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Abstract: The horizontal rotor wave energy converter is a newly designed wave energy converter.
While the mooring system plays a vital role in keeping the device floating stably, the selection of
the mooring angle has immediate effects on the device’s floating stability and energy generation
efficiency. Given the properties of wave energy along the coast in Shandong Province, this study
combines wave statistics gathered from field measurements of a certain area in the Bohai Sea with
hydrological data obtained in a field test in the same sea area and adopts Stokes’ fifth-order wave
theory to theoretically design and simulate the mooring system for the new type of power generating
device. With the help of AQWA software, data on the dynamics of the device at various angles
are obtained to construct models and carry out regular wave experiments according to the most
appropriate mooring angles to show the validity of the selected mooring angles. The consistency of
the results between the experiment and simulation confirms that under the same working conditions
of regular waves, as the mooring angle increases, the roll angle decreases first and then increases,
the pitch angle barely varies, and the yaw angle decreases first and then increases. The adoption of
this simulation method and the gathered experimental data help to provide theoretical and practical
bases for choosing the mooring method for the engineering prototype and obtaining a reliable supply
of power.
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1. Introduction

Since the start of the 21st century, international energy consumption has seen a
sustained increase and a strained relationship between supply and demand. International
disputes brought on by the scarcity of resources and energy have become not only one of
the hot topics of national and global competition but also a critical element that constrains
the economic growth of countries and the world as a whole [1,2]. Since the beginning of
the industrial revolution, the use of traditional fossil fuel has caused haze, fog, dust, and
greenhouse effects among other environmental issues. The emission of carbon dioxide has
increased the global temperature by 1 °C and the trend will continue until at least the end of
the century. Therefore, the utilization of new energy sources has gradually been placed on
the agenda of every country. The Global Energy Statistics Report published by BP in 2019
pointed out that global carbon emissions reached a peak in 2018 relative to the prior seven
years. As the demand for primary energy sources has climbed dramatically, the growth
of the need for energy in 2018 became the fastest it had been over the preceding decade,
with energy consumption increasing by 2.9%. In the report, it is estimated that because
of the steady economic growth of developing countries and the enhanced awareness of
environmental protection, as well as increasingly diversified energy, the average growth of
global energy demand will be 1.3% by 2040, lower than that in the past two decades [3-5].
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The use of renewable energy can change the way traditional energy is consumed and
thus benefits environmental protection [6]. As the largest developing country and the
second-largest economy in the world, China has witnessed rapid economic growth and
increasingly rising energy consumption at the same time. Nevertheless, energy acts as a
guarantee for economic development in China and a necessity for daily life [7,8]. The report
published by the 18th CPC National Congress put forward for the first time a strategic
goal of establishing China as a maritime power. The 19th CPC National Congress further
implemented a policy of stepping up the increase in maritime power. Additionally, the
13th Five-Year Plan for Marine Renewable Energy Development published by China in
2017 stated that by 2020, the key technological equipment for marine energy will realize
stable generation and the installed capacity will reach 5 x 10* kW; the plan also stated five
basic missions related to the integration of marine development and the Belt and Road
Initiative [9,10].

The common structural forms of wave-energy-generating devices include the oscillat-
ing water column, overtopping device, and oscillating body [11-15]. The new horizontal
rotor wave-energy-generating device adopts the generation principle of a crossflow turbine,
as shown in Figure 1. The device’s installed capacity is 6 kW, its rated generating capacity
is 1.1 kW, and it weighs approximately 28 tons [16]. The device forms a closed body of
water through the entry and exit passages of the crossflow turbine. As a result of the
strike and backflow of the wave, the water body in the passage flows back and forth,
which drives the rotor in the passage to rotate in one direction and makes the direct-drive
generator produce electricity. An engineering prototype is shown in Figure 2. Many coun-
tries have made plans to develop wave energy and have also developed various wave
energy converters. Researchers in the US, Europe, and Australia previously developed
these technologies, therefore, some have already been commercially operated [17-20]. The
Korea Maritime and Ocean University developed a floating horizontal-axis wave energy
model device that utilizes mainly the rise and fall of water on the flanks of the turbine that
follows the movement of the waves to rotate the turbine and then uses the driving force to
power devices through a force transmitter. The device has not yet been made into an engi-
neering prototype [21]. Wuhan University and the Chinese Academy of Sciences jointly
developed a 1 kW vertical-axis tidal-current-energy-generating device and conducted
marine experiments in the sea area of Zhuhai. Shanghai Ocean University designed a
horizontal-axis-generating device and conducted a series of experiments in the sea areas of
Xiamen [22]. Harbin Engineering University developed a vertical-axis tidal-current-energy-
generating device [23,24]. Furthermore, Zhejiang University and Ocean University of
China both carried out engineering prototype experiments and achieved some results [25].
As the application of wave-energy-generating devices is in the preliminary stage, studies of
their mooring systems both at home and abroad are thus very rare. Therefore, simulations
and experiments are typically performed on a semisubmersible platform, floating wind
generator, or other floating marine structures. Wang Kun [26] and Chen Fei [27] studied
the states of motion of a three- and single-point mooring system. Hou Huimin [28] con-
ducted a reliability assessment of seawater culture cages under extreme conditions. Carlos
Barrera [29], Pham [30], and Shen [31] carried out studies on the dynamics of the mooring
system of a floating wind turbine. Ghafari [32] and Xutian Xue [33] studied the mooring
method of a semisubmersible platform. Existing data indicate that many studies have been
performed on the deep sea and on deep-sea mooring devices, while little research has been
conducted on shallow-water mooring for near-shore power generation devices. In this
paper, based on the sea conditions under which the device will be operated, a preliminary
discussion on the shallow-water mooring angle of the new power generation device is
conducted, and experiments on the mooring stability of the new power generation device
are analyzed.



Energies 2021, 14, 344

3of 14

Runner system

Figure 1. Cutaway view of the device.

Figure 2. Engineering prototype.

As the device must be moored to operate in a severe marine environment for a long
period, it should be able to resist extreme storms and be economical in design to ensure that
the device is secure and stable as well as efficient in capturing wave energy [34,35]. The
studies on this new device in China were all relatively recent and lacked special standards,
so the device design mainly refers to floating marine structures such as semisubmersible
platforms, culture cages, floating wind turbines, and tension leg platforms [36—41]. To
restrict the drift of the wave energy device during its operation in an extreme state, com-
pared with other large floating structures, the device has some requirements in the design
of its mooring system. For example, the device should be set as far as possible against the
current to capture wave energy in a highly efficient manner; the device should be able to
keep its relative stability given the combined dynamic motions of the wind, wave, and
current; and damage to the mooring system caused by enormous stress should be avoided
as much as possible [42—44].

2. Principal Basis

The experiment on the engineering prototype was carried out in a certain area of
the Bohai Sea, as shown in Figure 3 [8]. Its longitude is N37026'29” and its latitude is
E122035'4”. According to wave data of the sea areas neighboring Weihai in 2016, 2017, and
2018 from the Monthly Report of China’s Offshore Marine Climate Monitoring provided by
the National Marine Environmental Forecasting Center, the significant wave height of the
sea area during the three years was 0.75 m, and the significant wave period was 3.9 s [45].
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(a) Scheme 1

The water depth at the location where the generating device was tested was 15 m [46] After
calculation, Stokes’ second-order wave theory was applied theoretically to the tested sea
area [47,48].

Experiment location

fo) . /
Yantai Weihai O

Shandong Peninsula

Bohai

Yellow Sea

Qir?gdao
Figure 3. Chengshantou sea trial area.

Mooring methods are classified into catenary mooring and tensioned mooring. Cate-
nary mooring can restrict the motion of the platform with the gravity of catenaries, so
this method is usually adopted by marine-energy-generating devices. Based on the new
device’s bilateral symmetry, three layout schemes are selected for the mooring system: the
anchor chains are bilaterally symmetric and the angles between the first anchor chain and
the wave are 30°, 45°, and 60°. The layout is shown in Figure 4.

609

Wave

(b) Scheme 2

(c) Scheme 3
Figure 4. Mooring schemes.

To ensure the stability of the device, a four-point mooring method is adopted. The
device floats on the sea surface, and the damping plate under the device connects to the sea
bottom through anchor chains to ensure the stability and balance of the device when wind
and waves strike it. The water depth in the area where the device was tested is 15 m, and
the device displaces water to a depth of 4.7 m; therefore, the vertical length of the anchor
chains is 10.3 m. The weight of the chains is 7/8 of their weight in a vertical position. There
are four anchor chains with a total vertical length of 41.2 m. According to the prototype of
the anchor chains, each chain’s diameter is 50 mm and weight is 49.5 kg/m, so the total
weight is 2040 kg, and the weight of the chains in the water is approximately 1759 kg when

the buoyant force is excluded [49].
2HT,
Sp=1/ "2+ H2 1)
Ju

Dangling chain length:



Energies 2021, 14, 344

50f 14

In the above formula, H refers to the vertical distance from the ground of the anchor
point to the anchor hole; Tj is the tension at the ground end of the hanging chain; and g, is
the wet weight of the anchor chain per unit length in water.

To = Py + Py @)

In the above formula, P; is the acting force of wind applied to the device and P, is the
acting force of the water flow applied to the device.

Pa = %puCuVaz (AaC0529 + BQSZ‘Tl29>' (3)

In the above formula, p, is the density of the air, 1.25 kg/ m3; C, is the wind factor,
0.70-0.95; V, is the relative wind speed; A, is the area of the device above the waterline;
B, is the flanking area of the device above the waterline; and 0 is the angle of the chord
between the device and the wind.

Py = f-Q- V.5, 4

In Froude’s formula above, f is the water’s friction coefficient, f = 0.17; Vj, is the
speed of water flow; and () is the wet surface area of the device below the waterline.
The length of anchor chains in the water:

Sb = 1/25h. (5)
The total length of anchor chains [50]:
S=S5,+5, =158. (6)

3. Analogue Simulation

In AQWA simulations for hydrodynamic research, the research object is a rotor wave
energy capture device with upper and lower structures. Physical modeling is carried out
through ANSYS/APDL. The main body is divided into the main floating body and the
damping plate. The main dimensional parameters are shown in Table 1. The model grid
division is shown in Figure 5. The model is divided into 21,750 grids, and the wave type
is set to a Stokes second-order wave. AQWA software was used to carry out a coupling
simulation analysis of the device when the wind, wave, and flows are in the same direction
while inputting the following data: the total length of the single anchor chain is 23.13 m,
the significant wave period is 3.6 s, the significant wave height is 0.70 m, the wind speed is
6 m/s, and the speed of water flow is 2/s. An irregular wave simulation can be set to the
Pierson-Moskowitz spectrum.

Table 1. The main size parameters of the rotor wave energy capture device.

Device Parameters Prototype Data Unit
Total height of the device 5.443 m
Length of the main float 6.000 m
Width of the main float 4.412 m
Height of the main float 2.948 m
Damping disc length 6.000 m
Damping disc width 6.000 m
Damping plate height 2.495 m
Depth of the draft 4.697 m
Center of gravity height 2.684 m
Displacement 30,900.000 kg
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Figure 5. Meshing.

According to the sea conditions in the test area, the working condition of the regular
wave was set to perform the simulation. The significant wave height is 0.7 m and the
significant wave period is 3.6 s, which approximate the actual state of the sea during a
certain period. The device’s motion in the state of stable floating can be obtained through
simulation to analyze the rationality of the mooring angles.

The layout of anchor chains 1 and 2 is symmetric, so the stress changes of the two
chains are similar, as shown in Figures 6 and 7. Floating of the device becomes stable after
30 s. The stress of the two chains in scheme 1 barely varies, whereas their stress in scheme
3 varies greatly, and their stress in scheme 2 varies moderately.
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Figure 6. The stress of anchor chain 1 in schemes 1, 2, and 3.

Anchor chains 3 and 4 are also symmetrically laid out, so the stress changes of the two
chains are also similar, as shown in Figures 8 and 9. Floating of the device becomes stable
after 30 s. The stress of the two chains in scheme 1 varies greatly, whereas their stress in
scheme 3 varies moderately, and their stress in scheme 2 barely varies.
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Figure 7. The stress of anchor chain 2 in schemes 1, 2, and 3.
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Figure 9. The stress of anchor chain 4 in schemes 1, 2, and 3.

The data obtained by simulating regular wave working conditions demonstrate that
the symmetric anchor chains have similar stresses and that mooring scheme 2 is the optimal
choice considering the stresses of the anchor chains.
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The angle variations of the pitch, roll, and yaw in scheme 1 are shown in Figure 10.
The pitch varies by approximately £9°, the roll varies by £13°, and the yaw varies by +20°

The angles of scheme 1 in the RX, RY, and RZ directions vary greatly, which is harmful to
the stable generation of the device.

30 -
‘ pitch roll yaw
25 |-

20

15

-
o

Rotation(°)

25 1 1 1 1 1 1 1 1 1 1 1 1 ]
0 10 20 30 40 50 60 70 80 90 100 110 120 130
Time (s)

Figure 10. The angle variations of the pitch, roll, and yaw in scheme 1.

The angle variations of the pitch, roll, and yaw in scheme 2 are shown in Figure 11.
The pitch varies by approximately 4-4°, the roll varies by +13°, and the yaw varies by £5°.
The pitch angles vary slightly, which will help the device embrace head-on waves and

absorb their energy. The angles of scheme 2 in the RX, RY, and RZ directions benefit the
stable floating of the device, making scheme 2 the optimal choice.
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Figure 11. The angle variations of the pitch, roll, and yaw in scheme 2.

The angle variations of the pitch, roll, and yaw in scheme 3 are shown in Figure 12.
The pitch varies by approximately +8°, the roll varies by +9°, and the yaw varies by +9°.
Although the roll and yaw angles do not vary greatly, its angle variation of the pitch is

not as appropriate as in scheme 2. Therefore, scheme 2 is selected as the most practical
mooring scheme from the sea experiment.
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Figure 12. The angle variations of the pitch, roll, and yaw in scheme 3.

4. Experiment Validation

A test of the model was carried out in the wave-current coupling water trough at the
National Engineering Laboratory. Considering the principle of similarity, the background of
the engineering construction, and the conditions of the water trough, the tested model has
a scale of 1:10 and the design of the anchor chains should resemble those of the prototype
in length, mass, and elasticity. The experimental conditions of the wave generation water
tank are set based on the principle above (Table 2).

Table 2. Experiment condition.

Experiment Condition Prototype Value Model Value
Parameter Wave Height H (m) Cycle T (sec) Wave Height H (m) Cycle T (sec)
Case 0.7 3.6 0.07 1.15

The experiment conducted on the model is depicted in Figure 13a,b. According to the
actual state of the sea, the device’s motion becomes stable after 10 s, so the time interval
selected to validate the accuracy of the simulated data is 25 s. The whole device is hoisted
and placed in the experimental tank. The data acquisition device uses a fifth-generation
attitude motion tester developed by the Norwegian Kongsberg Maritime Company; it is an
inertial attitude reference system with dynamic linear motion that can dynamically test
the six models of the prototype. The parameters, such as the degrees of freedom and the
angular velocity vector, are shown in Figure 13c. The data sampling period is 0.04 s. After
the device is adjusted to the initial state, it starts to continuously sample the motion data.

Figure 14 shows the angle variations of scheme 1 in the mooring experiment. In
the regular wave experiment, the device swings under the impact of regular waves. The
maximum pitch angle is approximately equal to 8.9°, and the average value is about 8.08°.
The maximum roll angle is approximately equal to 12.2°, and the average value is about
11.28°. The maximum yaw angle is approximately equal to 20.3°, and the average value is
about 19.99°.

Figure 15 shows the angle variations of scheme 1 in the mooring experiment. The
maximum pitch angle is approximately equal to 5.7°, and the average value is about 5.08°.
The maximum roll angle is approximately equal to 12.2°, and the average value is about
11.28°. The maximum yaw angle is approximately equal to 5.3°, and the average value is
about 4.99°.
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(0)
Figure 13. Mooring experiment: (a) anchor chains; (b) model test; (c) 5th generation motion refer-
ence unit.
22 -
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Figure 14. The angle variations of scheme 1 in the mooring experiment.

Figure 16 shows the angle variations of scheme 1 in the mooring experiment. The
maximum pitch angle is approximately equal to 8.7°, and the average value is about 8.08°.
The maximum roll angle is approximately equal to 9.3°, and the average value is about
8.28°. The maximum yaw angle is approximately equal to 7.3°, and the average value is
about 6.99°.
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Figure 15. The angle variations of scheme 2 in the mooring experiment.
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Figure 16. The angle variations of scheme 3 in the mooring experiment.
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The average value of rotation angles is shown in Table 3. Figure 17 shows the stability
influence of mooring angle for the device. As the mooring angle increases, the pitch angle
decreases first and then increases, the roll angle barely varies, and the yaw angle decreases
first and then increases. The combined model has the smallest change in pitch amplitude
because the combined model is fluid adaptive and has the smallest rotation range due to
the mooring effect of the anchor chain. It can be seen that the average value of rotation
angles in scheme 2 is smaller, indicating that scheme 2 is more reasonable. In order to
obtain more accurate data in the experiment, the tension sensor with higher accuracy can
be applied to replace the original one, or the model’s center of gravity can be adjusted
several times. In the future, the experimental method will be optimized continually.

Table 3. Mean value of device rotation.

Average Value (°)

Rotation Angle
Scheme 1 Scheme 2 Scheme 3
Pitch 8.08 5.08 8.08
Roll 11.28 11.28 8.28
Yaw 19.99 4.99 6.99
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5. Conclusions

Initially, the mooring angles were carefully selected according to the symmetric struc-
ture of the device. After simulating the wind, wave, and current coupling of the generating
device, this study confirmed the angle variations of the device under regular wave working
conditions and conducted a series of experiments in a water trough. There was no signifi-
cant change in the pitch amplitude of the combined model because the combined model is
fluid adaptive. The pitch motion of the model was determined by the combined model
hydrodynamic performance, rotor rotating hydrodynamic characteristics, and mooring
cables. The value responses are more complicated. The conclusions are as follows. Under
the same working conditions, a comparison of the results between the simulation and
experiment demonstrates that the angle’s variation scope in the experiment is smaller than
that in the simulation because of the lack of wind and the current equipment. Therefore,
errors have occurred in the experiment. The simulation results indicate that among the
three schemes, the stress variations of the anchor chains in scheme 2 are the most plausible.
The consistency of the results between the experiment and simulation confirms that under
the same working conditions of regular waves, as the mooring angle increases, the pitch
angle decreases first and then increases, the roll angle barely varies, and the yaw angle
decreases first and then increases. In view of the experimental data, the mooring angle of
scheme 2, that is, 45 degrees, is the most suitable one.
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