface

function was obtained by fitting the test point data and the resultant data using the
least squares method;

(5) the obtained response surface function is sampled using the Monte Carlo method linkage;
(6) and the probability curve of the normal distribution of sample data is obtained by

using the kernel density method, and finally the reliability is calculated combining
the stress-strength interference theory.
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Figure 4. Multiple response surface method calculation process.

3.1. Reliability Failure Criteria
3.1.1. Seal Failure Criteria

In the operating condition, the subsea clamp connector needs the flange to provide
sufficient preload, so that the residual contact force can ensure sufficient sealing, and thus
avoid the occurrence of leakage. A schematic of the preload force transfer is shown in
Figure 5.

Figure 5. Schematic of preload force transmission.
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Engineering has found a linear relationship between the sealing pressure and the
contact stress, and defined the ratio of the mean contact stress applied to the unit effective
area to the internal pressure, called the gasket coefficient, denoted by m [27], as follows:

p = mpn (2)

where: p is the sealing specific pressure and pn is the internal medium pressure.
Therefore, to ensure reliable sealing of subsea connectors, it is necessary to satisfy:

pMax ≥ p (3)

where: pmax is the maximum contact pressure on the seal ring.

3.1.2. Yield Failure Criteria

Yield failure refers to the phenomenon that occurs when a material reaches its yield
limit. When the subsea clamp connector is subjected to preload, the seal ring and other
related parts will generate a certain amount of stress to resist small plastic deformation,
when the external force is too large, the parts will undergo permanent plastic deformation,
resulting in structural failure. The yield failure criterion adopts the fourth strength theory.
Therefore, to ensure that no structural failure occurs in each part of the subsea connector, it
is necessary to satisfy:

σε =

√
1
2
(σ1 − σ2)

2 + (σ2 − σ1)
2 + (σ3 − σ1)

2 < [σ] (4)

where: σε is the calculated equivalent stress.

3.2. Kernel Density Estimation Method

The probability density distribution function of equivalent stress and maximum con-
tact pressure needs to be obtained before reliability analysis of the subsea clamp connector.
The sample set of equivalent stress and maximum contact pressure obtained from the Monte
Carlo method of sampling can only be expressed as a histogram. Therefore, the histogram
of the equivalent stress and maximum contact pressure is converted into the probability
density distribution function of the sample set using the kernel density estimation method.

Using the idea of differentiation, the group distance of the frequency histogram is
further reduced. As the group distance decreases, the width of the rectangle becomes
smaller, so that in the limit the frequency histogram becomes a curve, and this curve is the
probability density curve [28]. The formula is as follows:

f (x) =
1

2nh

n

∑
i=1

1x−h≤xi≤x+h (5)

where: f (x) is probability density distribution function; h is bandwidth; and n is the
number of samples.

According to this formula, in the actual calculation, the value of h must be given. The
value of h cannot be too large or too small, too large does not satisfy the condition of h→→0,
too small uses too few sample data points, and the error will be large. Therefore, there
is more research on the choice of the value of h. Bandwidth h is usually selected by the
AMISE rule.

3.3. Stress-Strength Interference Theory

For the subsea clamp connector related parts, when the material strength is greater
than the stress, it is in a safe state. When the material strength is less than the stress, it fails.
As shown in Figure 6, a schematic diagram of stress-strength interference theory, fs(s0),
is the probability density function of stress, and fS(S) is the probability density function
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of strength. The shadow where two normal distribution curves intersect is the subsea
connector failure area.

sf s Sf S

sd

Figure 6. Schematic of stress-strength interference theory.

Assuming that both strength and stress conform to the law of normal distribution,
when the mean value of stress is less than the mean value of strength, the distribution
area of the two will produce an overlapping interference region. When the stress is greater
than the strength that occurs in this region, the structure is a failure. Therefore, the model
for calculating the probability of failure in the interference region is the stress-strength
interference model [29]. The probability of failure is as follows:

R =
∫

dR =

∞∫
−∞

f (s) ·
⎡⎣ ∞∫

s

f (S)dS

⎤⎦ds (6)

where: R is probability of failure.
When the failure probability of the subsea clamp connector is calculated, its reliability

can be obtained.

4. Case Study of Subsea Clamp Connector Based on MRSM

4.1. Finite Element Model of Subsea Clamp Connector

In the paper, the subsea clamp connector used in the Bohai Sea in China is selected as
the object of study, and its reliability analysis is based on two response surfaces: equivalent
stress and maximum contact pressure.

The structural parameters of metal seals and flanges affect the locking and sealing
performance of subsea clamp connectors, which mainly contain seal ring thickness (x1),
seal ring contact angle (x2), seal ring radius (x3), upper flange thickness (x4), upper and
lower flange contact angle (x5), and lower flange thickness (x6) (as shown in Figure 7).

Its structure is shown in Figure 2, which mainly includes the locking block, flanges,
seal ring, clamp flap, and other parts. Due to the large number of parts and complex
contact relationships, the three core components of the upper and lower flanges and seal
are selected for analysis in this numerical simulation. The one-eighth model is chosen for
its axisymmetric structure for modeling, which can effectively improve the computational
efficiency while ensuring the computational accuracy. In the numerical calculation model
as shown Figure 8, the mesh all use hexahedral mesh, and the seal ring and the upper and
lower flanges contact location of the grid size is set to 1 mm. The upper and lower flanges
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and other parts of the grid size is set to 3 mm, the number of grid is about 170,000. The
constraints of the numerical model are set as follows: fixed constraints are applied to the
lower flange position to limit all degrees of freedom; the upper and lower flange sides
and seal ring sides are set as axisymmetric constraints and normal constraints to simulate
the effect of the 1/8 model as an overall force analysis. The model load is set to apply a
concentrated force on the upper flange end face to simulate an axial preload of 200 kN and
a bending moment of 30 kN·m. A 35 MPa pressure load is applied to the internal surface to
simulate the fluid pressure of the medium inside the connector. The initial sample data are
shown in Table 1.

Figure 7. Subsea clamp connector structure parameterization.

Figure 8. Constraints and loads of the numerical model.
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Table 1. Initial sample data.

Random Variable
Parameters

Symbols Distribution Type
Average Value

(mm)
Coefficient of

Variation
Standard
Deviation

Seal thickness x1 Normal distribution 11 0.02 0.22
Sealing ring contact angle x2 Normal distribution 107 0.02 2.14

Seal radius x3 Normal distribution 74 0.02 1.48
Upper flange thickness x4 Normal distribution 26 0.02 0.52

Upper flange contact angle x5 Normal distribution 145 0.02 2.9
Lower flange thickness x6 Normal distribution 38 0.02 0.76

Internal pressure x7 Normal distribution 35 0.02 0.7

The material parameters for each component of the model are set as shown in Table 2.

Table 2. Material parameters.

Part Name Materials
Strength Limit

(MPa)
Yield Limit

(MPa)

Elastic
Modulus

(GPa)

Poisson
Ratio

Density
(g/cm3)

Upper and lower flange 12Cr2Mo1 540 340 211 0.29 7.85
Seals 316 515 310 211 0.3 8.0

4.2. Reliability Analysis of Subsea Clamp Connector

The finite element analysis allows the equivalent stress cloud of the subsea clamp
connector (shown in Figure 9) and the maximum contact pressure cloud of the seal (shown
in Figure 10) to be obtained. As can be seen from the graph, the maximum equivalent
stress on the upper and lower flanges is 238.07 MPa and the yield strength of the seal is
330 MPa, both of which are less than the yield strength of the material. The maximum
contact pressure on the seal is 246.96 MPa, which is greater than the minimum sealing
specific pressure of 227.5 MPa (according to the ASME standard, the gasket factor m is
selected as 6.5). Therefore, it is clear from the two failure criteria that the sealing structure
of the subsea clamp connector meets the design requirements. The performance of the
subsea clamp connector is good under the rated conditions. The analysis of the reliability
under the relevant parameters can be continued.

Figure 9. Equivalent stress cloud diagram.
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Figure 10. Maximum contact pressure cloud diagram.

By varying the main structural parameters of the subsea clamp connector, a sensitivity
diagram expressing the effect of different parameters can be obtained, as shown in Figure 11,
identifying the seal radius (x3), the upper flange contact angle (x5), and the internal pressure
of the medium (x7) as the main influencing factors in the subsequent analysis.

 
Figure 11. Sensitivity of input parameters to the response surface.

In the paper, the Latin hypercube sampling method was chosen to obtain the test
data. The Latin hypercube sampling technique was a stratified sampling method, which
means that the characteristics of the overall sample can be reflected by a smaller sample
size, which can greatly reduce the number of test points and save calculation time. The test
data obtained from the sampling were then analyzed using finite element software, and the
response surface functions for the equivalent stress S and the maximum contact pressure L
were fitted separately based on the least squares method.

S = −66190.32642 − 375.23899x3 + 929.50191x5+
761.76991x7 − 0.914321x3 · x5 − 5.04020x3 · x7−
2.65118x5 · x7 +4.69174 x3

2 −2.68596 x5
2 − 0.076828x7

2
(7)

L = 105347.587 − 108.7357x3 − 1066.17x5 − 1417.9x7
−11.165x3 · x5 − 0.341x3 · x7 + 8.4x5 · x7 + 12.21x3

2

+5.438x5
2 + 3.29541x7

2
(8)
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The response surface function obtained from the above fit was subjected to the Monte
Carlo sampling method to obtain the sampling iterations shown in Figures 12 and 13. The
figure shows that after 2000 cycles, subsea clamp connector equivalent stress and maximum
contact pressure sampling curves gradually plateau, which means that the data sampling
requirements can be met using 2000 sampling cycles.

Figure 12. Iteration diagram of the response surface S.

Figure 13. Iteration diagram of the response surface L.

The mean value of the response surface S is 276.56 MPa with a variance of 226. The mean
value of the response surface L is 330.03 MPa with a variance of 205. The red line in the figure
is the normal distribution curve obtained by fitting, as shown in Figures 14 and 15.
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Figure 14. Normal distribution plot fitted to response plane S.

Figure 15. Normal distribution plot fitted to response plane L.

First, the probability density expression of the actual response surface is obtained.
Then, the intensity probability density expression is obtained. Finally, the reliability of
subsea clamp connector under each single response can be obtained by using the stress-
strength interference theory:

Pt(S) =
∫ ∞

−∞
fs(s)

∫ ∞

s
f

S
(S)dsdS = 0.0048 (9)

Pt(L) =
∫ ∞

−∞
fl(l)
∫ ∞

L
fL(L)dldL = 0.008 (10)

144



J. Mar. Sci. Eng. 2023, 11, 1378

Pt(S) and Pt(L) are the failure probabilities obtained from the yield failure criterion
and the seal failure criteria. The combined probability of failure is:

P(S ∪ L) = P(S) + P(L)− P(S) · P(L) = 0.0127 (11)

Therefore, the reliability of the subsea clamp connector is:

1 − P(S ∪ L) = 98.73% (12)

The reliability is the reliability performance of the subsea clamp connector in the initial
state of production. According to a literature study [30], this reliability belongs to the
low-level fault and meets its working requirements.

5. Model Test Verification

The test system shown in Figure 16 is used to check the sealing reliability of the subsea
clamp connector studied in this paper. The test system is mainly composed of connector
model, intelligent pressure test machine, internal sensor, and fixed brackets, etc. The test
was carried out using a stepwise pressurization method, where the internal pressure of the
connector model was gradually increased to 52.5 MPa. The pressure is loaded in 12 steps
with a 5-min holding operation at each stage and 15 min at the last step. During the holding
period measure, if the pressure drop is less than 5% of the test pressure, observe for leaks
and abnormal sounds.

 

Figure 16. Reliability performance verification test model.

The pressure drop rate formed from the measured pressure drop data is shown in
Figure 17. The maximum pressure drop rate during the whole pressurization process is 2%,
which is lower than the standard requirement of 5%. As pressure increases, the pressure
drop rate decreases and the internal pressure retention performance becomes stable. After
the first pressurization step, the pressure is released and then re-pressurized in two steps to
verify the accuracy of the above test procedure. The results of the model tests show that the
subsea clamp connector has good sealing performance to meet the design requirements
during both the pressurization and pressure-hold periods. It validates the applicability of
the MRSM for the safe design of subsea clamp connectors.
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Figure 17. Diagram of pressure drop rate for each stage during the test.

6. Conclusions

The paper proposes a reliability prediction method based on the multiple response
surface method for subsea clamping connectors and provides a specific analysis process
for the structural characteristics and load bearing of subsea clamping connectors. The
reliability analysis and model test validation are carried out with a model of subsea clamp
connector, and the main conclusions are formed as follows:

(1) The multiple response surface method can accurately predict the reliability of un-
derwater clamp connectors under different structural characteristic parameters and
load conditions due to its advantages of simultaneously considering multiple failure
factors of the system.

(2) The reliability of the subsea clamp connector analyzed in this paper is mainly affected
by the radius of the sealing ring, the contact angle of the upper and lower flanges, and
the internal pressure of the medium, and the reliability is 98.73% by calculation.

(3) The maximum pressure drop rate of the internal pressure test of the underwater
clamp connector analyzed in this paper is 2%, the pressure drop rate decreases with
increasing pressure, and the internal pressure retaining performance tends to be stable.
The applicability of the MRSM in the safety design of subsea clamp connectors is
verified.
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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
analytical 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 scanning
electron microscope observation, and a formulation of the leakage ratio according to the Abbott–
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.
Experimental 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 pipelines
in marine industries [1]. The compression connector is one of the most efficient connectors
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 (Columbus, OH, USA), the Tube-Mac® connector from
PYPLOK® Corp. (Stoney Creek, ON, Canada), the compression connector from HAELOK®

(Schlieren, Switzerland), etc. The connector is directly attached to the pipe by the mechani-
cal 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
circumferential 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 parame-
ters 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 asperity [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 analysis to
characterize sealing performance. By comparing the differences between machining and
superfinishing, it was shown that micro-roughness plays a major role in the leakage. In
addition, Bricaud et al. [17] studied the leakage between firmly pressed rigid surfaces by
measuring mass flow under different contact geometries using leakage tests.

Scholars have also conducted much research on compression connections. Weddeling
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] devel-
oped 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 compres-
sion connector based on the superposition theorem of elasticity, and obtained the sealing
condition using the finite element method (FE). Henriksen et al. [21] used experimental
data and FE simulations to describe and understand the forces and deformations 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] employed a multiscale
model to study the effect of the fluid pressure on the sealing performance of a pipeline
connection. Agrawal et al. [26] developed a new method for a compression 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 connections, 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
practice, 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
deformation 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 macroscopic
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 deflection into the mesoscopic FE model, and using the Abbott–Firestone curve, the
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leakage 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.

(a) (b)

(c) (d)

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

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
compression 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 thick-
ness δ is shown in Figure 2. The mid-surface of the shell is located at the cylindrical
coordinates system with angle ϕ, axial position x, and radius ρ(= R + z). The correspond-
ing displacements on the mid-surface are u, v, and w. Px is the shearing force, Nϕ and
Nx are the membrane forces, and Mϕ and Mx are the bending moments. Nϕ and Mϕ 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:

dNx

dx
= 0,

dPx

dx
+

Nϕ

R
+ Pz = 0,

dMx

dx
− Px = 0 (1)

The expressions for the strains can be written as

εx =
du
dx

, εϕ = −w
R

, (2)

and, when applying Hook’s law and yield,⎧⎨⎩ Nx = Eδ
1−υ2

(
εx + νεϕ

)
= Eδ

1−υ2

(
du
dx − ν w

R

)
Nϕ = Eδ

1−υ2

(
εϕ + νεx

)
= Eδ

1−υ2

(
−w

R + ν du
dx

) . (3)

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

d4w
dx4 + 4β4w =

Px

D
+

ν

RD
Nx, (4)

where

β =

(
Eδ

4R2D

) 1
4
, D =

Eδ3

12(1 − υ2)
. (5)

The general solution of the constant coefficients equation is

w = eβx(C1cos βx + C2sin βx) + e−βx(C3cos βx + C4sin βx) + f (x), (6)

in which f (x) is a particular solution of Equation (4) and C1 to C4 are the constants
of integration that need to be determined in each special case by the conditions at the
cylinder ends.

The forces and moments for w are

Nϕ = −Eδ
w
R
+ νNx

Mx = −D d2w
dx2

Mϕ = υMx

Px = −D d3w
dx3

⎫⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎭
. (7)

Both the base and the pipe can be considered long cylinders and subject to the radial
external load, Px, which is symmetrically distributed about the cylinder central line. Fixing
the origin in the cross-section where Px is applied, the constants of Equation (6) are

C1 = C2 = 0, C3 = − 1
2β3D

(
βM0 +

Px

2

)
, C4 =

M0

2β3D
, (8)
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and the radial deflection w can be derived as

w =
e−βx

2β3D

(
βM0(sin βx − cos βx) +

Px

2
cos βx

)
. (9)

Then, the deflection, slope, shearing load, and bending moment can be rewritten as

w = Px
8β3D e−βx(cos βx + sin βx)

dw
dx = − Px

4β2D e−βxsin βx

Mx = Px
4β e−βx(cos βx − sin βx)

Qx = − Px
2 e−βxcos βx

⎫⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎭
. (10)

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

χp+ = 3
4 π

(
Epδp

4R2
pDp

)− 1
4

χp− = −χp+

⎫⎪⎬⎪⎭. (11)

The half of the 2D axisymmetric connector–pipe assembly with the radial equivalent
load, Pz, 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, L1 � χp+; 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, Pz, 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, Pr, of the pipe. Due to the wedge
surfaces inside the press ring, there is a short axial distance, L0, between Pz and Pr.

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

When ψ(βbx) = e−βbx(cos βbx + sin βbx), the deflection of the mid-surface of the
cylindrical base, wb1, in the radial direction can be expressed as

wb1(x) = Pb1
8β3

bDb
ψ(βbx)

wb1(L0) = h

⎫⎬⎭. (12)

When χ0 = βbL0, Pb1 can be rewritten as:

Pb1 =
8β3

bDb

ψ(χ0)
h. (13)
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Once the ridge contacts the pipe surface, a sealing pressure occurs on the pipe surface.
When the pressure reaches the pipe’s elastic limit, σsp, the reaction load, Pr, can be given as

Pr = ζσsp. (14)

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

wp(0) =
Pr

8β3
pDp

. (15)

The deflection of the base is

wr(0) =
1

8β3
bDb

(Pb2ψ(χ0)− Pr). (16)

Substituting Pr from Equation (15) into Equation (16) yields

Pb2 =

(
1

β3
bDb

+
1

β3
pDp

)
β3

bDb

ψ(χ0)
Pr (17)

The total equivalent load on the base is

Pz =
β3

bDb

ψ(χ0)

[
8h +

(
1

β3
bDb

+
1

β3
pDp

)
Pr

]
. (18)

Finally, the deflection can be rewritten as

wx(x) =

[
h +

1
8

(
1

β3
bDb

+
1

β3
pDp

)
Pr

]
ψ(βb|x|)

ψ(χ0)
− Pr

8β3
bDb

ψ
(

βb
(|L0 − x|)). (19)

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

wx(0) =

[
h +

1
8

(
1

β3
bDb

+
1

β3
pDp

)
Pr

]
1

ψ(χ0)
− Pr

8β3
bDb

ψ(χ0). (20)

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

3.2. Numerical Modeling and Validation

The finite element method (FE) can be used in the design of the compression connector.
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
bilinear 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

σT = σs + ξ·εT , (21)

where σT is the true stress, σs is the yield strength, and εT is the accumulated plastic strain.
ξ is the hardening modulus, which can be determined by the tangent modulus, Et, and
Young’s modulus, E, with the relation of

ξ =
EtE

E − Et
. (22)
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For general applicability, Et is averaged and rounded to 5.0 × 102 Mpa by referring
to the properties of wildly used pipe steels: mild steels, Q235, X60, X70, and X80. The
geometrical 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 Rb, Rp 215 168

Thickness mm δb, δp 20 20
Yield strength Mpa σsb, σsp 600 235
Axial distance mm L0 0.2

Radial clearance mm h 0.4
Young’s modulus Mpa Eb, Ep 2.10 × 105

Tangent modulus Mpa Et 5 × 102

Poisson coefficient - υ 0.3
Friction coefficient - μ 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 corners
of the base and the pipe are fixed.

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
hypotheses is that the thickness of the cylinder, δ, is much smaller than the radius of the
mid-surface, R (the threshold is δ/R ≤ 0.05). In practice, the δp/Rp of some pipes is higher
than 0.05, e.g., for six-inch pipes, the range is δp/Rp ∈ [0.04, 0.54] (ASME B36 10M [36] and
19M [37]). To satisfy the maximum mean error of less than 10% between the analytical 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, δp = 20 mm and δp/Rp ≈ 0.25. During the
macroscopic FE analysis, an equivalent radial external load, Pz, 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, wx, and the pipe, wp,
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 wx with the analytical method is 8.5% compared to that of the
FE method, and the mean error of wp 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
wx is only 3.7%. However, the corresponding error of wp 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 Section 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 polishing 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 electron microscopy (SEM), as shown in Figure 6.

(a) (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 sealing surface
profile is created, as shown in Figure 7.

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 requirement.
Therefore, a 2D axisymmetric FE model is used. According to Saint-Venant’s principle [46],
the computation domain is limited to the localized contact region with a portion of the base
and is set as L0 = 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 arranged 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, additional 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, rc = 0.3 mm; the pitch of the streaks, ζλ = 0.5 mm; the sealing
width, ζ = 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, wp, the streaks, wk, and the embedded depth of the
streaks, hb, are plotted in Figure 8b. The contact pressure on the sealing surface is shown in
Figure 8c.

As shown in Figure 8a, both of the streaks of the ridge and the pipe surface are
deformed 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, ws, which is distinct from
other deflections, has a plateau phase during the embedding, and correspondingly, the
embedded depth, hb, 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, wb2 ∈ (0, 0.06)), interference (wb2 ∈ (0.6, 0.16)), and form-fit (wb2 > 0.16).
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Figure 8. (a) Stress contour plots of corresponding deformation phases; (b) deflections and embedded
depth of the streaks as a function of wb2; (c) contact pressure on the sealing surface.

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:

• 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 contact
points. Materials are not yielded;

• 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;

• In the form-fit phase, embedding is mainly performed with constant hb; however, the
plastic deformation of the seal area (the difference between ws and wp) continually
increases as wb2 increases, which makes the seal tighter. The untouched areas narrow
considerably and will eventually disappear with the increase in wb2.

To verify the availability of the mesoscale FE model, the analytical values and the mesoscale
FE results need to be compared. For wx, the analytical preload value is 1.35 × 10−2 mm, while
the FE range in Figure 8a is from 1.20 × 10−2 to 1.40 × 10−2 mm; for wp, the analytical value
is 1.54 × 10−2 mm, while the FE range is from 0.26 × 10−2 to 3.66 × 10−2 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.

157



J. Mar. Sci. Eng. 2023, 11, 854

According to the FE results in Section 4.3, the leakage channel and the relevant
dimensions are shown in the Figure 9. The height of the leakage paths in the radial
direction is ha, and the embedded depth of the streaks is hb. Since the axial leakage
vanishes during 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(wx) < ha.

Figure 9. Illustration 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.

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

1
4
(ζλ − x)2 + z2(x) = rc, x ∈ (0, ζλ). (23)

A hypothetical 3D rectangular channel can be used as the leakage path in the mathe-
matical model to calculate the leakage ratio, as shown in Figure 11.

Figure 11. Hypothetical rectangular leakage channel.
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The equivalent dimensions are width ζc, height hc and length Lc, of which ζc and
hc are regarded as definite values along Lc. A represents the cross-sectional area of the
hypothetical rectangular channel. Given the uncertainty of the pressure, the magnitude of
the inlet pressure, pi, and the outlet pressure, po, is assumed as pi ≥ po.

The integral value of the cross-sectional area of the streaks Ao is

Ao =
∫ ζλ

0
z(x)dx. (24)

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

A = ζλ

(
ha − hb

(
wx
))− A0. (25)

The equivalent height of the leakage channel can be expressed as

hc(wx) =
A

ζc(wx)
. (26)

The radius of the leakage path is given by

Rc = Rp +
δp + ha − hb(wx)

2
− wx. (27)

The length of the leakage channel can be defined as

Lc = 2πRc

(
ζ

ζλ
− 1
)

. (28)

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

∇ ·
(
⇀
q v

)
= 0.;

⇀
q v = − h3

12η Δp;

p = pi, at x = xi;

p = po, at x = xo,

(29)

where
⇀
q v is the volume flow ratio per unit width, η is the viscosity of the fluid, and p

is the fluid pressure. The circumferential leakage ratio, Qc, can be represented in the
following form:

Qc =
∫ ζc

0

∫ hc

0

1
2η

dp
dy
(
z2 − hcz

)
dz dx. (30)

The leakage ratio, Qc, as a function of the radial deflection, wx, is given as:

Qc(wx) =

(
p2

i − p2
o
)
ζc(wx)hc(wx)

3

24ηLc po
. (31)

The following equation introduces the notation:

K =

(
p2

i − p2
o
)

24ηLc po
, J(wx) = ζc(wx)hc(wx)

3. (32)

The leakage ratio can be represented in the simplified form:

Qc(wx) = K·J(wx). (33)
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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 impact
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 Rb is determined by Rp, δ, and h, by taking Rp as an independent
variable while others are constant, the influences of Rp on wx and wp at x = 0 are plotted
with logarithmic coordinates using Equations (15) and (20), as shown in Figure 12a. How-
ever, according to Equations (12) and (13), h is positively correlated with the deflection
component, wb1, and its influence on the total deflection, wx, varies. As a reference for
the design, with the increase in h, the corresponding change in h/wx and its gradient is
calculated, as shown in Figure 13b. Note that wp is not shown in Figure 12b since it is
irrelevant to h from Equation (15).

 
(a) (b) 

−

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

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

The following conclusions are drawn from Figure 12a:

• Compared to wp, pipe diameter shows almost exact influence trends on wx; hence Rp
is positively correlated with both deflections;
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• For all standard diameters in the ratio range of δp/Rp < 0.25, within four-inch diame-
ters (Rp ≤ 50 mm), changes of wx and wp can be considered independent of Rp.

The following conclusions are drawn from Figure 12b:

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

• There is a threshold of h (when h = 0.2) at which the growth of wx is directly propor-
tional to the growth of h.

Similarly to the radius, R, the thickness, δ, also shows a prominent influence on the
deflections. The thickness of the base, δb, and the pipe, δp, are analyzed under three
conditions: in Case 1, δb is constant and δp is variable; Case 2 has the opposite conditions
to Case 1; in Case 3, δb = δp is considered. Note that, according to Equation (15), δb is
irrelevant to wp. The influences of δ on the deflections are shown in Figure 13. The curve
in Case 1 (wx) is the influence of δp on wx while δb = 20 mm, and the wp in Case 1 is the
influence on wp. The wx in Case 2 is the influence of δb on wx while δp = 20 mm. The wx
in Case 3 is the influence of δp on wx while δb = δp, and the wp in Case 3 is the influence
on wp.

The following conclusions are drawn from Figure 13:

• As the δp increases, all deflections decrease with a decreased change rate;
• δb has a minimum influence on wx (the curve wx in Case @), and is irrelevant to wp, so

the change in δb has a negligible impact on the interference. Therefore, consideration
may be given to appropriately increasing or decreasing the thickness, δb, 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, δp/ζ, is used. The deflection
as a function of δp/ζ is shown in Figure 14 with logarithmic coordinates. Moreover, since
the ratio also affects flexural rigidity, the flexural rigidity of the pipe, Dp, is also shown in
the figure.

Figure 14. Deflections as a function of ratio δp/ζ.

As shown in Figure 14, deflections and Dp have different responses:

• For the flexural rigidity, a linear relationship exists between the ratio and Dp in
logarithmic coordinates;

• For deflections, they are influenced by a threshold of the ratio: when δp/ζ ≤ 1,
deflections decrease as the ratio increases; when δp/ζ > 1, the deflection change is
practically unrelated to the ratio. This shows that when the thickness exceeds the
sealing width, δp/ζ hardly affects deflection.

Next, the effects of Db and Dp on deflections are also investigated as depicted in the
logarithmic coordinates in Figure 15. Since wp is irrelevant to Db, its curve is not shown.
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Figure 15. Deflections as a function of flexural rigidities.

As shown in Figure 15, Dp exhibits distinct effects on wp and wx:

• Dp exhibits an almost linear relationship with wp (the curve wp-Dp) in logarithmic
coordinates but a decreasing effect on wx (wx-Dp);

• When Dp < 103, all effects on deflections are approximately linear, but when Dp ≥ 103,
the effect on wx and wp is significantly different;

• When Dp ≥ 104, the only effect of the flexural rigidity is that of Dp on wp;
• The effect on wx of the flexural rigidity of Db (wx-Db) is comparable to that of the pipe

(wx-Dp).

On the mesoscopic level, the leakage condition can be analyzed. The influence of wx
on the nonlinear change in the cross-sectional area of the leakage channel A is investigated
first. Based on the mesoscopic FE model (in Section 4), the true width, ζc, and the equivalent
height, hc, of A are shown in Figure 16 with wx increments, where the corresponding radius
of the leakage path, Rc, is also depicted to indicate the relationship between macroscopic
and mesoscopic changes.

Figure 16. Leakage channel dimension and sealing radius as a function of base deflection.

The following conclusions can be drawn from Figure 16:

• There is a strong correlation between wx and ζc: as wx increases, both ζc and
hc decrease;

• Coincidentally with the macroscopic results in Section 4.3, the true height of the
channel (ha − hb) and hc also have a notable reduction during the interference within
the range wx ∈ (0.34, 0.45), while hc shows a clear descent stage;

• When wx > 0.45 mm, ζc and hc are virtually unchanged, indicating that the leakage
ratio is stable.

Based on the above findings, the minimum preloaded deflection can be predicted.
Since Qc varies with different sealed mediums, the typical leakage ratios of water

162



J. Mar. Sci. Eng. 2023, 11, 854

(η = 1.77 × 105 Pa·s), air (η = 1.01 × 103 Pa·s), and oil (η = 1.50 Pa·s), with inlet pressure,
pi = 1 MPa, and outlet pressure, po = 101 KPa, can be calculated as a function of wx, as
shown in Figure 17 in the logarithmic coordinates. The corresponding Rc is also shown.
Other unlisted parameters are consistent with the above analyses.

−

−

−

−

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 follow-
ing conclusions are drawn:

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

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

• The macroscopic minimum, wx, 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, wx, 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 thickness,
the leakage ratio as a function of the rate, δp/ζ, is explored in Figure 18 with logarithmic
coordinates. The corresponding Rc and ASME criteria of the air leakage ratio (from 0.53 to
0.20 L/h, shadowed area in the figure) are also shown.

The following conclusions can be drawn from Figure 18:

• When δp/ζ ∈ (1, 3], wx and Qc begin descending with the increase in δp/ζ;
• When δp/ζ ∈ (3, 5], the leakage is noticeably decreasing;
• When δp/ζ > 5, the effects on wx, Qc, and rc are moderated, the leakage is stable, and

the sealing state needs to be further verified by prototype tests;
• When δp/ζ ≤ 3, the leakage may occur on the internally turned topography, the

recommended design value is δp/ζ ≥ 5.
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Figure 18. Leakage ratios as a function of rate δp/ζ.

6.2. Experimental Test

In order to verify the feasibility of the proposed semi-analytical method on the sealing
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.

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 parameters
are listed in Table 2. A few redesigned prototypes are shown in Figure 20.

Table 2. Geometric and material parameters for prototype types.

Type Nominal
Diameter

(mm)

Nominal
Thickness

(mm)

Medium
Yield Strength

(MPa)

DN Inch Water Air Pipe Connector

80 3 89 5 15 0.2

235 345
100 4 114 7 7 0.1
150 6 168 8 6 0.1
200 8 219 10 4.5 0.08
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(a) (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 pressure 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 indications
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.

(a) (b)

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

(a) (b)

Figure 22. Section view of assemblies of (a) DN 200 and (b) DN 80.
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From Figure 22, the internal deflection of the prototypes conforms to the design
expectation, there are no visual indications of leakage during sampling inspection with
different 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 × × × × × ×
100 4 7 0.1 × × × × × ×
150 6 6 0.1 × × × × × ×
200 8 4.5 0.08 × × × × × ×

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.

Type Mean Burst Pressure (MPa)
Pressure Drop Leakage Structural Change

DN Inch Current Previous

80 3 45 36
√ × √

100 4 33 30
√ × √

150 6 20 20 × × √
200 8 12 10 × × √

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 any
leakage. All failures are structural, and most are manifested as the axial pipe movement. 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 pipeline
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:
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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 (δ/R ≤ 0.25);

2. The geometric parameter effects on the interference process are investigated. The influ-
ence and thresholds of the geometric parameters on sealing performance are presented,
which provide the design guidance for the subsea pipeline compression connector;

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 deflections of
both the base and the pipe are included in the mesoscale results, it is theoretically
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 ob-
servation 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
preloaded 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 width is δp/ζ < 3, and the recommended leak-tight design value is δp/ζ > 5;

6. The results with the proposed semi-analytical method correlate well with the working
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
δp/Rp ≤ 0.25. The model also provides a good understanding of the radial sealing
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 studies.
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Nomenclature

A Cross-sectional area of the hypothetical rectangle channel (mm2)
Ao Integral value of the total Abbott–Firestone curve (mm2)
D, Db, Dp Flexural rigidity of cylindrical shell, base, and pipe, respectively (N·mm)
E Young’s modulus (MPa)
Et Tangent modulus (MPa)
h Radial clearance between sealing surfaces (mm)
ha Height of streaks (mm)
hb Depth of embedded streaks (mm)
hc Equivalent height of the hypothetical rectangular channel (mm)
L0 Axial distance between radial load and ridge (mm)
L1 Axial distance between anchors and ridge (mm)
Lc Length of the leakage channel (mm)
Mϕ, Mx Bending moments of axial section and a section perpendicular to the

axis of a cylindrical shell, respectively (N·mm)
Nϕ, Nx Membrane forces of axial section and a section perpendicular to the

axis of a cylindrical shell, respectively (N)
pi, po Inlet the outlet pressures of the leakage channel (MPa)
Pb1, Pb2 Components of radial load Pz (N/mm)
Pr Reaction load (N/mm)
Px Shearing force of intensity parallel to z axis of a section perpendicular

to the axis of a cylindrical shell (N)
Pz Total equivalent radial load on the base (N/mm)
Qc Helical leakage ratio (L/h)
rc Corner radius of the tool nose (mm)
R, Rb, Rp Radius of mid-surface of cylinder, base, and pipe, respectively (mm)
Rc Radius of leakage path (mm)
u, v, w Displacements of the mid-surface in the cylindrical coordinate (mm)
wb1, wb2 Deflection components of Pz (mm)
wx, wp Radial deflection of the base and pipe, respectively (mm)
wk Deflection of the streak peaks (mm)
wr Deflection component of Pr (mm)
ws Deflection of pipe surface at the seal (mm)
x, y, z Global rectangular coordinates of 2D axisymmetric FE model
δ, δb, δp Thickness of cylinder, base, and pipe, respectively (mm)
εϕ, εx Strain components of cylindrical coordinates
εT True strain
ζ Sealing width (mm)
ζc Width of the leakage channel (mm)
ζλ Pitch of the streaks (feed rate) (mm)
η Kinematic viscosity (Pa·s)
μ Friction coefficient
υ Poisson’s ratio
ξ Hardening modulus (MPa)
σsb, σsp Yield strength of the base and pipe, respectively (MPa)
σT True stress (MPa)
ϕ, x, ρ(=R+z) Cylindrical coordinates
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Abstract: In this paper, a wireless power transfer (WPT) system with a compact planar magnetic
coupler for an autonomous underwater vehicle (AUV) is proposed. A passive induction (PI) coil is
integrated into the circular transmitter (Tx) coil to build a uniform magnetic field (UMF), which can
guarantee the stable output of the WPT system under uncertain radial and axial misalignments for
AUV. Based on normalized magnetic induction intensity distribution analysis, a UMF constructing
method with a PI coil is given, aiming to eliminate the fluctuation of magnetic field intensity, and the
PI coil design principles and flow chart are obtained. The theoretical analysis shows the proposed in-
tegrated coil can effectively enhance the radial misalignment tolerance compared with a conventional
circular spiral coil. The zero-phase angle (ZPA) input condition can be achieved by adjusting the
series capacitor connected with the Tx coil in S-S compensation topology. Experimental results show
that the proposed magnetic coupler containing an integrated coil significantly improves the stability
of output power and power transfer efficiency within the possible radial and axial misalignments
compared with a conventional coupler. It was demonstrated that the output power changes less than
5.5% and the power transfer efficiency maintains at approximately 84.5% in arbitrary radial positions
within the possible working region with an axial transfer distance of 50 mm in saltwater.

Keywords: uniform magnetic field (UMF); autonomous underwater vehicle (AUV); wireless power
transmission (WPT); zero phase angle (ZPA)

1. Introduction

AUVs play an increasingly important role in the development and utilization of marine
resources, scientific exploration, and military applications. Power supply is the key problem
that restricts the long-term continuous operation of AUVs. The last decade has witnessed
rapidly growing extensive research on WPT technology; recently, WPT has been widely
used in electric vehicles, household appliances, and industrial devices [1]. Compared to
conventional energy supplement approaches for AUVs, such as battery swapping [2] and
wet-mate contact charging [3], which suffer from limited maneuverability, and insulation
and worn conductor issues, WPT technology has attracted increasing attention to becoming
a reliable and safe underwater charging method for AUV [4,5].

The magnetic coupler is the key component that determines the performance of a
WPT system, including output power, power transfer efficiency, misalignment tolerance,
and electromagnetic compatibility. Various magnetic couplers for AUVs with different
structures have been studied [6–13]. A three-phase WPT system for a lightweight AUV
was proposed in [6], which enhanced the system’s misalignment tolerance to rotational
offsets, but the axial and radial misalignments were not considered. Wu et al. [7] developed
a magnetic coupler structure with a quadruple Tx coil and crossed dipole Rx coil to prevent
rotational and axial misalignment. Zeng et al. [8] proposed a novel hybrid transmitter
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composed of conical and planar spiral coils. The experimental results showed that the
proposed WPT system’s output power changes were within 5.7%, and the power transfer
efficiency was maintained at approximately 86% in an excessive misalignment area with a
transfer distance of 2 cm. A magnetic coupler structure with a spiral tube type is adopted
in [10] to be compatible with the structure of AUV. In addition, Wang et al. [14] aimed
at proposing an omnidirectional and positioning-tolerant planar-type AUV docking and
charging platform, which has no constraints on AUV structures. However, two main short-
comings restricted their application—on the one hand, some couplers are unconsolidated
and space-consuming; furthermore, some magnetic couplers are incompatible with an
AUV’s hull, and modifications are inevitable, which have negative effects on the hydrody-
namic or pressure-resistant performance of AUVs. On the other hand, in most couplers’
design procedures, radial, axial, and rotational misalignments, which may be caused by
docking errors or ocean current impact, were not taken into consideration simultaneously.

In order to guarantee AUVs obtain a stable power supply from the WPT system under
uncertain misalignments, a UMF in a specified charging area should be formed. Some
scholars have conducted relevant research on the construction of a UMF with a planar elec-
tromagnetic coupling coil. Wang et al. proposed a method of using a multiple-antiparallel
square spiral structure transmitting coil to form a UMF [15]. In the literature [16], the
geometric parameters of the anti-parallel square spiral transmitting coil were optimized by
genetic algorithm, and the magnetic field uniformity factor was defined; the measurement
results showed that the magnetic field uniformity factor was reduced from 0.154 to 0.089
after optimization. Zhang et al. added a compensation structure to the circular array coil,
and extended the range of UMF [17]. A novel hybrid structure composed of a coil and a
spiral winding was proposed for enhancing the uniform magnetic field distribution over
the charging surface by Hui et al. [18]. A planar distributed multi-coil transmitter structure
composed of a chief coil and booster coils to stretch the uniformity of the magnetic field
was proposed in [19]. Transmitter arrays have also been proposed to build a UMF [20,21].
The above-mentioned UMF construction methods change the original coupling coil struc-
ture, resulting in variations in parameters such as self-inductance, which increases the
complexity of WPT system modeling and analysis.

This paper proposes a WPT system with a compact planar magnetic coupler for an
AUV. PI coil is incorporated into the circular Tx coil to generate a UMF, which enhances the
radial and axial misalignment tolerance. The magnetic coupler is suitable for an AUV’s
WPT system because of its compact planar structure, and modifications to the AUV’s hull
are unnecessary. Additionally, the circular magnetic coupler has inherent insensitivity
to rotational misalignments. Circuit analysis demonstrates that the addition of a PI coil
changes the input impedance of the WPT system with S-S compensation topology. The
ZPA input condition can be maintained by adjusting the value of compensation capacitor
C1, which allows the WPT system to remain with high efficiency when the load changes.
Theoretical analysis reveals that a PI coil improves the stability of output power; meanwhile,
it brings little effect to power transfer efficiencies of less than 3%. Experimental results
verify the proposed magnetic coupler’s performance in stability enhancement of output
power and power transfer efficiency under different radial and axial misalignments in
comparison with a conventional coupler. A comparison of some UMF construction methods
and the proposed magnetic coupler of this work is obtained, as shown in Table 1.
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Table 1. Comparison of some UMF construction methods.

References [15] [17] [8] [19] This Work

Magnetic
coupler

structure

Compact of
magnetic coupler

(volume)
����� ����� ����� ����� �����

Misalignment
tolerance ����� ����� ����� ����� �����

UMF construction
effect ����� ����� ����� ����� �����

Easy to construct ����� ����� ����� ����� �����
A higer “�” represents better performance on this item, ����� means best.

2. Magnetic Coupler Design

2.1. Discussion of Magnetic Field Distribution of Circular Coil

Suppose that the radius of a single-turn circular Tx coil is a; simultaneously, the
receiver (Rx) coil is located in the circular charging plane S at the gap of h, and the radius
of the S-plane is greater than the radius of the Rx coil, as shown in Figure 1.

h

dl 

X

Y

Z

O

l
 

 

Z'  

O Y'  

X'  

S

P(x,y,h)

d  

l

l

Figure 1. Schematic diagram of charging plane S formed by the circular coil.

Where θ is the included angle between
→

O1l and the X-axis. When the Rx coil moves
arbitrarily in the S-plane, the power “picked” by the Rx coil is determined by the magnetic
induction intensity BZ in the Z direction generated by the Tx coil [15]. According to
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Biot–Savart’s Law, assuming that the current flowing through the circular coil is I, the BZ
generated at any point P on the S-plane can be expressed as

Bz =
μ0 I
4π

2π∫
0

a2 − ax cos θ

(h2 + a2 + x2 − 2ax cos θ)3/2 dθ (1)

where μ0 is the vacuum permeability. It can be seen from Equation (1) that the radius of
the Tx coil a and the gap h determine the strength of BZ. The outer diameter of the Rx
coil should fit the dimension of the AUV as closely as possible. Set the outer diameter of
the Rx coil as 200 mm, when the AUV is recharged, the maximum radial misalignment is
30 mm, which means that the S-plane is a circular plane with a radius of 130 mm. When the
AUV drives into the underwater docking station for power replenishment, a misalignment
between the Tx coil and the Rx coil will inevitably occur due to the influence of ocean
current and docking error, which mainly includes the following three types: axial, radial,
and rotational misalignments. Since the circular coil has good resistance to rotational offset,
it will not be studied in this section.

To simplify the analysis, assume the current I flows through each circular coil as 1A,
the distribution of BZ in the S-plane at h = 50 mm and 70 mm, as shown in Figure 2.

(a) 

(b) 

yx 

B Z
 
μ

B Z
 
μ

yx 

Figure 2. BZ distribution in the S-plane with different h. (a) h = 70 mm; (b) h = 50 mm.

Comparing the magnetic induction intensity distribution cloud Figure 2a,b, it can be
seen that when h is 50 mm, the BZ at the center of the S-plane is much smaller than the edge
part, which means that when the Rx coil is located at the center, the “picked” power will be
significantly less than at the edge. When h is selected as 70 mm, the magnetic induction
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intensity distribution across the S-plane is more uniform, and the Rx coil is allowed to
“dock” or move to any position in the area with stable output power.

The BZ distribution produced by the circular coil is symmetrical, so the uniformity of
BZ distribution can be described by the degree of discretization of the magnetic induction
intensity at each point on line l1 with the center point in Figure 1. The deviation of BZ
distribution on line l1 is defined as

λ(x) =
BZ(x)− BZ(0)

BZ(0)
(x = 0, 1 . . . 130) (2)

Figure 3 describes the discretization of BZ distribution on line l1 when h = 50 mm and
70 mm, respectively, according to Equation (2).

x

h
h

Figure 3. The discretization of BZ distribution on line l1.

According to previous design experience [16], the area that the deviation of BZ dis-
tribution within 0.1 is specified as the UMF region and it is labeled as S1. It can be seen
from Figure 3 that when h = 70 mm, the distribution of BZ in the entire S-plane meets
the requirements of UMF, but when the Rx coil is located in the plane of h = 50 mm, the
received power will fluctuate sharply with the change of position.

2.2. Analysis of the Circular Coil Turns

When the outer diameter of the Tx coil is determined, the average radius of the coil
decreases as the turn numbers of the coil increase. In addition, the distribution of BZ
calculated by Equation (1) ignores the single-turn coil thickness, and the results may differ
from the actual value. By using COMSOL simulation software, the influence of different
circular coil turn numbers on the BZ distribution in the S-plane can be more accurately
analyzed. The maximum discretization of BZ and the ratio of UMF area to the total area of
the S-plane with h = 50 mm and h = 70 mm under different coil turn numbers are shown in
Figure 4.
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Figure 4. Influence of coil turn numbers N on BZ distribution.

As can be seen from Figure 4, the distribution of BZ and the area of the UMF region
at h = 70 mm is related to the turn numbers N of the circular coil. When N = 12, the
distribution of BZ in the entire S-plane meets the conditions of a UMF; at the same time, the
fluctuation of BZ is minimal. However, for h = 50 mm, as shown in Figure 4, by adjusting
the turn numbers of the circular coil, the area of the UMF region S1 always stays at a low
level. Some other methods need to be taken to increase the area of the UMF region when
h = 50 mm.

2.3. Constructing UMF with a PI Coil

In the WPT system shielding measures, there is a method of reactive resonant shielding,
which suppress the leakage magnetic field by passive coil [22]. Similarly, we can utilize the
method of adding a PI coil to enhance or weaken the magnetic field in a specific area, and
thus achieve the purpose of building a UMF.

The proposed magnetic coupler with an integrated PI coil is shown in Figure 5. When
the alternating magnetic field generated by the Tx coil passes through the PI coil, an induced
electromotive force is generated on the coil, and the induction coil will produce a magnetic
field with opposite direction. Using this property, combined with an induced magnetic
field distribution of circular coil, the parameters of the PI coil are designed to construct
a UMF.

Figure 5. Proposed WPT system with a PI coil for AUV.
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The induced voltage Vind generated on the PI coil can be expressed as

Vind = −dφ

dt
= −jωBzejωtS2 (3)

where ϕ is the magnetic flux through the plane PI coil located, and S2 is the area of the PI
coil. The induced current Iind in the PI coil can be expressed as

Iind =
Vind
Z2

=
Vind

jωL2 + R2
(4)

where L2 is the self-inductance of the PI coil and R2 is the parasitic resistance of the PI coil.
According to Equation (1), the magnetic induction intensity generated by the PI coil at any
point P on the S-plane can be calculated as

B′
z =

Nμ0 Iind
4π

∫
L

dl × er

r2 (5)

Since the magnetic induction intensity satisfies the law of superposition, the magnetic
induction intensity at any point P on the S-plane is the sum of the magnetic induction
intensity generated by Tx coil and the magnetic induction intensity generated by the PI
coil, expressed as

B′′
z = B′

z + Bz (6)

According to (3)–(6), when the parameters of the Tx coil are fixed, the area S2 of the PI
coil determines the magnetic induction intensity at point P. The direction of the current in
the PI coil can be determined by Lenz’s law, as shown in Figure 6.

Figure 6. Cross-sectional view of the proposed magnetic coupler.

Since AUV needs to maintain a radial offset of at least 30 mm; in other words, the
inner diameter of the PI coil should be greater than 130 mm, assuming c = 130 mm. Figure 7
shows the magnetic induction intensity distribution on line l1 varying with the size of the
PI coil.
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Figure 7. Magnetic induction intensity distribution varying with PI coil size: (a) When the outside
diameter of PI coil changes; (b) When the inner diameter of PI coil changes.

The effect of PI coil on the BZ distribution can be concluded as per the following:

1. By adjusting the parameters of the PI coil, the fluctuation of magnetic induction
intensity can be reduced to extend the UMF area.

2. The deviation of BZ distribution on line l1 reduces with the increase in the outer
diameter of PI coil b. The outer diameter of the PI coil can be fixed to the inner
diameter of the Tx coil.

3. When the outer diameter of PI coil b is determined, the deviation of BZ distribution
on line l1 reduces as the inner diameter of PI coil c decreases.

The above discussion shows that the introduction of a PI coil can improve the unifor-
mity of the induced magnetic field distribution. The values of parameters b and c that meet
the requirements can be obtained through the flowchart shown in Figure 8.

 

b d

N
a

h.

 c e

Figure 8. Design flowchart of parameters b and c.
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It is finally determined that b = 153 mm, which is the outermost turn of the PI coil
when wound tightly to the inside of the Tx coil, and the inner diameter c is selected as
130 mm. Figure 9 shows the magnetic induction intensity distribution on the S-plane when
adding a PI coil and using only circular coil.

(a) (b) 

Figure 9. The magnetic induction intensity distribution on the S-plane: (a) with PI coil; (b) without
PI coil.

Comparing Figure 9a,b, it can be clearly seen that the magnetic induction intensity at
the center of the corresponding area of the plane has increased, and the distribution of the
magnetic induction intensity is more uniform after adding a PI coil.

From the above analysis, it can be seen that when the gap h between the Tx coil and the
Rx coil is 50 mm, the PI coil can improve the anti-offset ability of the system; the parameters
of the magnetic coupling mechanism are listed in Table 2. When h is 70 mm, the system
maintains good anti-offset ability, and there is no need to start a PI coil.

Table 2. The parameters of magnetic coupling mechanism.

Parameters Definitions Value

N Tx coil turn number 12
a Radius of Tx coil 200 mm

N2 Rx coil turn number 8
a1 Radius of Rx coil 100 mm
b Outside radius of PI coil 153 mm
c Inner radius of PI coil 130 mm

RS Radius of single-turn wire 1.95 mm

3. Circuit Design and Analysis

3.1. System Circuit Structure Design with a PI Coil

The proposed WPT system circuit structure with a PI coil is shown in Figure 10. The
DC voltage Uin is converted to AC voltage U1 through a full-bridge inverter consisting of
four MOSFETS (S1–S4). The power is transmitted from the primary side to the secondary
side through the resonant network and electromagnetic coupling mechanism. C1 and C3
are the compensation capacitors. The electromagnetic coupling mechanism consists of Tx
coil L1, Rx coil L3, and PI coil L2. M12, M13, and M23 represent the coupling between each
coil, respectively. Switch S5 controls the switching of the PI coil. The DC voltage on load
RL is obtained by the secondary side compensation network output voltage U3 through a
rectifier consisting of four DIODES (D1–D4). Moreover, the S-S compensation topology has

179



J. Mar. Sci. Eng. 2023, 11, 566

the characteristics of simple structure and high efficiency, which is suitable for underwater
WPT applications with limited space.

Figure 10. Proposed circuit of the WPT system.

3.2. Circuit Modelling Analysis

To simplify the analysis, the fundamental harmonic approximation is used and all
higher-order harmonics are ignored. The simplified model of the proposed WPT system is
shown in Figure 11.

Figure 11. Equivalent circuit of the WPT system.

The root mean square (RMS) value of the fundamental voltage component can be
expressed as

U1 =
2
√

2Uin
π

(7)

The equivalent load resistance RL can be calculated as [23]

R =
8
π2 RL (8)

When switch S5 is turned on, according to Kirchhoff’s voltage law, the following
equation can be obtained.⎡⎣U1

0
0

⎤⎦ =

⎡⎢⎣jωL1 +
1

jωC1
jωM12 jωM13

jωM12 jωL2 jωM23
jωM13 jωM23 jωL3 +

1
jωC3

+ R

⎤⎥⎦·
⎡⎣I1

I2
I3

⎤⎦ (9)

where ω represents the angular frequency of the WPT system. When the system is resonant,
the relationship between the circuit components is expressed as{

ωL1 = 1
ωC1

ωL3 = 1
ωC3

(10)
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By substituting (10) into (9), the current can be obtained as⎧⎪⎪⎪⎨⎪⎪⎪⎩
I1 =

ωM2
23+L2Rj

ωM2
12R+Aj

U1

I2 = M12R−ωM13 M23 j
ωM2

12Rj−A
U1

I3 = L2 M13−M12 M23
M2

12R+Aj
U1

(11)

where A = ω(L2M2
13 − 2M12M13M23). When switch S5 is turned off, the PI coil no longer

functions, and the circuit structure becomes a typical S-S compensation.

3.3. Analysis of the ZPA Characteristics of the Proposed WPT System

Maintaining ZPA operating characteristics to avoid reactive power loss is critical to
improving the overall efficiency of the WPT system [24]. The S-S compensation structure
has ZPA operation characteristics [25], but when a PI coil is added, the input impedance of
the WPT system becomes⎧⎨⎩ Zin = U1

IL f 1
= Rin + jXin =

ω2 M2
12 M2

23R−AL2R
ω2 M4

23+L2
2R2 + j AωM2

23−ωM2
12R2L2

ω2 M4
23+L2

2R2

α(rad) = arctan Xin
Zin

(12)

where α represents the input impedance angle. The addition of a PI coil brings an imaginary
part to the input impedance, and ZPA can no longer be realized. As can be seen from (12),
the input impedance angle α is related to the angular frequency ω, equivalent load R, the
inductance of PI coil L2, and coupling between coils. M12, M23, and M13 are 1.9 μH, 0.1 μH,
and 7.51 μH, respectively. With the calculation of MATLAB, the relationship among the
input impedance angle α, load R and system frequency f is shown in Figure 12.

R f 

 
 

Figure 12. The relationship between input impedance angle α and system frequency f, load R.

As can be seen from Figure 12, the input impedance angle α tends to decrease as the
load increases, but the decrease in α can be mitigated by increasing the system frequency
f. Considering that when the system frequency is higher than 300 kHz, the propagation
of high-frequency electromagnetic fields in seawater will produce large eddy current
losses [26], the system operating frequency is selected as 244 kHz.

Equation (12) is simplified to obtain the real and imaginary parts of the input impedance.⎧⎪⎨⎪⎩
real(Zin) =

ω2 M2
12 M2

23R−AL2R
ω2 M4

23+L2
2R2

imag(Zin) =
AωM2

23−ωM2
12R2L2

ω2 M4
23+L2

2R2

(13)
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Since the value of M23 is very small, it can be omitted in the analysis. The imaginary
part of the input impedance can be expressed as

imag(Zin) = −ωM2
12

L2
(14)

It means that the introduction of a PI coil brings an imaginary part to the input
impedance, which is related to M12. By adjusting the value of compensation capacitor C1,
the ZPA characteristics can be maintained in the WPT system and the relationship between
C1 and mutual inductance M12 is expressed as

jωL1 +
1

jωC1
=

jωM2
12

L2
(15)

Figure 13 shows the relationship between the input impedance angle and system
frequency f, load R after adjusting C1. It can be seen that when the operating frequency is
set to 244 kHz, the ZPA characteristics of the system will not be affected as the load changes.

 
 

f 
R 

Figure 13. The relationship between input impedance angle α and system frequency f, load R after
adjusting C1.

3.4. System Efficiency Analysis

This section focuses on the effect of a PI coil on the power transmission characteristics
of the WPT system. In the above analysis, the influence of the parasitic resistance of each
coil on the system is not taken into account because its value is very small. However, when
analyzing system efficiency, it cannot be ignored. In addition, in the marine environment,
the impact of eddy current losses caused by the propagation of electromagnetic fields in
seawater on WPT system efficiency also needs to be considered. When a PI coil is operating,
the power transfer efficiency η and system output power Pout can be expressed as⎧⎨⎩ η = |I3|2R

Peddy+|I1|2R1+|I2|2R2+|I3|2(R3+R)

Pout = |I3|2R
(16)

where R1, R2, and R3 are the parasitic resistance of L1, L2, and L3, respectively. The effect of
load changes on power transfer efficiency is shown in Figure 14. It can be seen that when
the load changes within 0~50 Ω, the power transfer efficiency of the WPT system after
adding a PI coil and without a PI coil are consistent, both increase sharply at first, and then
decrease slowly. Meanwhile, the introduction of a PI coil reduces the optimal efficiency of
the system by about 3%.
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R

C
C

C
C

Figure 14. Power transfer efficiency varying with load.

4. Experimental Verification

An experimental platform is built to verify the proposed structure, as shown in
Figure 15. To reduce the skin and proximity effects, the Litz wires are employed for the
construction of Tx, Rx, and PI coils. They are wound by AWG 38 litz wires with 400 strands.
The structure of the Tx coil, Rx coil, and a PI coil are also shown in Figure 15. The water
tank is built to realistically simulate the marine environment, and the gap between coils is
filled by saltwater with a salinity of 4‰. The electronic load is used to simulate the load
change in the WPT system. The parameters of the proposed WPT system are listed in
Table 3.

 
Figure 15. Experimental platform.
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Table 3. The parameters of the proposed WPT system.

Parameters Definitions Value

L1 Inductance of Tx coil 94.38 μH
R1 Resistance of Tx coil 1105.1 mΩ
L2 Inductance of PI coil 1.68 μH
R2 Resistance of PI coil 124 mΩ
L3 Inductance of Rx coil 21.85 μH
R3 Resistance of Rx coil 303.99 mΩ
Lf1 Inductance of compensating inductor 8.93 μH

RLf1 Resistance of compensating inductor 155.49 mΩ
f System frequency 244 kHz

U1 Input voltage 100 V

4.1. Verification of ZPA Characteristics of the Proposed WPT System

The ZPA characteristics of the system are verified by measuring the phase angle of the
input voltage and current with an Oscilloscope. Considering that the internal resistance
of the batteries does not change much during the charging process, the resistance of the
electronic load gradually increases from 10 to 50 Ω. The experimental waveforms of input
voltage and current are shown in Figure 16.

Figure 16. The input voltage and current waveform of the WPT system after adding a PI coil under
different loads.

As can be seen in Figure 16, the phase angle of input voltage and current does not
change with the variation in load resistance. Through the above analysis and experiment,
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it can be verified that the WPT system with the addition of a PI coil is still able to maintain
the ZPA characteristics after adjusting the compensation capacitor C1.

4.2. Verification of System Output Characteristics

The introduction of the PI coil changes the output characteristic of the WPT system,
and in order to compare the fluctuation of output power, the output power of the system is
normalized, as shown in Figure 17. In addition, the comparison test of the proposed WPT
system in air and saltwater is added to verify the function of the PI coil.

 
(a) (b) 

P o
ut

Figure 17. The output power and system efficiency varying with radial misalignments when h = 50
mm: (a) normalized output power; (b) system efficiency.

Compared with the output power of the WPT system without a PI coil, the fluctuation
of output power decreases by 17% with the introduction of a PI coil, as can be seen in
Figure 17. The stability of the output power of the system is improved significantly with
the addition of a PI coil. A PI coil brings negative effects to the transmission efficiency,
which cause approximately a 3% decrease in power transfer efficiency compared with the
WPT system without a PI coil. Figure 18 shows the output power and efficiency of the WPT
system varying with radial misalignments when only a circular coil is used at the Tx coil
when h = 70 mm.

P o
ut

Figure 18. The output power and system efficiency varying with radial misalignments when h =
70 mm.
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As can be seen from Figure 18, when h = 70 mm, the WPT system using only a circular
coil at the Tx coil can meet the fluctuation of output power within 0.08, while maintaining
the power transfer efficiency at 88.5%. Figure 19 shows the output power and efficiency of
the WPT system varying with rotational misalignments.

P o
ut

Figure 19. The output power and efficiency varying with rotational misalignments.

As can be seen from Figure 19, the output power and efficiency of the WPT system
vary very little as the rotational degree changes. The introduction of a PI coil does not affect
the good resistance to rotational misalignments of the circular coil.

5. Discussion

A method to improve the anti-offset ability of the WPT system by using PI coil is
proposed in this paper, and the influence of PI coil on the magnetic field distribution of
circular coil is studied from the perspective of deviation analysis. However, the principle
and function of PI coil have not been deeply analyzed. In future work, the UMF construction
method with PI coil will be studied by accurate theoretical analysis and experimental
verification. Furthermore, mutual inductance will be taken into consideration in the
parameter optimization of PI coil to deal with intricate position misalignments in the
WPT system.

Although the stability of the output power of the system under different misalignments
has been improved with the introduction of a PI coil, it has a certain negative impact on the
power transfer efficiency. In the subsequent work, a design tradeoff among power transfer
efficiency, output power stability, and coils’ geometric layout will be investigated.

6. Conclusions

A WPT system with circular coils and a PI coil for an autonomous underwater vehicle
is proposed in this paper. A PI coil is introduced to enhance or weaken the magnetic field
in a specific area and build a UMF in a WPT system. The theoretical analysis shows that
the proposed magnetic coupler can effectively eliminate the deviation of magnetic field
distribution in comparison with traditional circular spiral coils. Experimental results show
that the addition of a PI coil significantly improves the stability of the system’s output
power and power transfer efficiency. The WPT system’s output power changes within
5.5% and the power transfer efficiency maintains at approximately 84.5% in arbitrary radial
positions with an axial distance of 50 mm in saltwater. Meanwhile, compared to the WPT
system without a PI coil, the fluctuation of output power is reduced by 17%.
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Abstract: In order to clean up marine fouling attached to marine steel pile, this paper proposed
an innovative configuration scheme of the marine steel pile cleaning equipment by the scraping
method and its telescopic mechanism by applying a multi-cylinder synchronous control strategy to
the cleaning equipment, and produced a test prototype of the cleaning equipment that could solve
the problem of cleaning equipment eccentricity and tilt in the field of ocean engineering. Based on the
MATLAB Simulink module, a simulation model of the operation process of the telescopic mechanism
of the marine steel pile cleaning equipment was established to complete the evaluation of the multi-
cylinder synchronous control performance under multiple working conditions. Through the test, the
synchronous working performance of the telescopic mechanism of the cleaning equipment under
the no-load condition was preliminarily verified. The test results showed that under the no-load
condition, the relative errors between the three cylinders and the target displacement were 0.8%,
0.4%, and 0.2%, respectively, and the cleaning equipment could reach the specified working position
at the given working speed. The displacement synchronization error between each cylinder was
0.7 mm, 0.7 mm, and 0.6 mm, respectively, and the displacement synchronization error was controlled
within 1 mm. The telescopic mechanism had good synchronization, which can ensure the stability
and prevent the eccentricity and tilt during the cleaning equipment operation as well as provide
a valuable reference for the manufacturing of cleaning equipment.

Keywords: marine steel pile; cleaning equipment; telescopic mechanism; synchronous control;
Simulink simulation; test

1. Introduction

With the development and utilization of marine resources, a large number of marine
infrastructures have been built. Among them, a large number of metal materials have
been used for marine steel piles [1]. Most of the marine steel piles standing in the ocean
have been corroded by attached fouling organisms including thousands of species [2]. The
corrosion pattern of marine steel piles in different marine environmental zones is different,
and the wave splash zone is more severely affected by fouling organism attachment and
corrosion [3,4]. Because of its special location, these steel structures are affected by many
factors, for example, alternating cycles of drying and wetting of the salt film, salt enrichment,
sunlight, spray impact, fouling organisms attachment, etc. [5], of which the attachment
corrosion of fouling organisms is particularly serious [6]. Over time, a solid, rough, thick
crust will form, which can increase the surface area of the steel pile and the resistance it
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experiences in seawater [7], thus increasing its surface corrosion and reducing its service
life [8,9]. The corrosion rate in the wave splash zone is about 3 to 10 times higher than
in other corrosion zones. Corrosion prevention techniques are now well-established in
this zone [10], but the cleaning equipment for fouling organisms have yet to be improved.
Research on underwater cleaning equipment has been carried out in some countries, but
some still require the assistance of a diver to operate it [11,12]. Currently, the traditional
manual cleaning method is still used in China, which has some drawbacks such as low
cleaning efficiency, short operation window, weather influence, and difficult operation.
Therefore, the problem of using mechanical equipment to automatically remove fouling
organisms has not been resolved.

Most of the current research has focused on ship surface cleaning equipment such as
the underwater cleaning equipment developed by the UMC Company in the UK [13]. The
equipment generates negative pressure suction through a reverse rotating brush, thereby
adsorbing and maintaining it on the surface of the ship; with the assistance of divers, the
device can be equipped with four different types of rotary brushes such as silicone bristles
(soft), polypropylene bristles (hard), nylon cleaning brushes, and steel wire brushes to clean
media with different adhesion forces. Procurement customers can also selectively install
metal scraper blades at the front to remove hard and upright fouling organisms, but the
equipment still requires diver assistance. Nassiraei et al. [14] from the Kyushu University
of Technology in Japan developed a type of wheeled hull surface cleaning equipment. This
equipment was based on thrust adsorption technology and equipped with six suction
thrusters and two rotating cleaning mechanisms; it can also be controlled remotely, and
operators can observe the cleaned surface in real-time through their front and rear cameras
as well as record and store images before and after cleaning. The cleaning equipment
tested completed basic motion control tests and ship cleaning tests, and the reliability of
the cleaning equipment was verified through tests. However, there was a deficiency as it
requires divers to perform underwater auxiliary operations. Souto et al. [15,16], from the
University of La Coruna in Spain, designed non-magnetic cleaning equipment for complex
ship hull surfaces. This equipment adopted a hybrid technology of thrust and negative
pressure adsorption and equipped with a rotary brush cleaning method. Two cleaning
units can cross complex obstacles on the same surface or crawl from one surface to another
surface that was perpendicular to it through a similar “walking” alternating adsorption
method during the crawling process. Through the kinematics research, simulation analysis,
and underwater hull surface cleaning test, the equipment achieved good test results, but
the equipment moved and cleaned slowly.

Most of the cleaning equipment above-mentioned targets the surface of the ship, but
there has been relatively little research on cleaning equipment used for offshore steel piles.
For instance, the Australian Iasgroup Company [17,18] has developed two cleaning robots,
Splash Genius and Splash Genius II, for the cleaning of marine infrastructure platforms.
These two cleaning robots can automatically clean the marine infrastructure platforms.
Splash Genius adopts the surrounding clamping and climbing technology, and is equipped
with a high-pressure water jet to remove the fouling organisms attached to the marine steel
piles. Splash Genius II is an upgraded product of Splash Genius, which realized various
autonomous control methods based on Splash Genius, thus there are significant savings
not only in terms of the labor costs and force, but could also improve the cleaning efficiency.
However, there are situations where the high-pressure water jet is not thoroughly cleaned.
Woolfrey’s [19–21] team at the University of Technology Sydney, Australia developed the
Submersible Pile Inspection Robot (SPIR), which is an underwater cleaning robot. SPIR
adopts clamping arm and climbing technology equipped with a high-pressure water jet, and
can clean cylindrical or square steel piles. However, the SPIR is larger in size and has higher
manufacturing costs. From the perspective of the operation process, the cleaning effect
was not significant. The domestic research carried out in the field of cleaning marine steel
piles started relatively late. At press, some universities have carried out relevant research,
for example, CNOOC Energy Development Co. Ltd. And Yang Canjun’s team [22–24] at
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Zhejiang University developed a cleaning robot called “HOME”. HOME is composed of
a four-wheel permanent magnet adsorption module and passive roll joint, which ensures
the self-adaptive adjustment function. HOME adopted the cavitation jet cleaning method,
which means that it can automatically clean the fouling organisms attached to the steel
piles within 100 m below the water surface. A panoramic visual navigation system was
applied to HOME, which can sense the real-time surrounding environment and cleaning
status. However, there were some problems such as incomplete cleaning from the actual
cleaning effect, which did not meet our requirements for the follow-up multiple layers of
Petrolatum Tape Cover anticorrosion technology (PTC) [25] on steel piles. Wang Liquan’s
team [26,27] at Harbin Engineering University designed a cleaning robot for marine steel
piles that adopted an upper and lower ring structure including upper and lower clamps.
Three telescopic hydraulic cylinders were connected between the two ring structures as
telescopic mechanisms, which could realize the telescopic crawling of the robot. A gear
rotation structure was designed in the middle part to connect the scraping tools to ensure
that the scraping tools could rotate at a certain angle in order to continue to clean vertically
along the axis of the steel pile. However, the overall structure of the robot was relatively
complex, which easily affected the cleaning speed and stability during the robot operation.
At Shandong University, Yu Fujie et al. [28] designed an underwater cleaning robot with
a manipulator for an offshore jacket called ROVMS. The ROVMS was used to generate
the adsorption force through the electromagnetic adsorption unit, and the ROVMS could
maintain its distance from the surface to be cleaned. Four rollers were designed for the
ROVMS to realize its stable support and prevent its body from colliding with the steel
pile in the contact direction of the cleaning surface. The ROVMS adopts the cavitation jet
method and has the adaptability of resisting the interference of ocean current, but there is
still the possibility of incomplete cleaning.

Currently, most marine steel pile cleaning equipment is equipped with a water jet
cleaning method. In this paper, a configuration scheme of marine steel pile cleaning
equipment by the scraping method and its telescopic mechanism is proposed by applying
a multi-cylinder synchronous control strategy to cleaning equipment, which can effectively
avoid the problem of cleaning equipment eccentricity and tilt. If the synchronization
accuracy is too high, the control method will lead to an increase in manufacturing costs
and unnecessary resource waste; if the synchronization accuracy is too low, it will cause
asynchronous expansion and contraction during the operation of the telescopic mechanism,
leading to eccentricity and tilt of the cleaning equipment, thereby affecting the cleaning
effect of the scraping tools. Therefore, conducting research on the three-cylinder syn-
chronous control method with a telescopic mechanism to ensure the synchronization of the
cleaning equipment’s telescopic mechanism operation and achieve the effective removal of
attached marine fouling is of great significance for the development of marine steel pile
cleaning equipment.

2. Cleaning Equipment Structure Scheme and Working Principle

Marine steel pile cleaning equipment is composed of the frame, clamps, hinges and
locks, and scraping tools. The overall structure is shown in Figure 1. The frame includes up-
per and lower rings and telescopic mechanisms. The upper and lower rings are composed
of two half rings that can be opened to encircle the steel piles. The cleaning equipment
can be held on the steel pile by the clamps. The telescopic mechanism is composed of
three telescopic hydraulic cylinders that are connected between the upper and lower ring
platforms with bolts. It not only supports the upper and lower ring platforms, but also
controls the distance between them. Through the telescopic mechanism of three hydraulic
cylinders and the cooperation of two groups of clamps, the cleaning equipment can move
along with the steel pile. The scraping tools are composed of four groups of blade, each
group including a driven hydraulic cylinder and a scraping blade. The driven hydraulic
cylinder drives the scraping blade to clean the attached fouling organisms along the marine
steel pile at a certain angle through the telescopic mechanism. The opening and closing of
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the equipment’s upper and lower half rings are controlled by the hinges and locks through
the hydraulic cylinder.

Figure 1. 3D model plan of the marine steel pile cleaning equipment.

The working area of the designed cleaning equipment is the spray splashing area
or the tidal range area. Therefore, the equipment should be able to work on and under
the water at the same time, and its working range is ±20 m above sea level. The fouling
organisms attached to the marine steel piles in this area are relatively serious. The steel pile
surface shall be treated as PTC after cleaning. The cleaning equipment designed at present
can clean the marine steel piles with a diameter of 1 m. The creeping speed of the cleaning
equipment along the axis of the marine steel pile is about 1 m/20 min to 1 m/30 min. The
scraping tools are made of an aluminum alloy. In order to reduce the overall weight of the
equipment, carbon fiber and aluminum alloy were used as the main frame materials.

With the assistance of the lifting boat, the staff installed the cleaning equipment
on the marine steel piles with the upper and lower rings open. After installation, the
equipment could automatically clean the marine steel piles. In the initial state, the cleaning
equipment is clamped by the upper and lower clamps to hold the equipment onto the steel
pile. In the climbing stage, when the equipment is ready to move downward, the lower
clamps are released, and the hydraulic cylinder of the telescopic mechanism is extended
simultaneously. When the hydraulic cylinder is extended to its limit, the lower clamps are
clamped. At the end of climbing, the upper clamps are released, the telescopic mechanism
is retracted to its limit, and the upper clamping hydraulic cylinder is clamped. At this time,
the cleaning equipment completes its downward movement and moves to a new position
on the steel pile. In the cleaning stage, two groups of clamps are clamped, and the scraping
tools reciprocates vertically along the steel pile. By repeating the above steps, the steel piles
in the entire splash zone can be cleaned. The schematic diagram of cleaning operation is
shown in Figure 2.
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Figure 2. Operation process of the cleaning equipment (The red arrow indicates the direction
of movement).

3. Influence of Telescopic Mechanism Synchronization on Scraping Tools

During the operation of the cleaning equipment in the ideal state, when the clamps
clamp onto the marine steel pile, the upper and lower rings of the cleaning equipment
should be kept horizontal, and the centers of the two rings and the steel pile should be
concentric, as shown in Figure 3a, which is a top view of the cleaning equipment. When
the center line of the upper and lower rings of the cleaning equipment (referred to as the
cleaning equipment center line) coincides with the center line of the steel pile, the cleaning
equipment is not inclined, as shown in Figure 3b, which is a cross-sectional view of the
cleaning equipment. In this state, the angle of the blade is normal, the included angle
between the blade and the steel pile is α0, and the rake angle of the blade is γ0 = (90◦ − α0).
Under the condition of no tilt, it is assumed that the cleaning equipment is ready to clean the
annual barnacles that have attached to the circumference of the marine steel pile. According
to the calculation, the four scraping tools of the cleaning equipment can be subjected to
a total reaction force of about 6520 N when cleaning the attached barnacles [26].

 
(a) (b) 

Figure 3. The working position of the cleaning equipment in an ideal state: (a) concentric; (b) no tilt.

During the operation of the cleaning equipment, due to the synchronization error of
the telescopic mechanism, the eccentricity in or tilt of the cleaning equipment may occur
as shown in Figure 4. Compared to Figure 3, when eccentric, as shown in Figure 4a, the
included angle between the blade and the steel pile surface α0 changed, so that the angle
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between the blade on one side and the steel pile was α1 < α0, and the angle between the
opposite blade and steel pile was α2 > α0, which further caused the change in the rake
angle of the blade and affected the cleaning effect of the cleaning equipment. When tilted,
as shown in Figure 4b, the included angle of the blade close to the side of the steel pile
was α3 < α0, and the angle between the opposite blade and steel pile was α4 > α0, which
also affected the cleaning effect and the stability of the cleaning equipment. Next, the
multi-cylinder synchronous control method was applied to the telescopic mechanism of
the cleaning equipment for modeling and analysis.

(a) (b) 

Figure 4. Operation process of cleaning equipment: (a) eccentricity of the cleaning equipment; (b) tilt
of the cleaning equipment.

4. Synchronous Modeling and Simulation of the Telescopic Mechanism

4.1. Modeling of Synchronous Control System of the Telescopic Mechanism

The mathematical model of the synchronous extending process of the telescopic
mechanism was established, as shown in Figure 5. The three hydraulic cylinders were
connected by flanges. Each hydraulic cylinder could be rotated around the x-axis with
a rotation angle of θxi, and around the y-axis with a rotation angle of θyi, where I = 1, 2, 3.
In order to simplify the form of load motion, the following assumptions were made:

(1) Assuming that the piston of the hydraulic cylinder does not rotate in the cavity, there
is no degree of freedom to twist around the z-axis for the telescopic load;

(2) Assuming that the synchronization error of the three-cylinder is much smaller than the
distance between the installation positions of each hydraulic cylinder, the telescopic
load mainly moves in the vertical direction, that is, the z-axis direction, and can be
ignored along the x-axis and y-axis directions;

(3) Assuming that the hydraulic cylinder piston is not affected by the lateral force, re-
gardless of the gravity of the piston and cylinder, the output force Fi (I = 1, 2, 3) of the
piston rod of the hydraulic cylinder is along the direction of the piston rod, and the
angle with the z-axis is approximately zero;

(4) Assume that the upper flange of the hydraulic cylinder and the upper ring are con-
nected by a point centered on the flange.
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Figure 5. Operation process of the cleaning equipment.

On the basis of the above assumptions, the coordinate system of the system was
established as follows:

In the figure, O-xyz is the model coordinate system, the center of mass of the above
ring is the coordinate origin O, and the x, y, and z axes are as shown in Figure 5. In this way,
the load movement such as the telescopic upper ring during the crawling process of the
cleaning equipment can be simplified into three degrees of freedom: the degree of freedom
of vertical motion in the z-axis direction, the degree of freedom of rotation around the x-axis,
and the degree of freedom of rotation around the y-axis. That is to say, the movement of
the telescopic load during the crawling process of the cleaning equipment can be described
by the displacement zc of the center of mass in the z-axis direction, the rotation angle θxi of
the load around the x-axis, and the rotation angle θyi of the load around the y-axis.

4.1.1. Equation of Motion of Telescopic Mechanism

When the lower clamps of the cleaning equipment are clamped, the upper clamps
are released, and the hydraulic cylinder of the telescopic mechanism is mainly extended.
The above ring is the object of load research, which realizes the telescopic motion of the
upper ring, the positive direction of each vector, and the force analysis results, as shown
in Figure 5. On the three degrees of freedom of the hydraulic cylinder extending, using
Newton’s second law and the law of rigid body rotation, we obtain [29–31]:⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩

− 3
∑

i=1
Fi + Mg = M

..
zx

− 3
∑

i=1
FiPiy = Jx

..
θx

− 3
∑

i=1
FiPix = Jy

..
θy

(1)

where Fi is the output force of the i-th hydraulic cylinder piston, (N); M is the total mass of
load, (kg); zx is the displacement of the center of mass of the load in the z-axis direction, (m);
Pix is the coordinate component of the Pi point on the x-axis in the coordinate system, (m);
Piy is the coordinate component of the y-axis of the Pi point in the coordinate system, (m);
Jx is the moment of inertia of the telescopic load to the x-axis, (kg·m2); Jy is the moment
of inertia of the telescopic load to the y-axis, (kg·m2); θx is the angle of rotation of the
telescopic load about the x-axis, (rad), which is positive in the counterclockwise direction
along the Ox-axis; θy is the rotation angle of the telescopic load around the y-axis, (rad),
which is positive in the counterclockwise direction along the Oy-axis.
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4.1.2. Telescopic Load and Point Contact Position Equation of Hydraulic Cylinder

Consider that when the telescopic load makes a small rotation in the O-xyz coordinate
system, the coordinate of any point Pi on the z-axis can be approximated by (zx, θx, θy) as:

Piz = zx + Piz0 + Piyθx + Pixθy (2)

where Piz is the coordinate component of the z-axis of the Pi point in the coordinate system
O-xyz, (m); Piz0 is the coordinate component of the z-axis of the initial Pi point in the
coordinate system O-xyz, (m); zx is the displacement of the piston rod of the hydraulic
cylinder, (m).

Therefore, the approximate expressions of the displacements of the three hydraulic
cylinder pistons from Equation (2) can be obtained as:

xi = Piz − Piz0 = zx + Piyθx + Pixθy (3)

Select P1, P2, and P3 to form a set of three points that are not on a straight line on the
plane. Let P1, P2, and P3 constitute the minimum point set of the telescopic load attitude.
Define xq =

(
x1 x2 x3

)T as the displacement vector of the piston rod of each hydraulic

cylinder, then xq and (zx θx θy)
T have the following relationship:

xq =

⎛⎝1 P1y P1x
1 P2y P2x
1 P3y P3x

⎞⎠⎛⎝zx
θx
θy

⎞⎠ = Lq

⎛⎝zx
θx
θy

⎞⎠ (4)

4.1.3. The Equation of Motion of the Piston Rod of a Hydraulic Cylinder

Taking the piston rod of each hydraulic cylinder as the research object, its various
vector directions and force results are shown in Figure 5. Considering that the hydraulic
cylinder moves approximately vertically, Newton’s second law is applied to the piston rod
of the hydraulic cylinder in the vertical direction:{

piL Ai1 + Fi + mig − Bip
.
xi = mi

..
xi

piL = pi1 − pi2 Ai2/Ai1
(5)

where piL is the load pressure of the i-th hydraulic cylinder, (Pa); piL is the rodless chamber
pressure of the i-th hydraulic cylinder, (Pa); pi2 is the rod chamber pressure of the i-th
hydraulic cylinder, (Pa); Ai1 is the rodless cavity area of the i-th hydraulic cylinder, (m);
Ai2 is the rod cavity area of the i-th hydraulic cylinder, (m); mi is the rod cavity area of
the i-th hydraulic cylinder, (m); Bip is the viscous damping coefficient of the i-th hydraulic
cylinder, (N·s/m).

4.1.4. Load Pressure Dynamic Characteristic Equation of Asymmetric Hydraulic Cylinder

Since the three-cylinder drive system in the model adopts the form of one-to-one
valve-controlled cylinders, the oil flow into each hydraulic cylinder is controlled by its own
proportional valve. The dynamic characteristics of the load pressure in the i-th hydraulic
cylinder can be expressed by the following equation:⎧⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎩

.
piL =

βe

Vie(xi)

[
QiL(xiv, piL)− Cit piL − Ai1

.
xi
]

Vie(xi) =
Ai1(Si + 3xi)

7.5

Cit =
1.5Cip + Cep

1.25

(6)

where piL is the load pressure of the i-th hydraulic cylinder, (Pa); Vie is the equivalent
volume of the i-th hydraulic cylinder, (m3); βe is the oil modulus of elasticity, Pa; QiL is the
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load flow of the i-th valve, (m3/s); xiv is the displacement control signal of the i-th valve, (m);
Ai1 is the rodless cavity area of the i-th hydraulic cylinder, (m); Si is the total stroke of the
i-th hydraulic cylinder, (m); Cit is the total leakage coefficient of the i-th hydraulic cylinder,
(m5/N·s); Cip is the internal leakage coefficient of the i-th hydraulic cylinder, (m5/N·s); Cep

is the external leakage coefficient of the i-th hydraulic cylinder, (m5/N·s);

4.1.5. Mathematical Model of Three-Cylinder System

The three-cylinder system can be described according to Equations (4)–(6). Defining
F = (F1 F2 F3)

T as the force vector of the load acting on the Pi contact point, Equations (1)
and (5) can be arranged as: { −L f F + Mg = ML

..
xq

R − Bp
.
x + F = m

..
x

(7)

In the formula, L f =

⎛⎝ 1 1 1
P1y P2y P3y
P1x P2x P3x

⎞⎠ is the arm matrix of the force F; Mg =

⎛⎝Mg
0
0

⎞⎠
is the gravity matrix of the telescopic load; ML = diag(M Jx Jy)L−1

q is the inertia matrix

of the telescopic load; R =

⎛⎝p1L A11 + m1g
p2L A21 + m2g
p3L A31 + m3g

⎞⎠ is the hydraulic cylinder load resultant exter-

nal force matrix; Bp = diag(B1p B2p B3p) is the matrix of viscous damping coefficient
of hydraulic cylinder piston; m = diag(m1 m2 m3) is the mass matrix of the hydraulic
cylinder piston.

Equation (7), after eliminating F, obtains the motion equation of the telescopic
load, namely:

(ML + L f m)
..
xq + L f Bp

.
xq = L f τ (8)

In the formula, τ = L+
f Mg + R, L+

f is the generalized inverse of L f .
Let Mxq = ML + L f m, Bxp = L f Bp, the mathematical model of the three-cylinder

system can be obtained by combining Equations (6) and (8), namely:{
Mxq

..
x + Bxp

.
xq = L f τ

.
piL = βeKiqψi(xi, piL)xiv + π(xi)piL + hi(xi)

.
xi

(9)

In the formula, Kiq = Cdω1, h(xi) =
βe Ai1

Vie(xi)
.

Among them, Cd is the valve port flow coefficient; ω1 is the area gradient of valve
port, (m2/m).

In the formula, ψ(xi) =
1

Vie(xi)

√
4αXV ps− xiv

|xiv | piL

3ρ , π(xi) = − Cit βe
Vie(xi)

.
Among them, αXV is the commutation factor of the valve, when xv > 0, αXV = 1,

when xv < 0, αXV = η, η = Ai2/Ai1; ρ is the density of oil, (kg/m3), for Equation (9), when

L f =

⎛⎝ 1 1 1
P1y P2y P3y
P1x P2x P3x

⎞⎠, Lq =

⎛⎝1 P1y P1x
1 P2y P2x
1 P3y P3x

⎞⎠ is taken, which is the mathematical model

of the three-cylinder system at this time. At this time, the expressions of Mxq, Bxp, and τ are:
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Mxq = ML + L f m =

⎛⎜⎜⎜⎜⎜⎜⎜⎝
m1 +

M
(

P2xP3y − P3xP2y
)

P1xP2y − P2xP1y − P1xP3y + P3xP1y + P2xP3y − P3xP2y
−Jx(P2x − P3x)

P1xP2y − P2xP1y − P1xP3y + P3xP1y + P2xP3y − P3xP2y
Jy
(

P2y − P3y
)

P1xP2y − P2xP1y − P1xP3y + P3xP1y + P2xP3y − P3xP2y

−M
(

P1xP3y − P3xP1y
)

P1xP2y − P2xP1y − P1xP3y + P3xP1y + P2xP3y − P3xP2y

m2P2y +
Jx(P1x − P3x)

P1xP2y − P2xP1y − P1xP3y + P3xP1y + P2xP3y − P3xP2y
−Jy
(

P1y − P3y
)

P1xP2y − P2xP1y − P1xP3y + P3xP1y + P2xP3y − P3xP2y

M
(

P1xP2y − P2xP1y
)

P1xP2y − P2xP1y − P1xP3y + P3xP1y + P2xP3y − P3xP2y
−Jx(P1x − P2x)

P1xP2y − P2xP1y − P1xP3y + P3xP1y + P2xP3y − P3xP2y

m3P3x +
Jy
(

P1y − P2y
)

P1xP2y − P2xP1y − P1xP3y + P3xP1y + P2xP3y − P3xP2y

⎞⎟⎟⎟⎟⎟⎟⎟⎠

(10)

Bxp = L f · diag(B1p B2p B3p) (11)

τ =

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

A11 p1L + m1g +
Mg
(

P2xP3y − P3xP2y
)

P1xP2y − P2xP1y − P1xP3y + P3xP1y + P2xP3y − P3xP2y

A21 p2L + m2g − Mg
(

P1xP3y − P3xP1y
)

P1xP2y − P2xP1y − P1xP3y + P3xP1y + P2xP3y − P3xP2y

A31 p3L + m3g +
Mg
(

P1xP2y − P2xP1y
)

P1xP2y − P2xP1y − P1xP3y + P3xP1y + P2xP3y − P3xP2y

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠
(12)

4.2. Synchronous Control Simulation of Telescopic Mechanism

Based on the above theoretical analysis, the operation simulation model of the tele-
scopic mechanism driven by three cylinders was established including three-channel load
coupling modules and three single-channel electro-hydraulic servo drive modules. The
single channel electro-hydraulic servo drive module includes a PID controller, proportional
valve module, valve control cylinder load flow module, flow continuity module, and hy-
draulic cylinder piston dynamic characteristics module. Using the basic modules provided
in MATLAB Simulink in the subsystem mode, the classic PID simulation model of the
three-cylinder telescopic drive system was established. The established simulation model
of the three-cylinder telescopic drive system is shown in Figure 6.
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Figure 6. Synchronous telescopic system of three hydraulic cylinders.

According to the Simulink simulation model of the three-cylinder system obtained
from the above analysis, the specific simulation experiments were carried out as follows:
during the simulation, the hydraulic cylinder accelerated for 0.5 s to reach the working
speed of 100 mm/s, and then moved at the working speed, with the maximum working
stroke of 500 mm, and the simulation running time of 10 s.
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Based on the analysis of the working principle of the marine steel pile cleaning
equipment, it can be seen that the three-cylinder drive system had three typical working
conditions: the no-load operation of the telescopic mechanism, the operation of the tele-
scopic mechanism under the scraping reaction load, and the operation of a single hydraulic
cylinder under the scraping reaction load. The displacement synchronization error curve
of the three-cylinder was obtained, as shown in Figure 7.

 

(a) 

 

(b) (c) 

Figure 7. Three-cylinder synchronization error tracking simulation curve: (a) no-load operation of
the telescopic mechanism; (b) the operation of the telescopic mechanism under the scraping reaction
load; (c) the operation of a single hydraulic cylinder under the scraping reaction load.

Under the no-load condition of the telescopic mechanism, it can be seen from the
displacement synchronization error curve of the three cylinders in Figure 7a that when the
0.5 s hydraulic cylinder started, the fluctuation of the synchronization error tracking curve
between each cylinder started to increase, and the maximum error of the two cylinders
was about 0.05 mm. During the hydraulic cylinder extending process, the synchronization
error between the two cylinders was relatively small, which was kept at about 0.05 mm.
When the hydraulic cylinder stopped extending from 4 s to 8 s, and was about to reach the
limit displacement of 500 mm, the piston entered the deceleration stage, the displacement
synchronization error curve between each cylinder fluctuated most obviously, and the
maximum synchronization error of cylinder 1 and cylinder 2 was about 0.15 mm, the
maximum synchronization error of cylinder 1 and cylinder 3 was about 0.1 mm, the
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maximum synchronization error of cylinder 2 and cylinder 3 was about 0.025 mm; the
synchronous error tracking curve between each cylinder was basically stable during the
operation stage. When the extending limit position was reached, the displacement error
between each cylinder was finally maintained at 0 mm.

Under the loaded condition of the telescopic mechanism by the scraping reaction force,
it can be seen from the displacement synchronization error curve of the three cylinders
in Figure 7b that when the 0.5 s hydraulic cylinder started, the fluctuation of the synchro-
nization error tracking curve between each cylinder started to increase, and the maximum
error of the two cylinders was about 0.15 mm. During the hydraulic cylinder extending
process, the synchronization error between the two cylinders was relatively small, and the
synchronization error was kept at about 0.05 mm. When the hydraulic cylinder stopped ex-
tending from 4 s to 8 s, and was about to reach the limit displacement of the 500 mm waiting
position, the piston entered the deceleration stage, the displacement synchronization error
curve between each cylinder fluctuated most obviously, and the maximum synchronization
error of cylinder 1 and cylinder 2 was about 0.28 mm, the maximum synchronization error
of cylinder 1 and cylinder 3 was about 0.18 mm, the maximum synchronization error of
cylinder 2 and cylinder 3 was about 0.1 mm; the synchronous error tracking curve between
each cylinder was basically stable during the operation stage. When the extending limit
position was reached, the displacement error between each cylinder was finally maintained
at 0 mm.

Under the condition that a single hydraulic cylinder (hydraulic cylinder 1) is loaded
with the scraping reaction force, it can be seen from the displacement synchronization error
curve of three cylinders in Figure 7c that the synchronization error between cylinder 2,
cylinder 3 and cylinder 1 was relatively large and the synchronization error between
cylinder 2 and cylinder 3 was almost zero. When the hydraulic cylinder started, the
synchronous error tracking curve fluctuation between cylinder 2 and cylinder 3 started
to increase, and the maximum error of the two cylinders was about 1.8 mm. During
the hydraulic cylinder extending process, the synchronization error between the two
cylinders was relatively small, and the synchronization error was maintained at about
0.05 mm; When the hydraulic cylinder stopped extending from 4 s to 8 s, and was about
to reach the limit displacement of 500 mm, the piston entered the deceleration stage, the
displacement synchronization error curve between each cylinder fluctuated most obviously,
and the maximum synchronization error between cylinder 2, cylinder 3, and cylinder 1
was about 4 mm, the synchronization error of cylinder 2 and cylinder 3 was about 0 mm;
the synchronization error tracking curve between each cylinder was basically stable in
the operation stage. When the extending limit position was reached, there was a 1 mm
synchronization error between cylinder 2, cylinder 3, and cylinder 1, and the displacement
error between cylinder 2 and cylinder 3 was finally maintained at 0 mm.

It can be seen from the above analysis that In the three cases, the synchronous er-
ror of the multi-cylinder displacement was small during the operation of the telescopic
mechanism, and good synchronization could be achieved, which not only effectively guar-
antees the stability of the cleaning operation of the cleaning equipment, but also avoids the
eccentricity and tilt of the cleaning equipment during the climbing and cleaning process.

5. Synchronous Test of the Telescopic Mechanism

5.1. Development and Test of Cleaning Equipment

Based on the design scheme and simulation results of the marine steel pile cleaning
equipment proposed in this paper, a multi-cylinder driving telescopic mechanism test
prototype was developed. During the manufacturing and processing of the test prototype,
the working principle and system composition of the pneumatic transmission and hydraulic
transmission were similar, and both could achieve the purpose of cleaning the climbing, so
a cylinder with a relatively low economic cost was selected to replace the hydraulic cylinder
in this design scheme to achieve the same effect. Although the air was compressible, the
action speed of the cylinder was easily affected by the load, and the stability was not as
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good as that of the hydraulic transmission [32]. If the cylinder can achieve the test effect
stably, it would be even better when the hydraulic cylinder with better stability and more
accurate control is used.

After assembling the clamps, telescopic mechanism, and scraping tools, the final
developed cleaning equipment test prototype was obtained, as shown in Figure 8. In order
to make its placement stable, the whole equipment was inverted, the scraping tools were
located at the top, and the whole equipment was placed on the ground.

 

Figure 8. Cleaning equipment test prototype.

In order to verify the synchronization effect of simulation when the telescopic mech-
anism was under no-load, the telescopic mechanism was equipped with their respective
displacement sensors, as shown in Figure 9a.

 

(a) 

 

(b) 

Figure 9. Three-cylinder synchronous test device diagram: (a) three-cylinder synchronous test device;
(b) three-cylinder synchronous test.

The displacement sensor was fixed on the upper and lower support rings of the
cleaning equipment to monitor the telescopic displacement of each cylinder in real-time.
The three displacement sensors were connected to their respective digital display meters,
and the telescopic displacement of each sensor can be fed back in real-time through the
readings of their digital displays.
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During the test, the clamps and telescopic mechanism switch of the cleaning equip-
ment were operated through the console. The extending process of the three cylinders
was monitored in real-time through the displacement sensor to carry out the telescopic
synchronization test on the cleaning equipment.

In this test, the cleaning equipment prototype was produced with the telescopic
mechanism gradually extending to its extreme position under the clamping state of the
lower clamps, and the cleaning equipment was in an upward creeping state for testing. The
test steps were as follows:

First, we controlled the lower clamps of the cleaning equipment to clamp and the
upper clamps to release, so that the cleaning equipment was in the clamping state and stable
on the steel pile; second, we ensured that the telescopic mechanism gradually extended,
and the cleaning equipment started to climb up along the axis of the steel pile. During
the climbing process, we monitored the extending displacement of the three cylinders
in real-time, as shown in Figure 9b, took one cylinder as an example, and recorded the
extending displacement data of the other two cylinders in the same way. Finally, when
the telescopic mechanism reached its limit, the upper clamps clamped, and the upper and
lower clamps were in the clamping state. This means that the cleaning equipment has
completed an upward climbing movement along the axial direction of the steel pile, so the
cleaning equipment can move up or down along the axial direction of the steel pile.

5.2. Test Results and Discussion

According to the synchronous displacement data of three cylinders, the extending
displacement curve of three cylinders can be drawn under the same coordinate, as shown
in Figure 10.

Figure 10. Synchronous displacement curve of the three-cylinder test.

It can be seen from Figure 10 that the displacement curve fluctuated slightly during
the extending of the three cylinders, but the synchronization was good. The three cylinders
almost reached the 50 mm position at the same time. After reaching this position, although
the displacement of the three cylinders remained stable with the increase in time, the three
hydraulic cylinders moved 49.6 mm, 49.8 mm, and 49.9 mm, with relative errors of 0.8%,
0.4%, and 0.2%, respectively. According to the data recorded by the displacement sensor,
we depicted the error curve of the relative target displacement between each cylinder, as
shown in Figure 11.

It can be seen from Figure 11 that the maximum displacement synchronization error of
the cylinder 1 and cylinder 2 test reached 0.7 mm, the cylinder 2 and cylinder 3 test reached
0.7 mm, and the cylinder 1 and cylinder 3 test reached 0.6 mm. According to the test, the
maximum displacement error between two different cylinders was controlled at 0.7 mm,
the minimum displacement error was 0.1 mm, and the synchronous displacement error
between the three cylinders was well controlled.
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Figure 11. The three-cylinder test displacement synchronization error.

To sum up, when the extension of the telescopic mechanism reached the limit position
of 50 mm, the relative error between the three cylinders and the target displacement was
0.8%, 0.4%, and 0.2%, respectively, to ensure that the equipment reached the specified
working position at the given working speed. At the same time, the maximum error
between the two cylinders was 0.7 mm, which effectively controlled the synchronization
error between the two cylinders, and the synchronization of the telescopic mechanism was
preliminarily verified.

6. Conclusions

In this paper, a configuration scheme of marine steel pile cleaning equipment and its
telescopic mechanism with a multi-cylinder synchronous control strategy was proposed.
Based on the MATLAB Simulink module, a simulation model of the operation process of the
marine steel pile cleaning equipment was established, and its multi-cylinder synchronous
control performance evaluation under multiple working conditions completed. The syn-
chronous working performance of the telescopic mechanism of the cleaning equipment
under no-load conditions was preliminarily verified through the test, and the following
conclusions were obtained:

(1) In order to clean up the fouling organisms attached to the offshore infrastructure, this
paper designed a new configuration of marine steel pile cleaning equipment using
the scraping method and its telescopic mechanism with a multi-cylinder synchronous
control strategy and process and produced a test prototype.

(2) The simulation model of the operation process of the marine steel pile cleaning
equipment was established, and the simulation of its multi-cylinder synchronous
control under multiple working conditions was completed. Through the simulation
solution, the maximum displacement synchronization error between each cylinder
of the telescopic mechanism under the no-load condition was 0.15 mm. When the
three hydraulic cylinders were loaded by the scraping reaction force, the maximum
synchronization error between each cylinder was about 0.28 mm; when a single
hydraulic cylinder was loaded with the scraping reaction force, the maximum syn-
chronization error between each cylinder was about 4 mm. In all three cases, the
telescopic mechanism achieved good synchronization in the simulation process.

(3) Through the no-load test of the telescopic mechanism, the synchronization of the
telescopic mechanism of the prototype of the cleaning equipment was preliminarily
verified. The test results showed that the relative errors between the three cylinders
and the target displacement were 0.8%, 0.4%, and 0.2%, respectively, to ensure that the
equipment reached the designated working position at the given working speed. The
displacement synchronization error of each cylinder was controlled within 1 mm, and
the telescopic mechanism had good telescopic synchronization, which can prevent
the eccentricity and tilt of the cleaning equipment during its operation while ensuring
its stability.
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Abstract: A complete subsea production system (SPS) is assembled by interconnecting subsea
manufacturing facilities through subsea connectors. To ensure the reliability and longevity of the
SPS, it is imperative to thoroughly investigate the mechanical behavior and sealing performance of
the subsea connector’s core-sealing components. In this study, the loading conditions of the subsea
clamp connector are examined to analyze the load transfer relationship between its components
under different modes. A mathematical model for the load transfer between locking torque and
sealing contact pressure is developed for the preloading mode, and the concept of mechanical transfer
efficiency is introduced. Another mathematical model for the load transfer between the locking torque
and the design pressure is developed for the operation mode. Furthermore, a three-dimensional
full-size finite element model of the subsea clamp connector is established to analyze the effects of
complex loads on the mechanical behavior and sealing performance of its core-sealing components.
The simulation results indicate that internal pressure loading positively affects the sealing of the
subsea connector, and that the stress distribution in the core-sealing components under bending
moment loading exhibits significant asymmetric characteristics. Additionally, the superposition
of axial tensile loads reduces the effect of the bending moment on the strength of the core seal
member but further weakens the seal. Finally, an experimental system is designed to validate the
simulation results.

Keywords: subsea clamp connector; core-sealing components; load transfer; mechanical behavior;
sealing performance

1. Introduction

The subsea production system has emerged as one of the primary methods for devel-
oping oil and gas resources in deepwater regions, and is continuously advancing towards
ultra-deepwater with higher production equipment demands. The subsea production
system consists of essential equipment, including Christmas trees, jumpers, wellheads,
pipe manifolds, and others [1]. These components are constructed onshore and installed at
designated locations on the seafloor and then connected via subsea connectors to form a
complete subsea production system. During operation, the subsea connectors are exposed
to high temperature and pressure, as well as internal and external loads from connected
equipment and ocean currents [2]. The installation of subsea production systems in deep
and ultra-deepwater environments presents complex terrain and operational challenges.
Any leakage or failure of subsea connectors under load can lead to substantial repair costs
and irreversible damage to the marine environment.
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Scholars have extensively researched the sealing performance and design optimization
of subsea connectors’ core-sealing components, namely, the hub and sealing gasket. For
instance, Cascales et al. [3] proposed a mathematical model equivalent to the Murray and
Stuart model, which led to an approximate formula for evaluating hub rotation. Dekker
et al. [4] developed a design method for pipe clamp connector connections, which had
a more reasonable design pressure. Abid et al. [5] showed that bolted flange connectors
sealing performance was related to both internal pressure and transient thermal loads. Mu-
rali Krishna et al. [6] analyzed the loading and unloading characteristics of a bolted flange
joint experimentally and examined the effect of contact stress distribution on the sealing
performance using three-dimensional finite element analysis. Takagi et al. [7] predicted the
leakage amount by analyzing the spiral wound gasket contact stress distribution and the
stress in the hub using the three-dimensional elasto-plastic finite element method. Wang
et al. [8] used experimental and finite element methods to study the bending behavior of
flange connections under pure bending action, revealing the distribution of contact pressure
at the connection end plates. Abid et al. [9] investigated the strength of the hub structure of
a non-gasketed bolt flange joint under the combined effect of internal pressure, axial and
bending loading, and the sealing capacity of the gasket with different taper angles. Peng
et al. [10] optimized and analyzed the mathematical model of the locking mechanism of the
subsea clamp connector and established the mathematical model of the force transfer of the
subsea clamp connector, which was verified by the finite element method. Nelson et al. [11]
proposed an empirical relationship equation for bolt preload that guarantees minimum
compressive stress after comparing the sealing performance of single and twin gasket and
studying the contact pressure of single and twin gasketed flange joint under bolt preload
and internal pressure. Yun et al. [12] established a mathematical model of metal seal contact
stress and verified it by finite element analysis and experimental studies. Zhang et al. [13],
based on the Hertzian contact theory, derived the analytical equation for the compression of
the collector connector and proposed the compression limit equation. Chen et al. [14] ana-
lyzed the stress distribution characteristics of the main sealing components of the threaded
connector by establishing a three-dimensional elasto-plastic finite element model based on
the sealing mechanism of the taper-to-arc seal. Wang et al. [15] established the critical condi-
tions of the sealing performance of the new submarine pipeline mechanical connector and
the calculation formula of the sealing contact pressure by analyzing the mechanism of the
metal static seal of the connector. Li et al. [16] analyzed the mechanical properties of metal
seals of subsea wellhead connectors under preloading and operating mode and determined
the theoretical relationship between contact stress and metal seal structural parameters and
operating pressure. Liu et al. [17] experimentally investigated the mechanical properties of
square steel pipe column joints with bolted flange connections (without sealing role) under
combined tensile, bending, and shear loads. Liu et al. [18] developed a new fractal porous
media model to analyze the leakage principle of the metal seals of subsea connectors and
calculated the permeability of the seal components based on this media model and the
length-dependent mechanical model. Duan et al. [19] proposed a stress analysis method
(SAM) to solve the theoretical design problem of the main parameters of the hub structure
of the subsea connector by establishing a deformation continuum relationship between
a thick-walled cylinder and a hollow ring plate. Li et al. [20] theoretically analyzed the
load-carrying capacity of subsea wellhead connectors when subjected to external pressure
and the bending moment under different operating modes and loading conditions. Yun
et al. [21] developed a heat transfer model to investigate the sealing capability of lens-type
sealing structures of subsea clamp connectors under the influence of external seawater and
internal oil and gas temperature loads. Meanwhile, Zhang et al. [22] proposed an analytical
calculation method (ACM) to evaluate the thermal-structural coupling strength and sealing
performance of subsea wellhead connectors. Li et al. [23] derived the radial temperature
distribution function of a subsea wellhead connection and investigated the effects of inter-
nal pressure and temperature on its metal sealing capacity through experimental studies.
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The findings from these studies are crucial for improving the reliability and safety of subsea
wellhead connectors and advancing the subsea oil and gas industry.

Many previous studies have concentrated on the analysis of the metal seal contact of
subsea connectors. These studies have utilized various methods, including theoretical ap-
proaches, finite element methods, and experimental methods to investigate the microscopic
contact mechanism of the sealing surface, the effect of contact stress, and related parameters
such as contact surface width and deformation, as well as the effect of temperature and load
on the seal. However, after the subsea connector is connected, it is exposed to a combination
of internal oil and gas pressure and external loads (axial and moment loads), which can
impact the sealing performance and mechanical behavior of the core-sealing components
of the subsea connector. Regarding the investigation into the impact of external loads, the
primary focal points encompass diverse connector types, including the gasketless bolted
flange connector (primarily serving a connection role), bolted flange connector, subsea
collet connector, and subsea wellhead connector. Notably, the subsea clamp connector, as
designed within this paper, has yet to be a subject of such research. Amidst the scrutinized
connectors, the emphasis has primarily been on exploring the influence of internal pressure
or axial tension loads on the connector’s sealing function under external loading. However,
there has been a notable absence of research regarding the sealing and strength charac-
teristics when the connector is subjected to the combined effect of internal pressure, axial
tension, and bending loads.

In this paper, we investigate the sealing and strength performance of the subsea clamp
connector under complex loads. Firstly, we analyze the load transfer relationship between
each structure under preloading and operation modes, and establish a mathematical model
accordingly. Secondly, we develop a simulation model for the core-sealing component
of a six-inch subsea connector and conduct finite element analysis to investigate its seal-
ing and strength performance under the combined effects of internal pressure, bending
moment load, and axial load. Lastly, we compare the experimental results with the finite
element analysis results to validate the accuracy of our mathematical model and finite
element simulation.

2. Subsea Connector Structure and Working Principle

The subsea connector structure examined in this study, depicted in Figure 1, is suitable
for deployment in shallow water and deep-water environments, and can be installed
automatically through ROV-assisted means. The connector is a horizontally operating
clamp-type connector, comprising a core structure that primarily consists of a mobile hub,
fixed hub, metal sealing gasket with lens-type structure, tightened bolt, and clamp. The
fixed hub is welded to the subsea pipe and pre-positioned on the subsea production facility,
while the mobile hub is typically welded to both ends of the jumper. The jumper and
mobile end are placed together at the designated subsea location and connected to the fixed
hub on both sides, forming a complete subsea connection.

In this study, Figure 2a illustrates the state of the subsea connector before locking,
while Figure 2b depicts the state after locking. The connector operates by rotating the
tensioning bolt using an ROV-operated torque spanner. This action causes the clamp to
move radially and hold the mobile and fixed hubs, which creates contact between the
tapered hub surface and the spherical surface of the metal lens type sealing gasket, leading
to the formation of a seal. The load transfer mechanism in this structure involves multiple
components, including the tightened bolt, clamp, hub, and sealing gasket, among others.
Due to the complexity and non-uniformity of the load transfer process, it is essential to
investigate the load transfer in this structure. Moreover, the subsea connector is exposed to
both internal oil and gas pressure from the pipeline and external loads, which can further
impact the mechanical properties of the core structure.
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Figure 1. Practical application for the subsea connector.

(a) (b) (c) 

Figure 2. Subsea connector working principle: (a) before locking; (b) after locking; and (c) cross-
section.

3. Study of Subsea Connector Load Transfer under Different Work Modes

This paper investigates two working modes of the subsea connector: preloading mode
and operating mode. In preloading mode, the metal seal achieves pipe sealing by being
subjected to pressure on both sides of the moving end flange and fixed end flange. In
operating mode, the connector is subjected to both internal oil and gas pressure and external
loads, resulting in a force state that is different from the preload.

The transfer of loads from the bolt to the clamp remains consistent in both modes,
therefore, it is analyzed first. Subsequently, the force transfer from the clamp to the metal
sealing gasket is analyzed separately in each mode.

3.1. Analysis of Bolt to Clamp Force Transfer

The model of the subsea connector is simplified, as shown in Figure 3. The clamps are
simplified to hinges in the model for calculation, with pin 1 between clamp A and clamp
B, and pin 2 between clamp B and C. Clamp A and C are connected with pins 3 and 4,
respectively, and pins 3 and 4 are connected closer by the tightened bolt.
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Figure 3. Simplified model of the clamp.

A force analysis of the connection between the tightened bolt and the pin 3 is carried
out to obtain the load transfer relationship between the tightening torque T1 of the approach
bolt and the tension F1 of the pin 3 on the clamp A.

T = 2F1 · tan(ω + ρv)
d2

2
(1)

where ρv is the equivalent friction angle of the bolt thread, ρv = tan−1(μ1/ cos λ), λ is the
inter-thread friction coefficient. ω is the lead angle, ω = tan−1(p/πd2), p is the pitch, and
d2 is the pitch diameter of thread.

3.2. Analysis of Force Transfer from Clamp to Sealing Gasket under Preloading Mode

The hub is acted upon by three clamps uniformly distributed at 120◦ intervals through
the tightened bolt, and Figure 4 illustrates the forces exerted by the tightened bolt on the
clamps and by the hub on the clamps. The assumptions made in this analysis are as follows:
(1) the linear contact normal force fn1, fn2 of the clamp is uniformly distributed around
the circumference of the clamp, (2) the loads are in a state of equilibrium after the clamp
connection is completed, and (3) the loads are transferred within the annular contact area
between the clamp and the flange, and the clamp contact diameter φc1 is the average of
the flange outer diameter φ0 and the effective inner diameter φi. Firstly, the analysis of the
clamp without considering the frictional action is carried out.

|F1| = |F2| = |F3| = |F4| = |F5| = |F6|
| fn1| = | fn2|

φc1 = (φ0 + φi)/2

(2)

where F2 is the force of pin 3 on clamp A, F3, F4 is the force of pin 1 on clamp A and B,
respectively, and F5, F6 is the force of pin 2 on clamp B and C, respectively. fn1 can be
decomposed into the line contact radial force fr1 and axial force fa1 of the fixed hub on the
clamp, and similarly, fn2 can be decomposed into the line contact radial force fr2 and axial
force fa2 of the mobile hub on the clamp.

The frictional action existing between the clamps and the hub under preloading
conditions is analyzed. As the stiffness of the clamps is significant and they do not move
completely radially with respect to the flange, it is reasonable to assume that no deformation
will occur. After the connector is connected, each clamp tends to move closer to the center,
and the frictional force acting on the clamp is opposite to its tendency to move inward.
Figure 5 illustrates the movement of clamp A, which tends to rotate 30◦ clockwise inward
along the y-axis. Consequently, the direction of friction in the shaft section is 30◦ clockwise
outward along the y-axis. Similarly, the direction of friction in clamp B is outward along
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the x-axis, while the direction of friction in clamp C is 30◦ counterclockwise outward in the
negative direction of the y-axis.

 
(a) (b) 

Figure 4. Force analysis of clamps: (a) radial force analysis of clamps and (b) force analysis of clamp
shaft sections.

Figure 5. Clamp movement trend.

As the three clamps are equally distributed around the hub with a center angle of 120◦
and exert the same magnitude of force, differing only in direction, we will focus on the
mechanical analysis of clamp B below. Figure 6 shows that the angle β between the contact
segment area and the clamp along the x-axis is a function of the circumferential position
and is expressed as an angle α. For calculation convenience, the angle range for α is chosen
to be 30◦ to 150◦.

tan β = tan ϕ sin α(30◦ ≤ α ≤ 150◦) (3)

β
β

α

rf

nf

 
Figure 6. Clamp B contact area with hub.
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The equilibrium equation is established in the x-axis direction of clamp B. fr1 sin α is
used as the component of fn1 along the x-axis, and μ2 fn1 cos β is used as the friction force
along the x-axis, where μ2 is the friction coefficient.

∫ 5π/6

π/6
( fr1 sin α + μ2 fn1 cos β)

φc1

2
dα = F6 cos

π

6
(4)

Combining Equation (2) with (4) and using fa1 = fn1 cos ϕ1 = fr1/ tan ϕ1, we obtain
the following:

fa1 =
9
√

3F1

√
4 + tan2 ϕ1

√
4 + 3 tan2 ϕ1

9
√

3φc1 sin ϕ1

√
4 + tan2 ϕ1

√
4 + 3 tan2 ϕ1 + πμ2φc1(4

√
4 + 3 tan2 ϕ1 + 2

√
4 + tan2 ϕ1)

(5)

Denoting
√

4 + tan2 ϕ1 as ψ1 and
√

4 + 3 tan2 ϕ1 as ψ2, the above equation can be
simplified as follows:

fa1 =
9
√

3F1ψ1ψ2

9
√

3φc1 sin ϕ1ψ1ψ2 + πμ2φc1(4ψ2 + 2ψ1)
(6)

The total axial frictional force component ΔFa1 resulting from friction is analyzed.
Integrating the axial friction component μ2 fn1 sin β in the range of angle α 30◦ to 90◦ creates
the effect of 1/6 of the frictional force due to friction in the axial direction, and the total
axial force due to friction is six times the value of this integral.

ΔFa1 = 6
∫ π/2

π/6
μ2 fn1 sin β

φc1

2
dα =

27
√

3μ2F1ψ1ψ2[π − 2arctan(
√

5+3 cos 2ϕ1√
6 sin 2ϕ1

)]

9
√

3 sin 2ϕ1ψ1ψ2 + 2πμ2 cos ϕ1(4ψ2 + 2ψ1)
(7)

Calculation and analysis of Equation (7) under preloading mode: The axial friction
generated by the friction has a negative effect on the clamp under preloading mode.
Therefore, the total axial force FA1 exerted by the hub on the clamp under preloading mode
is given by the following:

FA1 = πφc1 fa1 − ΔFa1 =
18
√

3πF1 cos ϕ1ψ1ψ2 − 27
√

3μ2F1ψ1ψ2[π − 2arctan(
√

5+3 cos 2ϕ1√
6 sin 2ϕ1

)]

9
√

3 sin 2ϕ1ψ1ψ2 + 2πμ2 cos ϕ1(4ψ2 + 2ψ1)
(8)

The force analysis of the mobile hub and the fixed hub is shown in Figure 7, where φc2
is the contact diameter of the hub in contact with the metal sealing gasket. The reaction
force fT3, fT4 of the clamp B acts on its contact area with the hub, and the reaction force
of the metal sealing gasket acts on its contact area with the hub with a horizontal reaction
force of fA5, fA6, fA5 = − fA6. The total axial force FA3 of the clamp on the hub and the
total axial force FA5, FA6 of the metal sealing gasket on the hub are equal in magnitude.
Assume that the forces between the hub and the sealing gasket are uniformly distributed.

FA1 = FA3 = πφc2 fA5 (9)

A force analysis is conducted on the metal sealing gasket, as depicted in Figure 8. The
seal contact area experiences hub compression and friction. Under preloading conditions,
the hub has a tendency to move outward with respect to the metal sealing gasket axis. The
metal sealing gasket experiences tangential frictional forces from the fixed and mobile hubs,
denoted as f f 1 and f f 2, respectively, acting outward relative to the metal sealing gasket
axis. The contact pressures are fN1, fN2, and | fN1| = | fN2|.

fA5 = fA7 = fT7 cos(ϕ2 − γ) =
fn1

cos γ
cos(ϕ2 − γ) (10)
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where fT7 is the combined force of the contact pressure fN1 and friction force f f 1 between
the fixed hub and the sealing gasket, γ is the friction angle of the contact surface of the
metal sealing gasket, ϕ2 is the inclination angle of the contact surface of the hub and the
metal sealing gasket, fA7 is the horizontal extrusion force, namely, locking force or preload,
and the horizontal component of resultant force fT7, | fA7| = | fA8|.

TfRf

AfAf

Af Af

Tf Rf

cφ

 

Figure 7. Flange force analysis.

ff ff
Af

TfNf

ϕ
Af

Nf cφ
γ

 

Figure 8. Force analysis of metal sealing gasket.

The relationship between the contact pressure fN1 of the metal sealing gasket and the
torque T of the tightened bolt can be obtained by combining (1), (8), (9), and (10):

fN1 =
18
√

3π cos ϕ1 cos γψ1ψ2 − 27
√

3μ2 cos γψ1ψ2[π − 2arctan(
√

5+3 cos 2ϕ1√
6 sin 2ϕ1

)]

2πd2 φc2 tan(ω + ρv) cos ϕ1 cos(ϕ2 − γ)[9
√

3 sin ϕ1ψ1ψ2 + πμ2(4ψ2 + 2ψ1)]
T (11)

Equation (11) shows the relationship between the tightened torque of the subsea
connector and the average contact pressure generated in the contact area of the sealing
gasket under preloading conditions. The magnitude of the contact pressure fN1 is related
to the structural parameters and deformation of the metal sealing gasket, which is one of
the factors determining the sealing performance, and another determining factor is the
contact width of the sealing area [13,24].

η =
T

fN1
=

2πd2 φc2 tan(ω + ρv) cos ϕ1 cos(ϕ2 − γ)[9
√

3 sin ϕ1ψ1ψ2 + πμ2(4ψ2 + 2ψ1)]

18
√

3π cos ϕ1 cos γψ1ψ2 − 27
√

3μ2 cos γψ1ψ2[π − 2arctan(
√

5+3 cos 2ϕ1√
6 sin 2ϕ1

)]
(12)

η can be defined as the connector mechanical transfer efficiency, which reflects the
connector locking mechanism force transfer performance.

3.3. Analysis of Force Transfer from Clamp to Sealing Gasket under Operation Mode

The analysis investigates the frictional forces between the clamp and the hub during
operation mode, as illustrated in Figure 9. When subjected to internal oil and gas pressure,
the clamp A tends to rotate outward by 30◦ clockwise along the y-axis, resulting in a

214



J. Mar. Sci. Eng. 2023, 11, 1691

friction direction of clamp A that is 30◦ clockwise inward along the y-axis in the shaft
section. Similarly, clamp B tends to rotate outward along the x-axis, which creates a friction
direction of clamp B that is inward along the x-axis in the shaft section. The movement
of clamp C tends to rotate 30◦ counterclockwise outward along the negative direction of
the y-axis, so the direction of friction in the shaft section is 30◦ counterclockwise in the
negative direction of the y-axis. Likewise, the tendency of clamp C is to rotate 30◦ outward
counterclockwise along the negative direction of y-axis, resulting in a friction direction that
is 30◦ inward counterclockwise in the negative direction of the y-axis in the shaft section.

Figure 9. Trend in clamp movement.

As the forces of the three clamps have the same magnitude and distribution, only
the directional differences require separate analysis. For simplicity, the force analysis in
this study is conducted only for clamp B. To differentiate the forces under preloading and
operation modes, all forces under operation mode are denoted with a prime symbol “′”.

Establish the equilibrium equation in the x-axis direction of the clamp B, fr1
′ sin α as

the component of fn1
′ along the x-axis and μ2 fn1

′ cos β as the frictional force along the
x-axis, where μ2 is the friction coefficient.

∫ 5π/6

π/6

(
fr1

′ sin α − μ2 fn1
′ cos β

)φc1

2
dα = F6 cos

π

6
(13)

Combining Equation (2) with (13) and using fa1
′ = fn1

′ cos ϕ1 = fr1
′/ tan ϕ1, we

obtain the following:

fa1
′ = 9

√
3F1ψ1ψ2

9
√

3φc1 sin ϕ1ψ1ψ2 − πμ2φc1(4ψ2 + 2ψ1)
(14)

The total axial frictional component ΔFa1
′ due to friction is analyzed. By integrating

the axial friction component μ fn1
′ sin β over the range of angle α 30◦ to 90◦, the effect of

1/6 of the frictional force in the axial direction due to friction is obtained.

ΔFa1
′ = 6

∫ π/2

π/6
μ2 fn1

′ sin β
φc1

2
dα =

27
√

3μ2F1ψ1ψ2[π − 2arctan(
√

5+3 cos 2ϕ1√
6 sin 2ϕ1

)]

9
√

3 sin 2ϕ1ψ1ψ2 + 2πμ2 cos ϕ1(4ψ2 + 2ψ1)
(15)

In the operation mode, the hub tends to compress and separate the clamp due to the
pressure of oil and gas inside the pipe. At this time, the axial component of the friction
force exerts a positive effect on the clamp. Thus, the total axial force FA1

′ generated on the
clamp under the operation mode is given by the following:

FA1
′ = πφc1 fa1

′ + ΔFa1
′ (16)
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Mechanical analysis of the mobile hub and fixed hub, the two are subjected to the
same force state, as shown in Figure 10, where fA1

′ = − fA3
′ = fA4

′; fph5, fph6 is the
equivalent horizontal force of the internal pressure pin acting on the hub, and fph5 = − fph6;
the reaction force of the clamp B fT3

′, fT4
′ acting on its contact area with the hub; the

reaction force of the metal sealing gasket acts on its contact area with the hub, and the
horizontal reaction force is fA5

′, fA6
′, and fA5

′ = − fA6
′; φc2 is the contact diameter of the

hub in contact with the metal sealing gasket. Assume that the forces between the hub and
the sealing gasket are uniformly distributed.

FA1
′ = FA3

′ = πφc2( fA5
′ + fph5) (17)

fph5 =
πφc2

2

4
pin

/
(πφc2) =

φc2

4
pin (18)

phf phf

cφ

Rf ′
Rf ′

Af ′
Af ′

Tf ′
Tf ′

Af ′
Af ′

 

Figure 10. Operation mode hub force analysis.

fA5
′ can also be referred to as the residual preload force under the operation mode [12],

which can be expressed as
fA5

′ = bq tan(ϕ2 − γ) (19)

where, pin is the internal design pressure, which is 34.5 MPa in this study, b is the width of
the contact area when the sealing gasket is pressed, b = 16qr/πE∗, r is the radius of the
sealing spherical surface of the metal sealing gasket, E∗ is related to the material of the
two components in contact, the material of the hub in this paper is F22, and the material
of the metal sealing gasket is Incoloy 825, so it is E∗ = 1.128 × 105 MPa, q is the average
contact pressure of the sealing contact area, q = mpin = 224.5 MPa under the operation
mode, which is the minimum preloading specific pressure, and m is the gasket coefficient,
which indicates the ratio of the contact pressure applied on the unit effective area to the
internal pressure, and in this paper, the metal seal material is Incoloy 825, so m = 6.5 [12].

The relationship between the tightening torque and the design pressure of the subsea
connector in the operation mode can be obtained by combining (1), (14)–(19) with a factor
of three as a safety margin (employed to withstand external loads):

T =
3F1

(
πφc2bq tan(ϕ2 − γ) + πφc2

2

4 pin

)
tan(ω + ρv)d2

πφc1 fa1
′ + ΔFa1

′ (20)

4. Finite Element Simulation

In order to investigate the sealing performance and mechanical behavior of the core-
sealing components of the subsea clamp connector under loads of internal pressure, tension,
and bending moment, a full-size three-dimensional finite element model was employed for
finite element simulation analysis. The initial loading conditions used in the simulation
study were derived from the analysis presented in Section 1, which served as the foundation
for the simulation study.
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4.1. Three-Dimensional Finite Element Model

Ansys Workbench is used to simulate the six-inch subsea clamp connector using a
complete three-dimensional finite element model. The main parameters of the six-inch
subsea clamp connector are shown in Table 1. In this paper, the connector model is
simplified to a certain extent, only studying the core components of the connector, such
as the mobile hub, fixed hub, and metal sealing gasket. The simplified model is shown in
Figure 11, and the six clamps are used only to simulate the role of real loading.

Table 1. Six-inch subsea connector geometry dimensions.

Name of Parameter Parameter Value Name of Parameter Parameter Value

Lead angle ω 1.27◦ Clamp inclination angle ϕ1 20◦
Equivalent friction angle ρv 8.83◦ Sealing gasket inclination angle ϕ2 23◦
Pitch diameter of thread d2 57.402 mm Thread friction coefficient μ1 0.15
Clamp contact diameter φc1 295 mm Friction coefficient between components μ2 0.15

Seal contact diameter φc2 167 mm Friction angle of sealing gasket γ 8.53◦

  
(a) (b) 

Figure 11. Simplified model and meshing: (a) simplified model and (b) sealing gasket.

For the analysis, Solid 185 elements were utilized to model all parts. The steel-to-steel
friction coefficient is set at 0.15, and the model contains a total of 210,636 elements and
257,940 nodes. Hexahedral meshes were employed for all parts, as illustrated in Figure 11.

The material used for the hub and clamp is F22, while the metal sealing gasket is made
of Incoloy 825, and the pipe is made of X65, as presented in Table 2. During operation, the
metal sealing gasket may undergo plastic deformation at the contact area with the hub,
resulting in nonlinear material behavior. Hence, a nonlinear material model, specifically a
bilinear isotropic hardening model, was employed for analysis. The material curve for this
model is shown in Figure 12.

Table 2. Material properties.

Material
Yield

Strength
(MPa)

Tensile
Strength

(MPa)

Poisson
Ratio

Density
(g/cm3)

Elastic
Modulus

(GPa)

X65 450 535 0.3 7.85 207
Incoloy

825 241 586 0.275 8.14 205

F22 552 689 0.286 7.85 211
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Figure 12. Bilinear isotropic hardening stress–strain curve for Incoloy 825.

To evaluate the performance of the subsea connector, two factors are considered, i.e.,
connection strength and sealing capacity. The connection strength is evaluated based on
the von Mises stress of the hubs and clamps, which must not exceed their yield strength.
The von Mises stress of the metal sealing gasket may exceed its yield strength, but must
not exceed its tensile strength. Sealing capacity is evaluated based on the average contact
pressure and contact width of the metal sealing gasket and hub [25,26].{

q ≥ 6.5pin = 224.5 Mpa

b ≥ 2 mm
(21)

where connector design pressure pin: 34.5 MPa, and b is the seal contact width.

4.2. Boundary Conditions

The contact surface between the fixed hub and external components is fixed in accor-
dance with the actual working conditions, and internal pressure is applied to the pipe, hub,
and metal sealing gasket. An axial load is applied to the end of the pipe, while a bending
load is applied at a distance of 821.5 mm from the centerline of the fixed hub, as depicted
in Figure 13. The application points of the axial tensile load and bending moment load
are distant from the sealing location. The Saint-Venant principle [27] indicates that the
impact on the stress distribution in the core-sealing components of the connector can be
disregarded.

  
(a) (b) 

Figure 13. Boundary condition loading: (a) axial tensile load and bending moment loading and
(b) internal pressure loading.

To simulate the loading process of the subsea connector during actual operation, four
loading steps have been established. In the first loading step (Spre), by substituting the
design pressure of 34.5 MPa into Equation (20), the preload torque is determined to be
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1799.39 Nm. After this step is completed, preloading is achieved, and the sealing condition
is formed. In the second loading step (Sin), 34.5 MPa internal pressure is applied. In the
third loading step (Sb), a bending moment of 174 kNm is applied. Finally, in the fourth
loading step (Sax), an axial tensile tension of 212 kN is applied. These loading steps are
presented in Table 3.

Table 3. Load loading steps.

Step Load The Parameter Value

Spre Preloading 1799.39 Nm
Sin Internal pressure 34.5 MPa
Sb Bending moment 174 kNm
Sax Axial tensile load 212 kN
So Unloading axial tension and bending load /

To investigate the stress distribution in the core components of the seal, namely, the
mobile hub, fixed hub, and sealing gasket, eight paths are established with their definitions,
and codes presented in Table 4. Figure 14 depicts the schematic diagram of these paths
along with their respective starting points.

Table 4. The definitions and code of critical node paths.

Path Code The Definition of Path The Starting Point

P−1 Mobile hub circulation direction P1
P−2 Mobile hub axial side under compression P2
P−3 Mobile hub axial side under tension P3
P−4 Fixed hub circulation direction P4
P−5 Fixed hub axial side under compression P5
P−6 Fixed hub axial side under tension P6

P−7 Connector compression side sealing gasket
contact surface P7 (Near the fixed hub)

P−8 Connector tension side sealing gasket
contact surface P8 (Near the fixed hub)

   
(a) (b) (c) 

Figure 14. Diagram of the critical path and the corresponding starting point. (a) fixed hub; (b) mobile
hub; and (c) sealing gasket.

4.3. Analysis of FE Simulation Results

Figure 15a–d depicts the distribution of von Mises stress for the core-sealing compo-
nents of the subsea connector under four distinct working conditions.
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(a) (b) 

  
(c) (d) 

 
(e) 

Figure 15. Distribution of von Mises stress under different working conditions: (a) Spre; (b) Sin; (c) Sb;
(d) Sax; and (e) So.

4.3.1. The Mechanical Properties Analysis on Hub Critical Path

Figure 16a illustrates the stress distribution along the circumferential critical path of the
mobile hub. The loading of the Sb condition results in an asymmetric stress distribution in
the circumferential position, with the average stress on the compressive side being 61.4 MPa
higher than that on the tensile side. This indicates that the superposition of bending
moments has a greater effect on the compressive side of the mobile hub circumferential
than on its tensile side.

The stress distribution on the axial critical path of the mobile hub is illustrated in
Figure 16b. Upon loading the Sb condition, the stresses in the P−2 and P−3 paths gradually
decrease, with the maximum and average stresses in the P−2 path being 393.04 MPa
and 311.7 MPa, respectively, and the maximum and average stresses in the P−3 path
being 317.56 MPa and 229.79 MPa, respectively. This indicates that the superposition of
bending moments has a greater effect on the mobile hub near the seal, and the effect on the
compressed side is greater than that on the tensile side. Upon loading the Sax condition,
the average stress in the P−2 path decreases by 24.36 MPa, while the average stress in the
P−3 path increases by 24.47 MPa. This suggests that the superposition of the axial tensile
load can attenuate the uneven stress distribution generated by the bending moment for the
mobile hub in the axial direction.

The stress distribution on the path of the fixed hub is illustrated in Figure 16c,d. The
analysis process is the same as described above, and it leads to the same conclusions. The
axial stress of the fixed hub exhibits a distinctly different behavior compared to that of the
mobile hub. Specifically, the stress level of the mobile hub exceeds that of the fixed hub
following the application of both bending moment and axial tensile load. This suggests
that greater emphasis should be placed on the design of the mobile hub during structural
engineering endeavors.

Hub maximum rotation when bending moment load is applied is shown in Figure 17.
The maximum rotation angle of the hubs appears on the tension side and increases with
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the increase in bending moment. The maximum rotation angle generated between the hubs
is 1.43◦. The influence on seals is analyzed in the following section.

  
(a) (b) 

 
 

(c) (d) 

Figure 16. Critical path von Mises stress distribution: (a) P−1; (b) P−2, P−3; (c) P−4; and (d) P−5, P−6.

 
Figure 17. Hub maximum rotation.
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4.3.2. Mechanical Properties Analysis of the Metal Seal

The stress distribution on the critical path of the metal seal is depicted in Figure 18a.
Under the Sb loading condition, the stress on the compressive side of the metal sealing
gasket increases along the P−7 path, reaching a maximum increase of 12.54 MPa, while
the stress on the tensile side decreases with a maximum decrease of 30.69 MPa. Similarly,
the stress on the tensile side of the P−8 path also experiences a decrease, with a maximum
decrease of 52.25 MPa, whereas the stress on the compressive side increases, reaching a
maximum increase of 23.58 MPa. Notably, the tensile side of the contact position with
the fixed hub bears the greatest impact of the bending moment. Under the So loading
condition, the stresses on the pressurized side of the P−7 and P−8 paths increase further
due to plastic strain generation.

  
(a) (b) 

Figure 18. (a) Von Mises stress distribution. (b) Equivalent plastic strain.

The equivalent plastic strains on the critical paths of the seals are shown in Figure 18b.
After loading the Sb condition, there are obvious plastic strains on the pressurized side
of the P−7 and P−8 paths, and the maximum equivalent strains are 0.00335 and 0.00397,
respectively. After loading the Sax condition, the distributions of plastic strains on the
P−7 and P−8 paths are basically the same as that of the Sb condition. After loading the
So condition, the plastic strain on the pressurized side of the P−7 path and the P−8 path
increases further, which is due to the fact that after releasing the external load, the seals are
equivalent to carrying out the loading action.

4.3.3. The Contact Properties Analysis of the Metal Seal

The contact pressure of the metal sealing gasket is shown in Figure 19, and the contact
pressure in the seal contact area is parabolic in distribution regardless of the working
conditions, which is consistent with the sealing mechanism of the metal sealing cone to
arc surface [14]. The average contact pressure and seal contact width in the seal contact
area are shown in Table 5. Upon loading the Sb condition, the contact pressure and contact
width of the metal sealing gasket on the tensile side are reduced compared to the results
observed under preload conditions, particularly on the tensile side of the P−7 path, where
they decrease to 260.08 MPa and 3.8 mm, respectively. This suggests that the superposition
of bending moment has a significant impact on the seal, especially on the tensile side of the
sealing gasket. Upon loading the Sax condition, the contact pressure and seal width of the
metal sealing gasket on the tensile side further decrease, particularly on the tensile side of
the P−8 path, where they decrease to 240.25 MPa and 2.7 mm, respectively, approaching
critical sealing conditions. This indicates that the superposition of axial tensile load further
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reduces the reliability of the subsea connector seal. After loading the So condition, which
releases the effects of loads unfavorable to the seal, the seal contact pressure and contact
zone width increase. Although the external loads are all axisymmetric, the seal contact
pressure has become less symmetric due to the appearance of plastic deformation.

Figure 19. Contract pressure of the metal seal.

Table 5. The seal characteristic of sealing surface.

Work Condition Spre Sin
Sb

(P−7)
Sb

(P−8)
Sax

(P−7)
Sax

(P−8)
So

(P−7)
So

(P−8)

average contact pressure (close to the
fixed hub, MPa) 340.17 407.70 318.08 262.75 395.16 240.25 401.23 268.35

average contact pressure (close to the
mobile hub, MPa) 340.17 407.70 260.08 417.55 297.02 409.53 310.74 421.64

seal band width (close to the fixed
hub, mm) 5.1 5.8 5.0 4.0 5.7 2.7 5.7 4.2

seal band width (close to the mobile
hub, mm) 5.1 5.8 3.8 5.4 3.5 5.3 3.7 4.9

In summary, the core-sealing components of the six-inch subsea connector form the
seal under the action of preload. The superposition of internal pressure, bending moment,
and axial force has an adverse effect on its strength, especially for the metal sealing gasket.
These loads cause a certain degree of plastic deformation in the contact area but do not lead
to destructive failure. Although the seal contact surface after load superposition is close to
the minimum sealing requirements, no seal failure occurs.

5. Experimental Study

To investigate the mechanical behavior of the core-sealing components of the subsea
connector under external loads and their effect on the sealing performance, an equivalent
sealing experimental system was designed. The experimental results were then compared
with the finite element results for validation.
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5.1. Experimental System
5.1.1. Experimental Equipment

Figure 20 showed the schematic diagram of the experiment that loaded the subsea
connector with internal pressure and bending moment load. The experimental equipment
consisted of a subsea connector, a bending moment test facility, a hydraulic pump for
generating internal fluid pressure, a hydraulic station for applying bending moment, a
torque wrench, a sensor with 0.1 MPa accuracy, a static strain system, and strain gauges. The
Class 4 torque wrench provided the 1799.39 Nm torque required for the initial seal, which
was consistent with the value loaded analytically during the finite element simulation.

(a) 

 
(b) 

Figure 20. Schematic diagram of external load loading experiment: (a) schematic diagram of the
experimental program and (b) experimental equipment.

Eight strain gauges of the same type were positioned as depicted in Figure 20a. Four
sets of strain gauges were arranged at 90◦ intervals in the circumferential critical position
of the movable hub. Each set included one strain gauge in the axial direction and one in
the circumferential direction.

5.1.2. Experimental Procedure

The experiment was conducted with loaded internal pressure and moment load, and
it was repeated three times to minimize the impact of experimental errors. According
to API Spec 6A [28], stable pressure and effective sealing capacity are achieved when
the pressure change per hour is not greater than 5% of the experiment or 3.45 MPa/h
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(500 psi/h), whichever is smaller, under pressurization, as long as no leakage occurs. The
specific experimental procedures are outlined as follows:

1. Filling the hydraulic station with experimental water and starting the pressurization
process;

2. Stopping the pressurization process when the pressure sensor reached 100% of the
rated working pressure (34.5 MPa), and holding the pressure for 15 min while checking
for any leakage in the connector. The pressure data and strain data were recorded
after the pressure-holding period;

3. Applying the bending moment up to the theoretical limit (174 kNm) and holding the
pressure for 15 min while checking for any leakage in the connector. The pressure
data and strain data were recorded after the holding pressure was completed;

4. Unloading the moment and pressure;
5. Repeating the above steps (1)–(4) three times.

5.2. Discussion of Experimental Result
5.2.1. Sealing Capacity Discussion

The pressure change under internal pressure and bending moment loading was shown
in Table 6. The experimental results showed that the internal pressure change after internal
pressure and bending moment loading was very small, the maximum pressure drop
was 0.2 MPa, and the maximum pressure change was 0.57%, which satisfied the sealing
requirements, and there was no leakage during the whole experiment, which proved the
good sealing performance.

Table 6. Pressure variation condition.

Number of
Experiments

Working
Condition

Pressure before
Pressure-Holding (MPa)

Pressure after
Pressure-Holding (MPa)

Decreasing
Pressure (MPa)

Pressure
Variation (%)

1
Sin

35.0
35.0 0 0

Sb 34.8 0.2 0.57

2
Sin

35.0
34.8 0.2 0.57

Sb 34.8 0.2 0.57

3
Sin

34.9
35.0 0 0

Sb 34.9 0.1 0.29

The pressure variations resulting from internal pressure and bending moment loading
were presented in Table 6. The experimental findings demonstrated that the internal
pressure changes after the application of internal pressure and bending moment loads were
minimal, with a maximum pressure drop of 0.2 MPa and a maximum pressure variation of
0.57%. These changes were within the acceptable range of sealing requirements specified by
the API Spec 6A [28]. Furthermore, no leakage was observed during the entire experiment,
indicating the excellent sealing performance of the subsea connector.

5.2.2. Strength Performance Discussion

The stress results of three experiments conducted at the location of the strain gauge
under preload, internal pressure, and bending moment loading were compared with the
simulation results, as presented in Table 7 and Figure 21. The findings are summarized
as follows:

(1) Under Spre conditions, the maximum discrepancy between the experimental and
simulation results was 0.1 MPa, with a maximum error of 1%, which is negligible.

(2) After loading Sin condition, the finite element analysis predicted a stress result
of 115.3 MPa, while the experimental results ranged between 117.64–121.71 MPa, both
higher than the finite element analysis result. The error ranged between 2.1% to 5.4%,
primarily due to the initial internal pressure being larger than the one used in the finite
element analysis.
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(3) After loading the Sb condition, the experimental results exceeded those of the finite
element analysis, and the error range increased to between 4.3 and 6.6% compared to the
Spre and Sin conditions. The increase in error was mainly due to two factors: the internal
pressure of loading exceeding the design pressure of 34.5 MPa and the slight deformation
of the experimental device under the bearing bending moment.

The maximum error between the experimental and finite element analysis results
under the combined effect of internal pressure and bending moment loading was 6.6%,
which confirmed the accuracy of the finite element analysis, irrespective of the source of
the error.

Table 7. Strain gauge location stress results.

Number of
Experiments

Working
Condition

Strain Gauge
Position

Experimental
Stress (MPa)

Finite Element
Analysis Stress (MPa)

Error (%)

1

Spre

1 0.90

0.91

1
2 0.90 1
3 0.91 0
4 0.91 0

Sin

1 118.69

115.30

2.5
2 119.16 3.3
3 120.71 4.6
4 117.94 2.3

Sb

1 146.57 139.09 5.4
2 235.38 221.24 6.4
3 145.01 139.09 4.3
4 315.33 297.28 6.1

2

Spre

1 0.91

0.91

0
2 0.91 0
3 0.91 0
4 0.92 1

Sin

1 119.24

115.30

3.4
2 121.53 5.4
3 120.60 4.6
4 120.49 4.5

Sb

1 147.04 139.09 5.7
2 235.50 221.24 6.4
3 148.11 139.09 6.4
4 317.03 297.28 6.6

3

Spre

1 0.90

0.91

1
2 0.91 0
3 090 1
4 0.92 0

Sin

1 117.98

115.30

2.3
2 118.63 2.6
3 117.64 2.1
4 119.28 3.5

Sb

1 145.38 139.09 4.5
2 233.56 221.24 5.6
3 146.46 139.09 5.3
4 315.89 297.28 6.3
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Figure 21. Comparison of experimental stress with simulation.

6. Conclusions

This study presents a theoretical analysis of the intricate load transfer relationship
among the subsea clamp connector structures under various working conditions. Finite
element simulation is utilized to examine the strength and sealing effectiveness of the key
sealing components of six-inch subsea clamp connector subjected to 34.5 MPa internal
pressure, 174 kNm bending moment, and axial 212 kN tensile load. Subsequently, an
experimental setup was devised to verify the accuracy of the finite element simulation. The
primary findings are as follows:

(1) The paper presents a theoretical analysis of the load transfer relationship between
the subsea connector components under different working conditions. The analysis con-
siders various factors such as friction between clamp and hub, hub and sealing gasket,
and contact angle and diameter. The study establishes a mathematical model between the
locking torque and contact pressure under the preloading mode, and proposes the concept
of mechanical transfer efficiency. Additionally, a mathematical model of the load transfer
between the locking torque and design pressure of the subsea connector is developed based
on the sealing criterion under operational mode. The theoretical models provide a basis for
the structural design, optimization, and mechanical behavior analysis of subsea connectors.

(2) Simulation results studying the effect of complex load superposition on the mechan-
ical behavior and sealing performance of the core-sealing components of six-inch subsea
clamp connector demonstrate the following: (a) The connector will not lead to failure
and loss of leak tightness under 34.5 MPa internal pressure, 174 kNm bending moment
and 212 kN axial tensile load. (b) After the moment load superposition, the maximum
stresses in both the mobile hub and the fixed hub occur on the pressurized side. The contact
pressure and width of the contact zone are reduced on both sides of the seal in tension,
which greatly impacts the seal. (c) The superposition of axial tensile load will weaken
the unevenness of stress distribution caused by the bending moment at the connection of
the two hubs, but will further aggravate the unevenness of stress distribution away from
the connection of the two hubs. For the metal sealing gasket, this will further reduce the
starting contact pressure and contact width, especially for the tensile sides.

(3) An experimental setup was developed to test the strength and sealing performance
of the six-inch subsea clamp connector under the influence of 34.5 MPa internal pressure
and 174 kNm moment loading and to compare the results with those obtained from finite
element analysis. The experimental findings are as follows: (a) The sealing performance
was excellent as there was no leakage observed during the experiments, and the maximum
pressure drop was only 0.2 MPa in all three trials. (b) The maximum discrepancy between
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the critical stress positions of the mobile hub obtained from the experimental and simulation
results was 6.4%, indicating good agreement and verifying the accuracy of the simulation.

This paper presents a theoretical mathematical model used as input conditions for
finite element simulations and experimental analysis. The experimental results demon-
strate the consistency between the theoretical mathematical model and the finite element
simulations, which validates the rationality of the theoretical mathematical model. How-
ever, direct validation of the theoretical mathematical model and analysis and correction of
any resulting errors require further investigation in future work. It is worth noting that
when subjected to a large load, plastic deformation occurs near the seal contact surface of
the metal sealing gasket, which is confirmed by the simulation results. Thus, the influence
of plasticity will be taken into consideration in future research. In future studies, we will
consider a more accurate axisymmetric fine mesh model and a more accurate multilinear
isotropic hardening model.
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