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Abstract: The strategic recovery of buoys is a critical task in executing deep-sea research missions, as
nations extend their exploration of marine territories. This study primarily investigates the dynamics
of remotely operated vehicle (ROV)-assisted salvage operations for floating bodies during the recovery
of dynamic maritime targets. It focuses on the hydrodynamic coefficients of dual floating bodies in
this salvage process. The interaction dynamics of the twin floats are examined using parameters such
as the kinematic response amplitude operator (RAO), added mass, damping coefficient, and mean
drift force. During the “berthing stage”, when the double floats are at Fr = 0.15-0.18, their roll and
yaw Response Amplitude Operators are diminished, resulting in smoother motion. Thus, the optimal
berthing speed range for this stage is Fr = 0.15-0.18. During the “side-by-side phase”, the spacing
between the ROV and FLOAT under wave action should be approximately 0.4 L to 0.5 L. The coupled
motion of twin floating bodies under the influence of following waves can further enhance their
stability. The ideal towing speed during the “towing phase” is Fr = 0.2. This research aims to analyze
the mutual influence between two floating bodies under wave action. By simulating the coupled
motion of dual dynamic targets, we more precisely assess the risks and challenges inherent in salvage
operations, thus providing a scientific basis for the design and optimization of salvage strategies.

Keywords: multi-float; six-degrees-of-freedom motion; salvage; coupled motion

1. Introduction

Marine scientific research and salvage is not only a scientific and technological activity
but also a platform for countries to demonstrate their marine scientific research capabilities
and international collaboration [1]. China’s manned submersibles, including “Jiaolong”,
“Deep Sea Warrior”, and “Struggle”, have made important advances in deep water explo-
ration. At the same time, China actively encourages international cooperation in maritime
scientific study. ROVs are essential pieces of maritime salvage equipment. In offshore
operations, from the perspective of hydrodynamics, the engineering challenge of ROV
salvage can be conceptualized as the interaction between two floating bodies [2]. In the
course of marine scientific study, it is required to recover probes or discovered items from
the water. This covers the problem of ROV rescue of floating bodies in the sea, which
may be simplified to the problem of wave-floating body interaction coupling. For the
multi-floating body issue, it is required to address both the coupling between waves and
floating bodies, as well as the coupling between floating bodies owing to relative motion.
As a result, many researchers have focused on the consequences of wave-multi-floating
body coupling and double-floating body mutual motion law [3].
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1.1. Theory of Hydrodynamic Interference of Multi-Floating Bodies

The study of multi-floating body hydrodynamic interference theory focuses primarily
on the motion of water between the floating bodies and its impact on floating body force
and motion. Scholars from both home and abroad have made significant advances in the
study of ship motion on waves. After analyzing the hydrodynamically coupled motion of
two advancing ships using the two-dimensional slicing method, the motion of multiple
adjacent ships is simulated using three-dimensional numerical methods. The free surface
Green’s function approach is particularly suited for analyzing the motion on waves issue of
a floating body with zero speed, and several numerical solutions have been suggested [4].
Hong [5] conducted a thorough investigation of Green’s function with speed and pro-
posed a stable discrete computing format of the boundary element approach, which was
effectively used to calculate the rocking motion of ships with speed. When compared to
three-dimensional time domain theory, the Rankine source technique is far more flexible
and well suited to handling nonlinear issues. Jun [6] utilized the Rankine source approach
to solve the hull surface velocity potential in the near-field and far-field and suggested a
new methodology to cope with the hull’s wet surface variations. Today, the majority of
researchers employ the Computational Fluid Dynamics (CFD) approach, which is based
on complete nonlinear theory and has become one of the most accurate methods for mod-
eling ship wave motion. Kianejad et al. [7] investigated the differences and correlations
between model scale effects and the rocking motion and damping properties of a real ship
using the CFD approach and discovered a strong link. Hong [8] conducted a systematic
investigation of ship hydrodynamic performance using the CFD method, optimizing the
ship design and other ways based on the research findings. When investigating the ana-
lytical solution for the two-floating-body coupling issue, previous researchers have relied
heavily on the premise of potential flow theory. Yang et al. [9] used potential flow theory to
develop a theoretical solution to the second-order resonance issue for swaying motion in a
three-dimensional liquid tank. Saripilli et al. [10] investigated a hybrid algorithm based on
the transient Green’s function of the external ship hydrodynamics solution of viscous flow
and the multi-phase interface to capture the volume of fluid (VOF) technique, as well as
the effect of swaying and ship motion on the assessment of internal pressure due to wakes.
Yuan [11] investigated the coupled motion response using frequency domain potential
flow theory and the mooring of FPSOs with varying liquid-carrying rates under the effect
of regular and irregular waves using time domain potential flow theory. Xiao et al. [12]
showed that the wall shear force has negligible impact on the numerical modeling of liquid
chamber swaying using software calculations and that the slip wall may be used as the
wall condition.

1.2. Numerical Simulation of Multi-Float Salvage System

With the advancement of computer computing power, numerical approaches have
increasingly become the preferred way for studying double-floating bodies. Saghi et al. [13]
studied the interaction of waves with floating liquid tanks using the Volume of Fluid (VOF)
and Finite Difference Method (FDM). Yu et al. [14] investigated the effect of impermeable
and permeable baffles on liquid chamber rocking reduction. Moradi et al. [15] conducted
a systematic study on the impact of inlet parameters on gap resonance. Gao et al. [16]
employed OpenFOAM to explore gap resonance between two fixed floating bodies induced
by regular waves and focused wave groups. Additionally, Gao et al. [17] examined the
influence of upstream float motion on gap resonance in a scenario where one float is
fixed while the other floats freely. Wu et al. [18] investigated the phenomenon of tank
swaying in various shapes using the VOF method, while Saghi et al. [19] used the boundary
element method to evaluate the effect of a hydroelastic model proposed in the paper on
tank excitation force and peak dynamic pressure. Zhao et al. [20] examined the nonlinear
swaying issue of a square tank under external excitation, such as horizontal and rotational
excitations, using the boundary element approach. Ning et al. [21] predicted the frequency
and patterns of natural liquid shaking in a complicated liquid chamber using a float-type
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shaking reduction structure and a numerical model created using the boundary element
approach. Yuan [12] investigated the coupled motion response using frequency domain
potential flow theory and the mooring of an FPSO with varying liquid loading rates
under the effect of regular and irregular waves using time domain potential flow theory.
Xiao et al. [13] showed that the wall shear force has negligible impact on the numerical
modeling of liquid chamber sway using CFD software calculations and that the sliding
wall may be used as the wall condition. In the event of short side-by-side spacing, there
will be complicated hydrodynamic interactions between the two floats, and an incorrect
estimate of the interaction effects may result in unintended damage or mutual collision
of the ships [22]. At a specific incident wave frequency, the free liquid surface within the
spacing between floating bodies will resonate, leading to intense free surface motion, which
profoundly affects the relative motion of the closely positioned floating bodies and the stress
conditions on the mooring ropes [23]. Zhang [24] employed CFD to model an articulated
multi-floating body unmanned platform system. Based on the calculation findings, the
motion laws of floating bodies at all levels of the sea state were summarized, and three
system-optimized articulation strategies were proposed. Koop et al. [25] studied the scaling
and shading effects of flow load in a typical offshore ship alongside configuration using
model testing and CFD computations. Jiang employed a Navier-Stokes (NS) equation solver
in conjunction with a dynamic mooring model to estimate the hydrodynamic damping of
buoys across three distinct mooring configurations [26].

1.3. Model Test of Multi-Floating Body Salvage System

Regarding model experiments, researchers conducted experimental analysis and
study on the linked motion characteristics of a double floating body. The Webb Ship-
building Research Institute in the United States, the Japan Shipbuilding Research Center,
Det Norske Veritas, the China Shipbuilding Research Center, Shanghai Jiaotong, Dalian
Maritime, and Harbin Engineering completed the double-float salvage model testing. De-
lorme et al. [27] conducted a model test to investigate the vertical oscillation dissipation
behavior of rectangular water tanks and explore the law of floating body energy dissipation.
Igbadumbhe et al. [28] conducted roll attenuation tests on two prismatic fuel tank FPSO
models with different loading rates. The results indicated that the third-order damping
term is crucial for the stability of FPSOs. Sanapal et al. [29] conducted a vibration table
experiment to investigate the fluid-structure coupling effect between oscillating fluids and
internal structures. Liu Yulong et al. [30] conducted experimental research on the motion
response of empty floating tanks and liquid-filled floating tanks under regular waves of
different heights and frequencies, taking into account the fluid-structure coupling effects.
They found that at a fixed frequency, the motion response of the floating tank exhibits cer-
tain nonlinear characteristics due to different incident wave heights. Kawahashi et al. [31]
continued to conduct separate tests on FPSO models loaded with liquid and solid cargo to
investigate the impact of tank shaking during liquid cargo loading. Finally, regarding the
connection between the dual floating bodies, Song created an experimental fluid dynamics
model of the dual floating bodies with hinge connections, using hinge connectors to connect
the dual module floating bodies, and tested them in a towing pool under various wave
conditions [32].

By examining theories, numerical simulations, and model tests of multi-float salvage
systems both domestically and internationally, this paper lays a solid foundation for
devising strategies to prevent float collisions. The floating body salvage system detailed
in this study primarily consists of an ROV, a salvaged floating body named FLOAT, and a
flexible connection cable. Under wave action, salvaged floating bodies are highly vulnerable
to the effects of wind and waves. Due to its smaller size and mass, the FLOAT is more
prone to interference and motion deviations caused by the ROV compared to the ROV
itself. Consequently, any alteration in the motion state of the ROV, the FLOAT, and the
flexible connecting cables will impact the overall motion response of the system. Building
upon previous research, this study investigates the coupled motion response of ROVs and
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salvaged floating bodies under wave action during the berthing, side-by-side, and towing
phases. Through dynamic simulation, this paper explores the motion of twin floating
bodies in the three stages of salvage, unveiling their hydrodynamic performance under
wave action and the interaction patterns in their coupled motion. The thorough analysis
of coupled motion response in dynamic target salvage provides a crucial reference for
designing salvage schemes in practical engineering.

2. Modelling and Numerical Simulation Methods
2.1. Floating Body Model

Using the two-float system as an example, it is assumed that the two floats are in a
micro-amplitude simple harmonic oscillatory motion near their equilibrium position due
to wave action. To characterize the motion of the floating body, three coordinate systems
must be considered: a global coordinate system O — XYZ fixed to the earth, and two local
coordinate systems O7 — X1Y1Z1 and Oy — X»Y»Z; attached to the floating body, as seen
in Figure 1. The global coordinate system’s origin is established on the undisturbed free
sea surface, while the two local coordinate systems’ origins are positioned at the centers
of gravity of the two floats, with the Z-axis vertically upwards. The distances from the
origins of the local coordinate systems of the two floating bodies to the origin of the global
coordinate system are equal. Figure 2 illustrates a schematic representation of the dynamic
target salvage system.

. AL AZ AZ2

float
ROV

0° following seas y Flexible cable Y 180° head seas
— z » X 4

4 1

45° stern quartering seas 135° bow quartering seas

90° beam seas

(a) (b)

Figure 2. Schematic diagram of the dynamic target salvage system (brown represents water, blue
represents air): (a) overall view; (b) top view. Process 1 (P1) represents the berthing phase of floating
body salvage, in which the ROV berths to the FLOAT; Process 2 (P2) represents the concurrent
berthing phase of floating body salvage, in which the ROV and the FLOAT are free drifting in the sea;
and Process 3 (P3) represents the salvage phase of floating body salvage, in which the ROV tows the
FLOAT using a flexible cable.

The diving equipment employed in this article is a ROV. ROVs are often constructed
modularly and outfitted with high-resolution color cameras and multi-degree-of-freedom
robotic arms to undertake underwater engineering tasks [33]. To investigate the dual
float motion response of the ROV during the salvage operation of floating objects, the
conceptualization and design of underwater robots were conducted, as illustrated in
Figure 1. Table 1 presents the key parameters of the underwater ROVs, while Table 2
presents the main parameters of the floating object being salvaged, FLOAT.
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Table 1. ROV model attributes.

Designation Unit Numerical Model
Molded length La (m) 0.86
Molded breadth D, (m) 0.75
Type high Ha (m) 0.60
Draft h, (m) 0.40
Weight Ma, (kg) 9491
Center of gravity CG, (m) x=0,y=0,z=0.168
Moment of inertia I, (kg/m?) x =7.527,y = 8.366, z = 10.436

Table 2. FLOAT model attributes.

Designation Unit Numerical Model
Molded length Ly, (m) 1.2
Diameter Dy, (m) 0.145
Draft hy, (m) 0.1
Weight M, (kg) 16.85
Center of gravity CGp (m) x=0,y=0,z=0.02
Moment of inertia Iy (kg/ m2) x=242,y=241,2=0.07
2.2. Theory

2.2.1. Governing Equation

The focus of this paper is on all incompressible viscous fluids, with the fundamental
governing equations consisting of the continuity equation, the conservation of momentum,
and the conservation of energy. The formula for the RANS (Reynolds-averaged Navier—
Stokes) equation is as follows [34]:

aui
— =0 1
o, 1)
ou; du; _ dp 9 du; T (2)
PoF TP%oy = ~o T 37/.(%71. —P”f“})

where u;, u; are the components of velocity in the direction of the coordinate axis, p is the
density of the fluid, p is the pressure, yu is the coefficient of dynamic viscosity of the fluid,
and t is the time. Where u;, u; and p are time-averaged quantities, the “-” sign above the
time-averaged physical quantity is omitted for simplicity.

In this article, the finite volume technique (FVM) is utilized to discretize the RANS
equations for the numerical analysis of the double floating body, and the turbulence model
selected is the SST k-w model. To address the coupling between pressure and velocity, the
semi-implicit method for pressure dependent equations (PIMPLE) algorithm is used. The
separated flow model employs a separation approach for solving equations and utilizes a
second-order upwind scheme for discretizing the convection term. The volume of fluid
(VOF) method is used to precisely depict the evolution of the free surface in two-phase
flow. The floating body’s motion is accounted for using a Dynamic Fluid Interaction (DFBI)
module with overlapping grids.

2.2.2. Hydrodynamic Coefficient and Wave Force

Using the Bernoulli equation, along with the incident and diffraction potentials, wave
forces acting on the ROV (A) and the FLOAT (B) can be separately computed. When
calculating the interaction between two floating bodies, it is necessary to consider the
hydrodynamic coefficients generated by coupling effects, such as added mass and damping
coefficient [35]:

aj? = Re pff gbj%ds @3)

Soa
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When i = 1~6, j = 1~6, represent the additional mass and radiation damping created
by the motion of the floating body A on itself, and when j = 7~12, mark the additional mass
and radiation damping caused by the motion of the floating body B on the floating body A.

= Re {pfj a7 99; ds] ()
Ly, { 2, ]
p ] 955 ds (6)

When i = 1~6, j = 1~6, denote the additional mass and radiation damping produced by
the motion of the floating body B on itself; when j = 7~12, denote the additional mass and
radiation damping produced by the motion of the floating body A on the floating body B.

Where Re denotes the real part, ¢; denotes the radiation potential generated when the
floating body oscillates at unit velocity in the j-direction, p is the density of the liquid, Sp4
is the wet surface area of the floating body for Float A, and Spp is the wet surface area of
the floating body for Float B. The damping coefficients for the floating body are as follows.

According to the boundary conditions satisfied by the velocity potential and Green’s
function, the added mass has a symmetric relationship with the damping coefficient, as
shown in the following equation.

a{;‘ aﬂ, b{;1 = bB (7)

This formula demonstrates that the motion of floating body B in direction j results
in additional mass and radiation damping for floating body A in direction i. Conversely,
the motion of floating body A in direction i also results in additional mass and radiation
damping for floating body B in direction j.

2.2.3. Multi-Float Motion Response

Frequency domain equations of motion for a two-float salvage system:
[—w? (MO + afi)) + maci) + O] x0 4 (—w?all) + mochl)) X0 = B )

[—wz (M(j) +a%1)) + mwc( ) + ol )} xU) + ( w a,(nn) + mwc(ﬂ))X() = Fz(,,j) 9)

where i and j stand for the ROV and the FLOAT, respectively, the terms labelled ii or jj are
the same as those in the single-floating-body case, the term labelled ij represents the term
generated by the influence of the ROV and FLOAT, the term labelled ji represents the term
generated by the FLOAT under the influence of the ROV, and C is the static restoring force
matrix of the floating body.

By solving Equations (8) and (9), the six-degrees-of-freedom kinematic Response
Amplitude Operator (RAO) of the two floats can be obtained.

2.2.4. Wave Mean Wave Mean Drift Force Drift Force

The mid-field approach, which combines the benefits of the near-field and far-field
methods, is applied in this study. For the regular wave issue, the average drift force in the
horizontal direction may be simplified to the integration of the first-order velocity potential
and the derivative of the velocity potential on the control surface [36], with the formulation
being as follows:
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Velocity inlet(front)

where ¢* represents the conjugate complex of ¢ and w is the wave circle frequency.

3. Numerical Implementation and Validation
3.1. Numerical Simulation

In this section, the scale of the model used in numerical simulation matches that of the
experiment at a 1:1 ratio. During the towing phase, a 1.2-m-long flexible cable is employed
to replace the link between the ROV and the rescued floats. The ambient circumstances
are adjusted at a wave height (H) of 0.023 m, a wavelength (L1) of 4.837 m, and a period
of 1.76 s. Figure 3 depicts the computational domain and boundary conditions for the
numerical model used in this work. The double floats are put on the water’s surface, so
they are at the interface of the two fluid layers. In this article, the numerical model of the
computational domain is 20 m long, 15 m broad, and 6.5 m high, with a water depth (d1) of
4 m and an upper section exposed to air (d2) of 2.5 m. The generally used approach for
selecting the computational domain’s boundary conditions is to designate the front, upper,
and lower borders as the velocity intake, the rear boundary as the pressure outlet, and the
side boundaries as the symmetry planes. The ROV distance from the pool’s entrance is
1.5 La, the FLOAT distance from the pool outlet is 2.5 La, and the floating body distance
from both sides of the pool is 1.5 La.

Symmetry plane(side)
Velocity inlet(top)

di

d>

P

“‘\ Pressure outlet(back)

. ¥
Velocity inlet(bottom) Symmetry plane(side)

Figure 3. Computational domain and boundary conditions (below the blue interface is water, top
is air).

To simulate the model’s motion, the fluid region is divided into three parts: two free-
floating body regions, a free surface region, and a navigation wavefront region. Figure 4
illustrates the grid layout within the computational domain and at the waterline. This sec-
tion’s crucial sections are encrypted, and the encrypted regions are located on the free fluid
surface and around the floating body. This research utilized a fully structured overlapping
grid approach. This approach individually grids each moving object within the compu-
tational domain, allowing for various forms of overlap between the grids. Consequently,
overlapping grids are especially well suited for investigating the parameterization issues of
complex body motions. The motion response of the double floating body explored in this
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study includes motions with six degrees of freedom; hence, the overlapping grid approach
is used for numerical simulation. Figure 5 shows a grid design of the floating body salvage
system for the conventional P2 stage.

Figure 4. Schematic of the computational domain and the grid at the waterline (red part is the
boundary interface, blue represents the symmetrical plane).

Overset mesh Background mesh

Figure 5. Schematic diagram of the grid of the floating body salvage system (blue represents the
border interface, brown represents the cross-section).

During the numerical simulation process, mesh and time-step independence must be
validated to identify the optimal number of meshes and fluid time-step size. In the numeri-
cal computing realm, selecting a proper grid size is critical in the pre-processing step [37].
To ensure the convergence of the computational grid, it is refined using the fineness ratio
specified in the International Tugboat Conference (ITTC)-approved regulations. The grid
is refined with rg = /2 in all three directions, while the remaining parameters remain
constant. Table 3 demonstrates the grid independence analysis, which includes rough,
medium, and fine grid variants. In dynamic target salvage, the 6DOF of the double floating
body during the alongside phase must be considered. Table 3 shows the maximum MA of
the heave and yaw responses of the ROV and FLOAT in the number of the three grid types,
rough, medium, and fine, with the wave direction of the P1 phase set to 0°. The compari-
son reveals a considerable variation in the computational output of rough and fine grids.
Considering the heave responses of the ROV and FLOAT, the disparity in heave response
for ROV between rough and medium grids is 0.58%, whereas for FLOAT, it is 1.15%. The
differences in heave response values exhibited by the dual floating body in the medium
grid and fine grid are also not the same, with an ROV of 0.13% and a FLOAT of 0.8%. The
pronounced difference in responses between the ROV and FLOAT could stem from the
varying spacings between their dual floating structures. If this disparity impacts the scheme
design for offshore floating body recovery, it may result in a collision of the two floating
bodies. The yaw motion response exhibited by the ROV in the rough and medium grids
shows a difference of 1.58%, whereas FLOAT exhibits a difference of 1.94. Similarly, the
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yaw motion response of the ROV in the medium and fine grids demonstrates a difference
of 0.46%, whereas FLOAT shows a difference of 0.69. Comparing the two, the difference
between the medium and fine grids is minor and falls within acceptable ranges. Under
comprehensive evaluation, the fine grid places more demands on computer resources, and
given computational efficiency, the medium grid is acceptable for numerical simulation.

Table 3. Grid independence analysis.

Groupin Number of ROV FLOAT ROV FLOAT
ping Grids Heave (m) Heave (m) Yaw (deg) Yaw (deg)
Rough 3,714,646 0.2386 0.1043 1.1974 2.1831
Medium 4,851,752 0.2400 0.1055 1.2163 2.2255
Fine 6,173,772 0.2403 0.1063 1.2219 2.2409

The convergence of the time step is more important than the mesh gap, and by only
changing the length of the computational time step until it no longer has a significant
effect on the computational results, the time step determines both the computational
accuracy and the computational time to a large extent [38]. As shown in Figure 6, the
ideal grid parameters listed above are used as the primary model for five time steps in
the computational simulation: 0.02 s, 0.01 s, 0.005 s, 0.003 s, and 0.001 s. To guarantee
that the control variables remain constant with the other parameters, the best time step is
calculated by comparing the time history curves of the ROV pitch with a wave direction of
0° at the P1 phase with the settings. Figure 6 shows that wave profiles derived with longer
time increments have bigger inaccuracies. For example, with a time step of 0.02, there is a
significant difference between pitch and phase with smaller time steps, but wave profiles
with time steps of 0.01 s and 0.005 have lower phase errors. The wave curve of time step
0.003 s is quite similar to the wave curve of time step 0.001 s; thus, we chose 0.005 s as the
time step used in the final calculation.

T
3F----0.02--- 0.01- - --0.005——0.003 0.001 4

Pitch(deg)

10 11 12 13 14 15 16 17 18
t(s)

Figure 6. Time step convergence verification curve.

The dynamic target salvage motion response under wave action is computed using a
supercomputer with a total load of 1280 cores and a single node of 64 cores. In terms of
time, each stage (P1-P3) has a numerical simulation duration of 20 s, with computation
times varying depending on the simulation settings. Given the computation duration of
various working circumstances in this article, the medium grid is chosen for numerical
simulation, with a time step of 0.005 s.

3.2. Pool Testing and Validation

To effectively reflect the salvage system’s coupled dynamic response characteristics,
ROV-FLOAT salvage experiments were carried out to collect double-float kinematic re-
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sponse data, which were compared to the results of the numerical simulation to validate
the numerical simulation conclusions.

3.2.1. Experimental Equipment and Arrangement

In this study, an iso-scale model of a dual floating body was constructed and placed
in a wave-making pool to emulate its behavior in the ocean, providing a valuable method
for the design of real-world salvaging techniques. The wave-making pool’s ability to
manipulate simulated waves to achieve accurate amplitude and frequency made it an
indispensable tool for dynamic target salvaging experiments. The Froude similarity theory
was employed to model the floating body. The ROV measured 0.85 x 0.75 x 0.6 m with a
draft depth of 0.4 m. The model’s floating body had a length of 1.2 m and a diameter of
0.145 m. The experiment was conducted in a wave pool that was 50 m long, 30 m wide,
and 4 m deep. A 10-m deep well was built in the center to replicate deep water conditions,
as illustrated in Figure 7. Figure 8 illustrates the experimental setup and equipment. To
minimize testing errors, a single momentum source wave-generating mode was utilized.
When the two wave-making demands were symmetrically arranged in one section of the
pool, the elastic rope at the lower part of the wave-making ball pulled the ball vertically
through the rotation of the eccentric wheel. The pulling rope, connected to the bottom
of the wave-making momentum source structure, extended and contracted to replicate
high sea conditions. Additionally, the two floats underwent load adjustments. Figure 8d
depicts the instrumentation used to measure the attitude of the floats, which were installed
within the ROV and FLOAT’s interior compartments. Finally, the kinematic response of the
two floats was recorded using the attitude instrument. Figure 8e illustrates the dynamic
target salvage layout, including the positioning of the dual floats within the wave pool.

Wave Pool

-

6DOFs attitude instrument Notebook computer
Figure 7. Floating body salvage test flow chart.

3.2.2. Analysis of Experimental Results

This article explores the motion response of a dual floating body in waves during the
P2 stage, encompassing both following seas and stern quartering seas. Figure 9 presents a
comparative analysis of the motion response amplitude operator (RAO) for a four-degrees-
of-freedom experimental simulation, where A denotes the ROV and B signifies the rescued
floating body, FLOAT. The RAO is defined as the amplitude MA divided by wave height H
across the 6DOFs [39]. Figure 8 depicts the simulated and experimental kinematic response
RAO for the double floating body’s heave and yaw, which increase with the wave direction
angle. As illustrated in Figure 9b, the simulation and experimental results for the ROV



J. Mar. Sci. Eng. 2024, 12, 1688

11 of 34

reveal that the roll RAO exhibits a decreasing trend as the wave direction angle rises, likely
due to the varying upper wave states generated at different wave direction angles.

!
{
)
g
i

Figure 8. Experimental equipment and layout: (a) wave pool; (b) FLOAT; (c) ROV; (d) attitude
instrument; (e) dynamic target salvage site.

When a floating body with a certain mass moves, it generates kinetic energy in the
surrounding flow field, which in turn exerts a reactive force on the body. This phenomenon
illustrates the physical significance of the added mass of a floating body. The added
mass reflects the impact of the fluid’s inertial motion in the surrounding flow field due
to the body’s movement. Figure 10 presents a comparative study of the experimental
four-degrees-of-freedom simulation incorporating added mass. Initial disturbances cause
the floating body to oscillate, and subsequent energy dissipation leads to a gradual cessation
of the oscillations. The larger the floating body’s damping coefficient, the more rapidly the
motion decays. Figure 11 offers a comparative examination of the four-degrees-of-freedom
experimental simulation with varying damping coefficients. Table 4 displays hydrodynamic
coefficients of double floating bodies under wave action in various directions. It illustrates
that the ROV’s four degrees of freedom under wave action exhibit greater additional mass
and damping coefficients than the recovered floating body, FLOAT. Numerical simulations
of the additional mass and damping coefficients for both ROV and FLOAT display similar
trends with changes in wave angle, showing that both parameters increase as the wave
angle rises. However, experimental values for the floating body’s four degrees of freedom
are somewhat higher than the numerical simulations, likely due to variations in the spacing
between the floats caused by wave motion.



J. Mar. Sci. Eng. 2024, 12, 1688

12 of 34

0° 45° 0° 45° 45° 0° 45°
[ [e3]
20 + E_JEXP —
15 F —
)
é 10 F
05|
0.0 —
A B B
(a) (b)
0° 45° 0° 45° 0° 45° 0° 45°
400 N
[ crp - 250 | ES(]; -
350 L [ Jexp
- 200 |
£150 |-
2
100 -
50

(c) (d)
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Table 4. Hydrodynamic coefficients of double floating bodies under wave action in various directions.

RAO Added Mass Damping
Working 4DOFs CFD EXP CFD EXP CFD EXP
Conditions
A B A B A B A B A B A B
Heave  1.60 0.46 1.68 0.60 133.00 2060 13920 23.60 4680 1060 5538 2078
o Roll 28692 10646 30598 129.06 91661 621 100922 1626 19721  9.66 281.04  17.02
Pitch 12627 34468 13504 366.67 112000 31649 146817 33560  8090.00 32310 853040 372.48
Yaw 130.03 7427 15052 9844 10092 114.69 25545 23608 8525 31606 17320  469.02
Heave 178 0.70 2.04 0.82 13400 2150 14640 2440 4800 1150 5672  21.90
. Roll 11914 21237 13377 23434 1373286 118.02  14213.03 133.13 118826 14696 126329 288.30
Pitch 15016 27636 17336 29336 159.90 267.47 23778 32254 803419 20457 844443 380.92
Yaw 12278 23571 14323 25206 90645 78714 94299 88675 967452 173.87  9862.07 291.25

In the process of salvaging floating bodies at sea, there are numerous inherent un-
certainties within the floating bodies themselves. To verify the rationality of numerical
simulation, multiple physical indicators must be comprehensively considered. This study
has selected the maximum absolute value (MA) and root mean square (RMS) as evalua-
tion factors. These parameters serve as crucial elements for assessing the salvage process.
Specifically, RMS is more suitable for describing fluctuations near zero in data. By com-
prehensively considering these factors, we can evaluate both numerical simulations and
experiments, thereby enhancing the authenticity of the numerical simulations. The formulas
for the aforementioned evaluation factors are as follows:

MA = max(ABS(max(S;)), ABS(min(S;))),s:1~mn

RMS =

(13)

(14)
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where S represents the sample.

Figure 12 summarizes the comparison results of the four degrees of freedom (MA
and RMS) for a double floating body under CFD and experimental conditions, subjected
to wave action in different directions. Here, A represents the ROV and B represents the
FLOAT. As observed in the figure, the numerical simulation results of the double floating
body exhibit a consistent trend with the experimental data, indicating good agreement.
Overall, the numerical simulation values align closely with experimental findings, reflect-
ing the kinematic characteristics of the floating body and affirming the accuracy of the
numerical calculations.

0.5
[ _dcrpa
E Jdexea H 030
—=— CFDB /
04 | —=—EXPB // |
/ 4025
03 | S i
/
= // H020 E
e
02k 4
Ho1s
0l F v 4
F— Ho0.10
L 1
0.0 L L
0° o 45°
wave direction
Heave MA
14 40
I _Jcrpa
I Jexea .
12 | —a—CrDB 13
—=—EXPB
436
10 -
34
&0
W -
o8 &
432
06 +
430
04 +
Tl <28
02+ 26
‘
0.0 I l' '50 24
o
0 wave direction
Roll MA
115
40 LEJcrpa
I dexra -\—-<
—=— CFDB 4110
35 F—=—EXPB \\
™~ H105
3.0 F \\\
Js S ~ 4100
|-}
% 20k 495 @
u
sk 490
10 F 183
05 F 480
L
0.0 L L 7.5
o . o
0 wave direction 47
Pitch MA

Figure 12. Cont.

(@)

0.40

0.20

I _Jcrpa
L dexrA "
035 - “a— crpB _— 7018
—m— EXPB _—
0.30 |- . T0.16
25 -
0.2 0.14
0.20 | 4
012 B
015 B
0.10
0.10 B
- 0.08
0.05 | — i
. 0.06
0.00 L -
0 L 5
wave direction
Heave RMS
12
[ dcrpa 436
L JEXPA /'
Lo L —=—croB / .
— = EXPB 13
43
08 F
- 30
06 o
’ 4283
04 F 26
424
02 -
122
00 l l - = 20
0 wave direction 47
Roll RMS
4.0 10.5
I _JcrpA  w
L. | ElExXeA
i3 —m-crbB 4100
~m— EXPB ’
3.0 F
\ 495
25+ \

20 N 490 &0
g 20 “a Z
15 F -85

-y
10| {50
05 F
475
0.0 L L
o o
0 wave direction +
Pitch RMS



J. Mar. Sci. Eng. 2024, 12, 1688

15 of 34

3.5 - —=—EXPB

[

[ dcrpa =
[ JEXPA

= CFDB

[ Jopa =

4110 35| E dExea W
° [ —=—crpB

= EXPB -4 100

4105 30 b T

100 25+ 195

I 50
495 @ v 20 -
T = 90 &
1 <
7 | 490 15+
1 -
485 10 F 783
=480 05 F T
— 80
1 75 0.0 L L
45°

wave direction 45 0 wave direction
Yaw MA Yaw RMS

(d)

Figure 12. Summary diagrams of two assessment elements (MA, RMS) of 4DOFs in different wave
directions: (a) heave response; (b) roll response; (c) pitch response; (d) yaw response.

4. Results and Discussion
4.1. Numerical Simulation of Single-Float and Double-Float Coupling

Figure 13 contrasts the six-degrees-of-freedom motion amplitude operator (RAO)
results for a single floating body ROV and FLOAT with those of a dual floating body during
the P2 stage under the influence of following waves. In addition, compared to the ROV
and FLOAT under the dual-floating-body coupling effect, the RAO motion response of
the single-floating-body ROV and FLOAT in the sway and roll directions is smaller, and
the relative motion amplitude is also smaller. This indicates that a single floating body
experiences less wave impact in the sway and roll directions under the action of following
waves. Conversely, in the surge, heave, pitch, and yaw directions, the single-floating ROV
and FLOAT exhibit greater RAO motion responses. This is likely due to the absence of
protection provided by the ROV to the FLOAT under wave action and the lack of coupling
effects between the two floating bodies in the single-floating-body configuration.

4.2. Characteristics of Double Floating Body Berthing Motion

How will the twin floats move if berthing happens at different speeds, and how will
the ROV move throughout the ROV berthing procedure? In this work, the upstream
ROV receives a lateral force during the simulation, which causes the ROV to accelerate
in response to the external force. The propeller propelling the ROV is then replicated
using this velocity. In actuality, though, many assessments are necessary to determine
the force needed to propel the ROV and the relationship between force and velocity.
The discovered relationship between the ROV motion velocity and RAO is displayed in
Figure 13. The ship’s speed is indicated by the Froude number Fr, which is defined by the

following equation:
v

v/gla

where v is the speed at which the ROV is berthing and L, is the characteristic length of
the ROV.

Because of the ROV’s shading impact on the rescued FLOAT, the motion response
RAO of the FLOAT varies less with berthing speed, as shown in Figure 14c regarding heave,
(d) roll, and (e) pitch movements. The pitch RAO motion response values of the ROV and
the FLOAT differ significantly, as seen in Figure 14e. The two floats respond similarly in
terms of sway, surge, and yaw. Figure 14d roll and (f) yaw show that double floats have
reduced roll and yaw RAO and smoother movements at Fr = 0.15-0.18.

Fr= (15)
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Figure 13. Comparison of Motion Responses for Single and Double Floating Bodies: (a) RAOs of
ROV with single-float and double-float in terms of sway, surge, and heave; (b) RAOs of ROV with
single-float and double-float in terms of roll, pitch, and yaw; (c¢) RAOs of FLOAT with single-float
and double-float in terms of sway; (c) RAOs of roll, pitch, and yaw for FLOAT under single-float and
double-float; (d) RAOs of roll, pitch, and yaw for FLOAT under single-float and double-float.

Figure 15 illustrates the added mass of the ROV as it approaches FLOAT at varying
berthing speeds. Furthermore, the additional mass is normalized in Figure 15 [40]. The
added mass of a double floating body results from the inertial motion of the fluid in the
surrounding flow field, induced by the floating body’s motion. The figure reveals that the
trend in the added mass of the two floating bodies” six degrees of freedom varies with
the berthing speed, in contrast to their six-degrees-of-freedom motion response. This is
because the six-degrees-of-freedom kinematic response of the two floats, as well as the
wave force and berthing speed, are related to the ship type, whereas the added mass of the
ROV and FLOAT is only related to the shape of the floating body and the berthing speed,
so the added mass of the floats is more affected by the hydrodynamic interaction between
the two ships. The graphic shows that the ROV has a bigger supplementary mass than
the FLOAT, which is owing to the ROV’s larger primary size and mass. The added mass
of the two floats results in a significant increase in the sway and the yaw response of the
FLOAT at Fr = 0.2. The surge response of the ROV progressively rises with berthing speed,
and the reaction of the two floats is most intense in the pitch response stage, which might
be attributed to the stronger coupling between the two floats as berthing speed increases.
The figure shows that the 6DOFs of the double floats have a lower and more stable motion
response RAO at Fr = 0.15-0.18 berthing speed.
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Figure 14. RAOs of 6DOFs at different berthing speeds: (a) Sway; (b) Surge; (c) Heave; (d) Roll;
(e) Pitch; (f) Yaw.

As seen in Figure 16, similar to the results for the added mass of the two floats, the
ROV has a higher added mass than the FLOAT due to its bigger primary scale and mass.
The fluctuation of the damping coefficient differs somewhat from that of the increased
mass. The ROV’s sway reaction increases significantly at Fr = 0.18, but its roll response is
minimal at Fr = 0.168. Furthermore, similar to the results for increased mass, the figure
shows that the 6DOFs kinematic response RAO of the twin floats is smaller and more stable
for Fr = 0.15-0.18 berthing speeds.

During salvage operations, the berthing motion has a significant impact on both the
motion response of the two floats and the safety of the salvage operations. As a result, in this
part, the mean drift forces applied to the berthing speeds of the two floats, including sway
and surge motions, are analyzed. Figure 17 depicts the resulting curves of the horizontal
mean drift force of the two floats under the influence of the first wave at varying berthing
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speeds. The curves in the figure show that the sway mean drift force of the twin floats
reaches a relatively ideal state at Fr = 0.15, and the sway RAO response of the ROV is the
greatest at Fr = 0.125, which could be due to the ROV’s large self-weight relative to the
FLOAT at low sailing speeds. This results in significant float movement in the ROV, thereby
affecting the sway motion response of the float. The surge mean drift force of the double
floats follows a rather smooth pattern with increasing berthing speed, and berthing speed
has minimal influence on the surge mean drift force of the double floats. The recommended
berthing speed interval is Fr = 0.15-0.18.
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Figure 15. Added Mass of 6DOFs at different berthing speeds: (a) Sway; (b) Surge; (c) Heave; (d) Roll;
(e) Pitch; (f) Yaw.
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Figure 16. Damping of 6DOFs at different berthing speeds: (a) Sway; (b) Surge; (c) Heave; (d) Roll;
(e) Pitch; (f) Yaw.

This section delves into the wave situations of a dual floating body subjected to waves
and currents. Figure 18 illustrates the comparative wave cloud maps of the two floating
bodies at different berthing speeds at a certain moment. In the early phase of the simulation,
with no waves propagating through, the wake response of the two vessels is minimal and
nearly identical, with fluid diffraction at both ends remaining inconspicuous. At this point,
the wave surface elevation is primarily driven by fluid motion beneath the floating body.
As waves reach the front of the ROV, the leading edge encounters wave forces, prompting
the entire floating body to respond with six degrees of freedom, which in turn affects the
water surface at the ROV’s rear and generates a significant wake. As the ROV nears FLOAT,
the influence of waves on the ROV becomes increasingly pronounced. Wave cloud map
analysis reveals that the maximum wave peak between the floating bodies at Fr = 0.15 and
Fr = 0.175 is 1.8 times that of the incident wave, while at Fr = 0.225, the peak wave height is
2.6 times the incident wave, and at Fr = 0.1, it is 1.3 times the incident wave.
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Figure 17. Mean drift force of twin floats at different berthing speeds: (a) sway drift force; (b) surge
drift force.
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Figure 18. Cloud map of double floating body waves at different berthing speeds.

4.3. Characteristics of Double Floating Body Side-by-Side Motion
4.3.1. Effect of Spacing between Double Floats on Salvage Systems

The respective placements of the ROVs must be considered when salvaging the floats.
In this section, the motion of the double floats is simulated at various spacings, and the
results are displayed in Figure 19, where L is L /2.

When the float spacing is very tiny, as demonstrated in Figure 19a, sway and (b) surge
RAO, the computational results are either too big or too small owing to the resonance of the
interstitial water body at 0.25 L spacing. When the float spacing is high, Figure 19b surge,
Figure 19c heave, Figure 19d roll, and Figure 19f yaw RAO responses all peak at 0.7 L. When
the spacing is 0.45 L, the RAO responses for sway, roll, and yaw are at their minimum.

As shown in Figure 20, the added mass of the ROV is more than that of the FLOAT in
the directions of heave, roll, pitch, and yaw, and the motion trend of the double floats in
the heave direction with the change in float spacing is essentially linear. ROV and FLOAT’s
increased mass responses in sway, surge, roll, pitch, and yaw achieve a minimum value of
04L-05L.

Figure 21 shows that the damping coefficients of the double floats on the sway and
surge responses follow nearly identical trends as the spacing between the floats increases,
with a tiny divergence. The double floating body’s damping coefficient in the sway direction
attains its minimum at 0.478 L; similarly, the ROVs in the surge direction reach their nadir
at 0.467 L, and the ROVs in the yaw direction find their minimum at 0.487 L. In conclusion,
the optimal spacing for twin floats under downwash action is 0.4 L-0.5 L.
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Figure 19. RAOs of 6DOFs at different distances: (a) Sway; (b) Surge; (c) Heave; (d) Roll; (e) Pitch;
(f) Yaw.

Figure 22a shows that the sway drift force of the FLOAT is the smallest when the
spacing is 0.48 L. The surging force of the double floating bodies exhibits a relatively stable
trend as the berthing speed increases, and the spacing between them has a minimal impact
on this force.

Figure 23 illustrates the comparative wave cloud diagram of two floating bodies at
different distances at a certain moment. Wave resonance occurs as the peak and trough
positions within the gap between the floating entities alternate. The incident wave diffracts
from both ends before penetrating the spacing. The primary interaction within the flow
field between the floating bodies is worked by the superposition of diffracted and reflected
waves generated upon the wave’s encounter with the floating bodies. A pronounced
wave elevation emerges on the ROV’s right side due to the superposition of incident and
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reflected wave crests. Between 0.4 L and 0.5 L, the wave height within the spacing increases
markedly, reaching a peak of 1.6 times the amplitude of the incident wave. At 0.2 L, the
maximum wave height surges to 3.7 times that of the incident wave.
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Figure 20. Added Mass of 6DOFs at different distances: (a) Sway; (b) Surge; (c) Heave; (d) Roll;
(e) Pitch; (f) Yaw.

4.3.2. Effect of Wave Direction on Salvage Systems

Figure 24 depicts the influence of wave direction on the motion of the double floats
under 0°, 45°, 90°, 135°, and 180° wave conditions. Figure 24a sway RAQO response shows
that the double floats have a peak at 90° and a minimum at 180°. This might be attributed
to the huge mass differential between the twin floats and the more pronounced pitch
variation of the rescued floats when the fluid travels over the surface, as illustrated in the
yaw RAO response in Figure 24f. Additionally, Figure 24b surge, (c) heave, and (e) pitch
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RAO responses show that the kinematic response RAOs of the double floats all peaked at
wave direction 90°.
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Figure 21. Damping of 6DOFs at different distances: (a) Sway; (b) Surge; (c) Heave; (d) Roll; (e) Pitch;
(f) Yaw.

In Figure 25a, the ROV’s sway added mass is greater at 45° and 135° than at 0° and
180°, and, in Figure 25c, the ROV’s added mass appears to be minimized at 90° downwash,
most likely due to the fluid motion in the narrow slit between the twin floats. In Figure 25d,
the increased mass of the twin floats peaks at 90 degrees down the pitch.

Figure 26 shows that the motion trend of the damping coefficients of the double float
6DOFs does not match that of the added mass in the sway, surge, roll, and yaw directions.
The damping coefficient of the RAO reaches its apex at 90° wave direction, the ROV exhibits
a decreasing trend in the surge direction as the wave angle increases, and the FLOAT shows
an ascending trend. The ROV’s damping coefficient peaks at 105° roll and 45° yaw.



J. Mar. Sci. Eng. 2024, 12, 1688

24 of 34

0.20 T T T T T T
—o— float
—a—ROV
0.16 |
_
E
z
&
Jo2t
2
B
&
=4
o
2008 -
=
7]
0.04 |-
1 1 1 1 1 1
0.2L 03L 0.4L 0.5L 0.6L 0.7L

Distance

(a)

4.50

N bed »
) o 9
G =3 )

Surge drift force(N/m)

n
S

0.75

[ —— float I
—a—ROV

\,/““’\Q_/O

| | 1 | ! |
0.2L 0.3L 0.4L 0.5L 0.6L 0.7L
Distance

(b)

Figure 22. Mean drift force of double floats with different distances: (a) sway drift force; (b) surge
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Figure 24. RAOs of 6DOFs at different wave directions: (a) Sway; (b) Surge; (c) Heave; (d) Roll;
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Figure 26. Damping of 6DOFs at different wave directions: (a) Sway; (b) Surge; (c) Heave; (d) Roll;
(e) Pitch; (f) Yaw.

Figure 27 depicts the average drift force of the double floater during sway and surge
in different wave directions. Figure 27a shows that the ROV in the sway drift force is
smaller in the 90° condition, most likely due to the shape of the ROV, which is wider than
0° and 180°, longer than the 90°, and has a higher flow rate. Consequently, it is preferable
to choose the 0° and 180° wave directions in the “alongside” phase.

Figure 28 illustrates the wave cloud maps of a double floating body for various wave
directions. The flow field diagram reveals that at 0°, there is a phenomenon of wave
surface elevation at the bow and stern of the two floating bodies, reaching a maximum
of 1.1 times the incident wave height, primarily due to the superposition of incident and
reflected waves. At this stage, the incident wave diffracts from the ROV’s bow into the
intervening space. At 45° and 145°, the amplitude of the wave surface elevation increases
to approximately 4.1 times that of the incoming wave.



J. Mar. Sci. Eng. 2024, 12, 1688

27 of 34

>
W

e
=

T
r —e— float b —o— float
—a—ROV

P
w f=
.
W -~
[P
=
Q
}
L L

I
=
T
L
@
°
T
I

e
W
T

L

Sway drift force(N/m)
©
=
L

Surge drift force(N/m)
o .
L

e
I
T
L
wn
T
L

o =3
= =
L L
=3
T
1

1 ! L 1
0° 45° 90° 135° 180° 0° 45° 90° 135° 180°

54
n

Wave Direction Wave Direction

(a) (b)
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Figure 28. Cloud map of double floating body waves with different downward waves.

4.4. Characteristics of Double Floating Body Towing Motion

During the “towing phase”, the ROV replaces the ROV’s connector with a flexible
connecting cable while towing the FLOAT. The ROV is towed by dragging the rescued
FLOAT at a certain pace under wave conditions. Figure 29 depicts the variation curve of
the six-degree-of-freedom RAO of the towing system with sailing speed, as determined
by simulation calculations. At Fr = 0.1, the sway response of the two ships reaches its
maximum. This could be attributed to the substantial influence of the cables” own weight
at low speeds, leading to pronounced heave movements in the floating body.

During the towing operation, the ROV has a masking effect on the recovered FLOAT,
and the most visible masking impact is the pitch curve, as shown in Figure 30. The
average pitch value between the ROV and the FLOAT is significantly different. In the
heave direction, the relationship between the additional mass of the twin floats and the
towing speed is nearly constant and unaltered. The roll-added mass of the double floats
achieves its minimal value at Fr = 0.15, whereas the pitch-added mass reaches its minimum
atFr=0.2.

According to Figure 31, at the towing speed Fr = 0.225, this could be due to the fact that
the self-weight of the cable has a significant influence on the towing system at high speeds,
which can lead to more serious float rocking of the double floats, which in turn affects the
pitch and yaw of the floats, resulting in more serious yaw. The damping coefficients of
ROV in Figure 31b surge, (e) pitch, and (f) yaw responses are minimal at Fr = 0.2, whereas
the surge damping coefficients of the FLOAT rise with towing speed.



Figure 29. RAOs of 6DOFs at different towing speeds
(e) Pitch; (f) Yaw.
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According to Figure 32a, the ROV’s sway drift force shows an overall roughly upward
trend with increasing towing speed, and its average drift force at Fr = 0.225 is four times
that of Fr = 0.1, while Figure 32b shows that the average drift force of the ROV’s surge

reaches its minimum value at Fr = 0.2. Conseque
chosen at the P3 stage is Fr = 0.2.

ntly, the towing speed that should be
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Figure 30. Added Mass of 6DOFs at different towing speeds: (a) Sway; (b) Surge; (c) Heave; (d) Roll;
(e) Pitch; (f) Yaw.

Figure 33 presents the wave cloud map of the ROV during towing at various speeds.
The map reveals that the double floating body oscillates vertically due to the combined
effects of waves and water flow, while the free surface directly above the ROV and FLOAT
fluctuates in response to the floating body’s movement. Similar to the P1 berthing phase,
the position of the peak wave height shifts with the propagation of the wave crest. At
Fr = 0.2, as the incident wave advances, a wavefront rise forms near the ROV’s profile,
reaching 2.1 times the height of the incident wave. At Fr = 0.225, a peak emerges within the
spacing, with an amplitude 3.5 times that of the incident wave.
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Figure 31. Damping of 6DOFs at different towing speeds: (a) Sway; (b) Surge; (c) Heave; (d) Roll;
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Figure 33. Cloud map of double floating body waves at different speeds.

5. Conclusions

This article delves into the method of employing ROVs to recover floating artifacts
in marine scientific research, systematically exploring the three phases: the ROV berthing
towards the recovered float, attaching flexible cables at the proper locations, and pulling
the salvaged float at a predetermined towing speed. The coupled dynamic response of the
salvage system is investigated using the computational fluid dynamics (CFD) approach,
with an emphasis on examining the motion response, added mass, damping coefficient,
and average drift force hydrodynamic coefficient response of the two floating bodies. The
following conclusions have been drawn:

1.  Numerical simulation of single-float and double-float coupling.

A single floater is less impacted by wave movement in the sway direction and exhibits
smoother rolling. The motion response of a single floating body ROV in surge, heave, pitch,
and yaw RAO is greater than that of an ROV with double floating body coupling.

2. Characteristics of Double Floating Body Berthing Motion.

Throughout the salvage operation, it is critical to analyze the berthing motion of the
ROV to the recovered FLOAT at various berthing speeds. During the berthing process, the
RAO of the heave, roll, and pitch motion responses of FLOAT vary less with the berthing
speed. The two floats have comparatively smaller roll and yaw RAO and smoother motion
at Fr = 0.15~0.18. The ROV has a greater added mass than the FLOAT, and at Fr = 0.2, the
FLOAT’s sway and yaw reaction is more stable than the ROV’s. Notably, FLOAT’s sway
and yaw responses appear to rise considerably at Fr = 0.2. ROV’s sway reaction appears
to dramatically rise at Fr = 0.18, while ROV’s roll response appears to be at its lowest at
Fr = 0.168. The average drift force of the double floater’s sway achieves a generally perfect
condition at Fr = 0.15, while the ROV’s sway RAO reaction is at its peak at Fr = 0.125.
At Fr =0.15 and Fr = 0.175, the peak wave height at the floating body gap reaches up
to 1.8 times the incident wave’s height. Conversely, at Fr = 0.225, the peak wave height
increases to 2.6 times that of the incident wave, and at Fr = 0.1, it reaches 1.3 times the
incident wave’s height. Based on the foregoing parameters, the optimal berthing speed
interval for the P1 stage is Fr = 0.15~0.18.

3. Characteristics of Double Floating Body Side-by-side Motion.

When investigating double floating bodies in the P2 stage, the calculation results may
be too big or too tiny owing to the resonance of the gap water body at a distance of 0.25 L.
The lowest reaction of the two floating bodies to sway, roll, and yaw RAO occurs at a
separation of 0.45 L. ROV and FLOAT exhibit minimal added mass response in sway, surge,
roll, pitch, and yaw directions at 0.4 L~0.5 L. The damping coefficient of the two floating
bodies in the sway direction is at its lowest with a separation of 0.478 L. The damping
coefficient in the direction of ROV surge achieves its lowest at 0.467 L, whereas the damping



J. Mar. Sci. Eng. 2024, 12, 1688

32 of 34

coefficient in the direction of ROV yaw reaches its lowest at 0.487 L. When the spacing is
0.48 L, FLOAT’s sway drift force is the smallest, and the average surge drift force of the
two floating bodies typically follows a pretty smooth pattern as berthing speed increases.
The separation between the two floating bodies does not influence their combined surge
average drift force. AtL = 0.4 L and 0.5 L, the maximum wave height is 1.6 times the
amplitude of the incident wave, and at L = 0.2 L, the maximum wave height is 3.7 times the
amplitude of the incident wave. Therefore, the ideal spacing between double floats in the
P2 stage during wave action is 0.4 L to 0.5 L.

Subsequently, this article investigated the effects of different wave conditions on the
motion of double floating bodies. The RAOs for the double floats” surge, heave, and pitch
movements peaked at 90°. The increased mass of the ROV at 45° and 135° was more than
that at 0° and 180°, while the additional mass of the ROV at 90° was the smallest, which
might be attributed to the influence of fluid motion between the thin slits of the double
floats in the 90° wave direction. The damping coefficient of the ROV peaks at the 90° wave
direction, declines with increasing wave angle in the surge direction, and FLOAT starts
to rise. The ROV’s damping coefficient peaks at 105° roll and 45° yaw, while the ROV’s
sway drift force appears to be negligible at 90°. The ROV sway drift force appears to be
smaller at 90°, which has a higher flow rate, than at 0° and 180°, where the fluid passes
through the width of the float, and 90°, where the fluid passes through the length of the
float. At 0°, the wave surface elevation is observed at the bow and stern of the two floating
bodies, reaching a maximum of 1.1 times the incident wave’s amplitude. At 45° and 145°,
the wave surface elevation approximately equals 4.1 times the amplitude of the incident
wave. In conclusion, it is preferable to choose 0° for the wave direction in the P2 stage,
which improves the stability of the double floater under wave action.

4. Characteristics of Double Floating Body Towing Motion.

After attaching the flexible connection cable, the ROV and rescued floating body
FLOAT are hauled to the FLOAT at a predetermined towing speed. It is possible to deduce
that at a speed of Fr = 0.1, the sway reaction of the two vessels is maximal, which might be
related to the fact that the self-weight of the cables has a considerable impact on the towing
system at low speeds, resulting in more severe float lifting and sinking movements. The
roll-added mass of the double floating body reaches its minimum at Fr = 0.15, and for pitch
at Fr = 0.2. At Fr = 0.225, this might be because at high speeds, the self-weight of the cable
has a significant impact on the towing system, affecting the pitch and yaw of the floating
body. The ROV’s surge, pitch, and yaw damping coefficients appear to be lowest at Fr = 0.2.
The ROV’s sway drift force increases almost proportionally with towing speed, and its
average drift force at Fr = 0.225 is four times that of Fr = 0.1, while the ROV’s surge average
drift force reaches a low at Fr = 0.2. At Fr = 0.2, the greatest wave height is 2.1 times that of
the incident wave; at Fr = 0.225, a peak wave emerged inside the spacing with amplitude
3.5 times that of the incident wave. Taken together, the towing speed that should be chosen
at the P3 stage is Fr = 0.2.

Marine float salvage is a unique method of operation. The next study will focus on
offshore floating salvage in rough sea circumstances to better understand the underlying
physical principles and enhance salvage plan design. Rational salvaging tactics will be
developed to improve flexibility in different sea conditions.
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