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Abstract: The super-large floating bodies are often designed as multimodule structures linked by
connectors, and the load and strength evaluation of the connector structure becomes an essential
work in the design procedure of these floating bodies. In this paper, the hydrodynamic experimental
model of a double floating body with a hinged connecter is designed first, and a hinged connector is
adopted for connecting the double module floating bodies. A test is conducted for load calibration.
Then, the experiments are carried out in the towing tank under different wave conditions. The load
characteristics of the hinged connector are measured in the experiment. The numerical simulations for
the load of the hinged connector are conducted based on the commercial platform ANSYS. The time
history of the vertical, lateral and longitudinal loads for the hinged connector are illustrated. Finally,
the comparison and analysis between the experimental results and numerical results is presented, and
the conclusions are drawn, which indicate that the numerical method is effective to predict the load
characteristics of a hinged connector. Above all, the methods and conclusions of this study are used
to provide reference and guidance for the structural design of hinged connectors for floating bodies.

Keywords: large floating structure model; hinged connector; experiment; numerical simulation;
load characteristics

1. Introduction

With the increase of human demand and the development of ocean engineering
technology, the development and utilization of ocean is dramatically diversified. From
traditional oil and gas resources development to space resources utilization, ocean energy
utilization, biological resources utilization, etc., the design of ocean structure also extends
from traditional ship to ocean engineering platforms, from simple single structures to
complex multiple structures interconnected. Due to the functional, loading or structural
requirements, these large floating structures are often designed as multimodule structures
linked by various connectors [1-3]. In its design, attention should be paid to the dynamic
responses of the connectors, because tremendous loads occur in the connectors. The load
and strength evaluations of connectors become essential work in the design procedure [4,5].
Compared with the rigid connector, the hinged connector can effectively reduce the load
at the joint by releasing the rotational freedom. The hinged connector brings a complex
load, which is caused by the coupling of multiple floating bodies. Researchers make an
effort in the study of the load characteristics of the hinged connector for large floating
bodies [6]. The connector is a vital part for large floating structures, it is the strong part
of the large floating structure. It is necessary to carry out an intensity examination in the
design process [7-10]. Theoretically, releasing some relative motion between modules of
large floating structures can indeed reduce the loads of connectors. If the relative motion
between modules is too large, the large floating structure will become discontinuous on the
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whole, affecting the normal function, even causing safety problems [11-15]. It is necessary
to study the load characteristics of the connector for a large floating structure to ensure the
overall safety of the large floating body.

At present, researchers have mainly studied the loads of connectors for large float-
ing structures through experiment and numerical simulations [16-20]. The U.S. Navy
conducted model tests of a five-module semisubmersible large floating structure with
hinged connectors [18]. The movement response of the semi-submersible large floating
body with different modules was measured. It was found that the motion response of a
single floating structure was in good agreement, but the kinematic response of the hinged
semi-submersible five-floating structure was different from that of numerical simulation. Lv
Haining et al. [19] conducted a model test of a three-module MOB; the effects of connector
stiffness, wave direction angle and wave period on the motion response of the floating
structure and the load of the two connectors were studied under regular and irregular
waves. Ding Wei et al. [20] conducted experiments of MOB connectors with three modules
and measured the motion response of each module and load of the connector under regular
waves with different wave angles and different wave periods.

Numerical simulation methods for the loads of connectors for large floating structures
were developed earlier, and the related research is abundant. In consideration of the
deformation of a floating body module and connector [21,22], the calculation models can be
divided into four categories: (1) the rigid connector model (RMRC model), assuming that
both the connector and the floating body module were rigid bodies, (2) the rigid connector
with flexible module model (FMRC model), assuming that the connector was a rigid body
and the floating body module was a flexible body, (3) a flexible connector with rigid module
model (RMFC model), assuming that the floating body module was a rigid body and the
connector was a flexible body, and (4) a flexible connector with flexible module model
(FMFC model), assuming that both the floating body module and connector were flexible
bodies. Riggs et al. [23] studied the motion response of 16 modules of a super-large floating
body under regular waves based on the three-dimensional hydro-elastic theory, and the
RMEFC model was used. It was found that the hydrodynamic interaction between each
module was relatively small, and the maximum load of the connector appeared when
encountering an oblique wave. Zhang Xifeng [24] used the software AQWA to calculate
the motion response of the box type and semi-submersible super-large floating body in
the frequency domain, obtained the connector load by time domain calculations, and
optimized the shape of the floating body to reduce the connector load. It was shown that
the longitudinal load of the connector of the large floating body was always greater than
the transverse load and vertical load. Wang Wuyang [25] used software SESAM to study
the connector load of a five-module semi-submersible large floating body under different
wave angles and studied the structural response of the connector by using software ANSYS-
Mechanical, checked its strength and predicted the fatigue life of the connector under five
sea states. The results showed that the load of the connector was closely related to the wave
angle, and the maximum load appeared around the 75° wave angle.

Although a lot of research has been carried out on the structural loads of connectors, the
design and the numerical simulation method for the load of a hinged connector need to be
further studied. There are five parts in this paper. After the introduction, the hydrodynamic
test model of a hinged connector for a double floating body is designed in Section 2. The
mooring scheme is approved, and the model test of a hinged connector with double floating
bodies is carried out in the towing tank of Wuhan University of Technology. The model
tests are conducted encountering waves with different wave patterns. In Section 3, a
simulation method that is suitable for the hinged connector of a marine floating body is
proposed using the software AQWA. The time load history of a hinged connector under
different wave conditions is obtained. The frequency domain load Response Amplitude
Operators (RAOs) and time domain load histories are analyzed. The load characteristics
of the hinged connector are studied by model test and numerical simulation. The model
test results and numerical results in different wave conditions are compared and discussed
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in Section 4. Finally, the conclusions are drawn in Section 5. The load characteristics
of the hinged connector for a box-type multi-floating body is calculated by numerical
simulation and verified by the model test, which provides guidance for the design and
verification of a hinged connector with a large floating structure in the future. In this paper,
we provide a design for the hinged connector that is verified by the experiment method
and simulation method.

2. The Experimental Setup and Conditions

In the following subsections, the model design, experimental set-up and the exper-
imental conditions of the present investigation are described. The experiment is carried
out in the towing tank of Wuhan University of Technology. The work includes the design
of a floating body module and hinged connector, installation and arrangement of sensors
and experiment fixtures, the design of experiment scheme and conditions, the design of
mooring scheme, the load calibration of connector and an analysis of the test results.

2.1. Physical Model and Experimental Facility

According to the limitations of the actual size and wave-making capacity of the test
tank, the large floating structure model and the hinged connector were designed. The
design of the hinged connector is a key point in the experiments, which needs to hinge two
floating modules together. The design of the floating body module needs to be coordinated
with the connector, and the design scheme of floating body needs to meet the following
requirements: (1) the floating body modules are identical, (2) the floating body module
has sufficient stiffness and strength to ensure that the model will not produce deformation,
which will affect the test results, (3) the experiment is carried out in the towing tank, as
it is necessary to make sure that there will be no water seepage problem during the test,
and (4) the floating weight center and mass distribution will not change. The design of the
floating body is compatible with the connector structure. The floating module is made of
(235 steel, and its main dimensions are shown in Table 1. The model of the double module
box floating structure is shown in Figure 1.

Table 1. Main dimensions of a single module model.

Main Parameter Value
Length 1000 mm
Width 200 mm
Height 150 mm
Draft 80 mm
Displacement 16 kg
1000 - 300 200

200

150

(b)

Figure 1. Model of double module box floating structure: (a) top view; (b) front view.
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The load characteristics of the double floating body hinged connector are studied by
measuring the stress changes of the connector. In order to study the influence of longitu-
dinal stiffness on the load characteristics of hinged connectors, the hinged connector is
composed of two symmetrical parts. A single hinged connector includes five parts: hinged
head, square pipe, circular flange, longitudinal spring and circular sleeve. The sleeve,
hinged head, square pipe and circular flange are all made of 6061 aluminum alloy with
elastic modulus E = 68.9 GPa, Poisson’s ratio # = 0.33 and density p = 2.75 x 103 kg/m?3.
The three parts of the hinged connector are connected by bolts. To study the load charac-
teristics of hinged connectors, strain gauges need to be arranged on the square tube of the
connector. However, if the strength of the square tube is too large, it will make the strain
very small, which is not conducive to the measurement of strain. Therefore, a weakening
hole is cut on the square tube to meet the measurement requirements of strain gauges. The
strain gauge is arranged on a narrow band with a width of 20 mm in the middle of the
square tube. The unidirectional strain gauge is arranged in the middle of the square tube of
the connector, and the strain gauge is arranged as close as possible to the middle position
in the width direction of the connector to improve the accuracy of the strain measurements
of the hinged connector. The hinged connector model and the arrangement position of
the strain gauges are displayed in Figure 2. No. 1-1, 1-3, 2-1 and 2-3 unidirectional strain
gauges are arranged along the connector longitudinal direction for measuring the connector
longitudinal strain. No. 1-2 and No. 2-2 unidirectional strain gauges are arranged along
the lateral of the connector to measure the lateral strain of the connector. Unidirectional
strain gauges 1-4 and 2-4 are arranged along the vertical of the connector to measure the
vertical strain of the connector.

1-2

2-3

2-4
Figure 2. Hinged connector model and strain gauge placement.

2.2. Mooring System

Navigation board and mooring rope are used to restrain the floating body with
consideration of the floating body drifting in waves. The navigation board is welded to the
floating body, and the mooring rope is fixed to the mooring hole. The navigation board
and mooring holes are symmetrically arranged on the nonconnected side of each floating
body module, described in Figure 3.

The first module on the wave-facing side is defined as Mj, and the other module is
defined as M,. The wave-facing condition (wave Angle is 0°) is shown in Figure 4. At
this time, the navigation boards of both modules are inserted into the navigation rod, and
the mooring rope of module M; is mooring at the front mooring point of the trailer, while
module M is not mooring. Under oblique wave conditions, only the navigation board
of module M; is inserted into the navigation rod, and the mooring rope of module M, is
mooring to the side slide of the pool without mooring for module M;, as shown in Figure 5.
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Before different wave angle conditions, the wave angle is adjusted by changing the mooring
position of the mooring rope of module M.

(a) | (b)

Figure 3. The mooring system and the floating body. (a) The navigation board. (b) The mooring

system.

navigation rod mooring rope

2 4

D M, = M, ‘ /\/

Figure 4. Mooring scheme under a head wave.

mooring rope

s

navigation rod A/ :

wave angel

Figure 5. Mooring scheme under an oblique wave.

2.3. Test Conditions

The experiments are carried out in the towing tank in Wuhan University of Technology.
The laboratory is equipped with a 24-unit shaking plate wave, which can produce regular
waves, two-dimensional constant peak irregular waves, three-dimensional directional
waves and a single wave with extreme wave characteristics. The wave height can range
from 0.01 m to 0.4 m. The capacitive-type wave probe is equipped, which is mainly used
for measuring the water level height. The length of the towing tank is 132 m, the width
is 10.8 m and the depth is 2 m. Considering the formation and attenuation of waves,
the experiment location is chosen to be near the wave maker in the tank and avoid the
wave-making region. The relative position of the floating body and the tank equipment are
shown in Figure 6.
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Figure 6. Relative position of the model and the tank equipment.

The main thing in the design of experiment conditions is to determine the parameters
of wave direction, wave height and wave length. Four groups of conditions are designed
in the experiments, including variable wave direction, variable wave height, variable
wavelength and period. The experiment conditions are listed in Table 2. The width and
depth of the floating body module are small, so the deck is likely to be flooded and
capsized under dangerous conditions. In consideration of the condition of the variable
wave direction, four different wave directions (0°, 15°, 30° and 45°) are designed to study
the load characteristics of the hinged connector of a double floating body model under
oblique waves. The variable wave height conditions are carried out to ensure that the
influence of wave height on the measurement results is in a linear range, so four different
wave heights are adopted in the experiments.

Table 2. Experiment conditions.

Wave Length/One

No. Wave Direction ©  Wave Height m Module Period s
Height-1 0 0.015 2 1.160
Height-2 0 0.020 2 1.160
Height-3 0 0.025 2 1.160
Height-4 0 0.030 2 1.160
Length-1 0 0.025 1 0.820
Length-2 0 0.025 15 1.005
Length-3 0 0.025 2 1.160
Length-4 0 0.025 2.5 1.297
Length-5 0 0.025 3 1.421
Length-6 0 0.025 3.5 1.535
Length-7 0 0.025 4 1.641

Direction-1 0 0.025 2 1.160
Direction-2 15 0.025 2 1.160
Direction-3 30 0.025 2 1.160
Direction-4 45 0.025 2 1.160

3. Numerical Model and Simulation

The three-dimensional potential flow theory for the multi-floating coupling problem
is performed to study serial numerical simulations for the load identification of a hinged
connector, and the numerical results are obtained and analyzed in this section. In last
section, the experiments of a double module floating body with a hinged connector were
conducted, and the experiment was a powerful and means method to study the load of a
hinged connector, while the cost of the experimental research was high required a lot of
manpower, material resources, financial resources and time costs. Numerical simulations
are becoming an effective means to make up for the shortcomings of experimental methods
with the development of computer technology. The numerical model is closer to the ideal
state, which is convenient to study the influence of different variables on the load of the
hinged connector in detail. The three-dimensional potential flow theory for the multi-
floating body coupling problem is used to simulate experimental conditions. According to
the analysis of experimental results and numerical simulation results, the anisotropic load
characteristics of the double floating hinged connector are summarized.
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3.1. Numerical Simulation Method

The wave load solver AQWA is used to solve the load of a hinged connector with
multi-floating bodies based on the commercial platform ANSYS. Firstly, the weight center
of gravity and the moment of inertia of the floating body module and the hinged connector
are determined, and the hydrodynamic model of the double floating body is established.
Secondly, three-dimensional Green'’s function is employed to simulate the boundary con-
ditions of the floating body in the flow field, except the surface conditions, and the fluid
velocity potential is decomposed into the incident potential, diffraction potential and radia-
tion potential. Based on the impenetrability condition of the surface, the source intensity is
arranged on the wet surface of the floating body, and the diffraction potential and radiation
potential are solved by three-dimensional source-sink method. After obtaining the velocity
potential, the pressure on the wet surface of the floating body is obtained by solving the
Bernoulli equations, and the wave-induced load under regular waves can be obtained by
integrating the pressure along the wet surface of the floating body. The load of a hinged
connector can be gained by solving the displacement continuity condition at the connection
point and the motion equation of multiple floating bodies simultaneously based on the
Lagrange multiplier algorithm.

3.2. Numerical Model

According to the main scale of the experiment floating body module in the last section,
the hydrodynamic calculation model is established, as shown in Figure 7. Taking the
experimental model as the simulation object, the hydrodynamic models of two rigid
floating bodies are established, and the hinged connection mode is set between two floating
bodies, ignoring the influence of the wet surface of the connector for the overall wet surface.
The hydrodynamic model is divided into a series of surface elements on the outer surface,
which can meet the requirement of meshing with at least 7 elements in a wave length
range. After checking the convergence, the mesh size of the hydrodynamic model is set as
50 mm, and each floating body is divided into 1460 surface elements in consideration of
the calculation accuracy and efficiency.

Figure 7. Hydrodynamic model.

In the ANSYS-AQWA platform, in order to simulate the hinged connection between
floating bodies, a hinged joint is set between floating bodies, the horizontal axis rotation
between floating bodies is released and the linear degrees of freedom are coupled, as shown
in Figure 8.
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Figure 8. The spring system of a hinged connection.

4. Results and Discussion

In this section, the numerical simulations are carried out for each condition based on
the multi-floating coupling 3D potential flow theory. The numerical results are compared
with the experimental results. There are four groups conditions, including variable wave
height condition, variable wave direction condition and variable wave period condition.
The three groups of conditions are numerically simulated, and the results are compared
and analyzed with the test results.

4.1. Influence of Wave Height on Load of Hinged Connector

In order to study the influence of wave height on the load of a hinged connector, the
experiments are carried out in conditions height-1~height-4. Figures 9 and 10 show the
longitudinal and vertical load time histories of the experimental and numerical results,
respectively. The curve of the simulation results is slightly smooth. The longitudinal and
vertical loads on the hinged connector are increased with the wave height gradually from
height-1~height-4. The period of the curve is almost the same. There shows a small amount
of slamming peak in the time history. It is assumed that the slamming and the influence of
fluid viscosity cannot be considered by the linear potential flow theory based on the ANSYS
platform. It is found that the results of the longitudinal load are not appropriate in the case
of height-4, as the errors between the experimental results and the simulation results are
obvious. It is considered that the viscos effect increases with the load value. The vertical
load time history is almost closed. It is stated that the viscous effect is relatively small for
the vertical load evaluation. As the wave conditions of height-1~height-4 are wave-facing,
the transverse load of the connector is small and irregular, since it is not analyzed here.

Figure 11 shows the longitudinal and vertical loads of the hinged connector under
different wave heights. It can be seen that the load increases with the wave height linearly,
indicating the validity of the data. For the longitudinal load, the results are almost same.
For the vertical load, there is small gap between the numerical results and experimental
results that is acceptable. For the simulations, the numerical method applied in the ANSYS
platform is based on the 3D potential flow theory and ignores the influence of the fluid
viscosity; thus, the load obtained by the numerical simulation is a little large, which can
be seen from the figure. For the experiments, there are many connections between the
strain gauge and the dynamic strain gauge in the experiment. The connection is wrapped
with rubber and suspended above the model vertically, which affects the vertical motion of
the floating body in the wave and causes the reaction force of the connection during the
vertical motion of the model, and the experimental measurement value of the vertical load
of the connector is small. The value of the vertical load is much smaller, which means it is
affected dramatically by a little deviation.
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Figure 9. The longitudinal load time history in conditions height—1~height—4: (a) height—1;
(b) height—2; (c) height—3; (d) height—4.
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Figure 11. Loads on the hinged connector: (a) longitudinal load; (b) vertical load.

4.2. Influence of Wave Period on the Load of Hinged Connector

Figure 12 shows that the longitudinal load of the hinged connector first increases
gradually with the increase of the regular wave period, and the maximum value occurs
when the period is 1.16 s; that is, the ratio of wavelength and module length is about two.
Then, it decreases gradually with the increase of the wave period. The vertical load also
increases gradually with the increase of the wave period, and the maximum value appears
when the period is 1.0046 s; that is, the ratio of wave length and module length is about
1.5 and then decreases gradually with the increase of wave period. It is indicated that
the structural natural frequency is in accordance with the wave frequency, and the value
of the load will reach the maximum value. It is illustrated that, when the wave period
is in accordance with the structural natural frequency, the value of the load reaches the
maximum value.

(]

=+ Exprimental result —+Exprimental result

s Numerical result =-Numerical result

Vertical Load (N)
/

A

0.75

0.90

1.05

0
1.20 1.35 1.50 L.65 0.75 090 1.05 1.20 135 1.50 1.65

Period(s) Period(s)
(a) (b)

Figure 12. Loads on the hinged connector: (a) longitudinal load; (b) vertical load.

4.3. Influence of Wave Direction Angle on the Load of Hinged Connector

It may cause water intake or even capsizing in a large wave angle. For the safety of
the test, four wave direction angles of 0°, 15°, 30° and 45° were designed for the test. In
the numerical simulation, the numerical simulations under the wave direction angles of
60°, 75° and 90° were added. Figure 13 shows the load time history of the experimental
and numerical results at wave angle 30°, it was found that they are almost the same. In
consideration of wave angle 30°, the transverse load was generated but was a bit small.
The longitudinal load was much larger than the transverse load and vertical load, because
the effect of the wave was obvious in the longitudinal direction.
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Figure 13. The load time history in condition direction—3: (a) longitudinal load; (b) transverse load;

(c) vertical load.

Furthermore, the load of the hinged connector under different wave angles was
analyzed statistically. It is obtained in Figure 14. Between the 0° and 90° wave directions,
the longitudinal and vertical loads of the hinged connector gradually decrease with the
increase of the wave angle. The lateral load increases with the wave angle gradually
before the 30° wave direction, and the maximum appeared around the 30° wave direction,
decreasing with the increase of the wave angle gradually. The load on the connector comes
from the relative motion between the double module floating bodies. Under the condition
of the transverse wave with a 90° wave direction, the motion responses of the two floating
bodies in the wave were similar due to the symmetry of the wet surface. The load on the
hinged connector was not large in each direction.
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Figure 14. Loads on the hinged connector: (a) longitudinal load; (b) transverse load; (c) vertical load.

5. Conclusions

In this paper, the experiments for double floating bodies connected by a hinged
connector were conducted in different conditions. The experiments provided a way to
study the load characteristics of a hinged connector for a double floating model induced
by waves. A double floating model with a hinged connector was designed, experimental
cases were determined and a number of wave models were selected. The experiment was
completed by changing the wave characteristics and with/without longitudinal springs.
The experimental measurements of a hinged connector for double floating bodies were
conducted in all wave directions and to compare and validate the numerical modeling and
simulations. The study resulted in the following conclusions:

(1) When the wave height and wave length are certain values, the longitudinal and
vertical loads of the hinged connector are the maximum at a wave direction of 0°, and the
transverse loads are the maximum at a wave direction of 30°.

(2) When the wave height is the same and the wave direction is a 0° angle, the
maximum longitudinal load of the hinged connector occurs at the ratio between the wave
length and one module length is 2, and the maximum vertical load that occurs at the ratio
between the wave length and one module length is 1.5.

(3) The wave load solver AQWA, which is based on the 3D potential flow theory,
ignores the influence of fluid viscosity; thus, it is not suitable for the numerical calculation
of the vertical load. It can be used as a rapid assessment method for the load estimation.
For further research, the computational fluid dynamics method is recommended in the case
of the consideration for the influence of fluid viscosity.
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