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Abstract: The development and utilization of wave energy is inseparable from the wave energy
converter, and its stability is an important condition for operation. Heave is the biggest factor
affecting the stable power generation of wave energy converters. The key method to solve this
problem is to install a suitable heave plate. Therefore, the design of the heave plate is particularly
important. Based on a new type of horizontal rotor wave energy converter, this paper proposes three
different shapes of heave plate design schemes and completes the calculation and modeling of the
engineering prototype. First, the three types of heave plate devices were numerically simulated using
hydrodynamic calculation software to compare their stable performances and verify the feasibility
of the scheme. Subsequently, an experimental model was made according to the parameters of the
engineering prototype, and a tank experiment was carried out under the same working conditions
to further study the influence of the heave plate installation distance on the stability of the wave
energy generator. The results showed that when the distance was between 10 mm and 20 mm, the
average amplitude change was large, and when the distance was between 20 mm and 30 mm, the
average amplitude change was small. Therefore, the installation distance should be between 20 mm
and 30 mm. In the case of the same heave plate area and installation distance, the average amplitude
of the chamfered heave plate device was smaller than the other two types, indicating that its stability
was better. The optimization of the shape and installation distance of the heave plate proposed in this
study has obvious effects on improving the stability of the device and provides a reference for the
design of the wave energy converter device.

Keywords: wave energy; AQWA simulation; heave plate; model test

1. Introduction

From the signing of the Paris Agreement in 2016 to the present, 126 countries and
regions have proposed carbon peak and neutrality goals. Faced with the vision of “carbon
neutral” transformation, governments around the world have introduced relevant policies
to support the development of green industries [1,2]. At present, China’s power structure
is still dominated by thermal power. In order to achieve their carbon peak and neutrality
goals as soon as possible, the Chinese government has formulated a series of policies to
accelerate the implementation of renewable energy alternatives with a focus on support-
ing technological breakthroughs in the fields of renewable energy, nuclear energy, and
hydrogen energy and vigorously develop clean energy such as wind power, photovoltaics,
and ocean energy [3-6]. At present, ocean energy is considered as a type of clean and rich
renewable energy, and technological advances in this area have increased the potential
of generating power from the ocean [7-13]. As an ocean energy source, wave energy has
received increasing attention and ocean energy development, especially in wave energy
converters, has begun to show benefits. Wave energy generators are gradually becoming
valued by different developers of wave energy devices across the world in terms of their
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low cost, convenient laying, and high efficiency. Therefore, there many types of wave
energy converters have been invented [12,14-18]. The latest survey conducted by the
State Oceanic Administration shows that the ocean’s renewable reserve is approximately
1.58 x 10° MW and the explorable reserve is 4.3 x 10° MW in China [19-21]. China has
a long coastline and many coastal islands. It has a total of 6961 islands, covering 500 m?,
with a total area of 6600 km?, and people live on 433 of the islands [22-25]. Some remote
islands have no fresh water or power; under such conditions new forms of energy, such as
solar energy, wind energy, and ocean energy can provide energy for these islands to meet
their special demands in terms of economic development and national defense construc-
tion [8,26-28]. Wave energy density is highest in Taiwan, followed by Zhejiang Province,
Guangdong Province, and then Shandong Province [29]. The energy flow density is high in
the ocean east of the Shandong Peninsula, the ocean around the remote islands in Penglai,
the eastern part of Rongcheng, China’s southeast coast, and the middle part of the Bohai
Sea. Thus, these areas are ideal for wave energy development. The energy flow density
reaches 5000 W/m on the eastern coast of Chengshantou, Weihai, and can be classified as a
Class One Rich Energy Area [30,31]. The north coast of Weihai is the location of the first
national offshore wave energy converter and an experimental energy site currently under
construction. These coasts are suitable for developing small- and middle-scale wave energy
generators and power supply units [32-35].

Buoy-type wave energy-generating devices float on the sea and heave, swing, and shift
as a result of wind and waves. Their heaving and pitching are key factors that constrain
the efficiency of generating devices. Currently, the study of heaving plate performance
is focused mainly on floating wind turbine platforms [36-39] and semi-submersible plat-
forms [40-43]. Wave converters are a new field; therefore, studies on the heaving plates of
wave energy converters are rare [44]. The horizontal rotor wave energy power generation
device designed in this paper is based on the principle of water resonance. Through the
optimized design of the involute horizontal rotor and arc plate flow channel, it can capture
most of the wave energy in the main frequency range, belonging to the direct drive form.
In this paper, first, the basic principles of power generation and mooring methods are
introduced. Secondly, in reference to other floating structures in the ocean, the AQWA
software is used to perform a mooring coupled numerical analysis of the heave and pitch
directions of the device with three different shapes of heave plates based on the environ-
mental parameters of wind, waves, and currents. Finally, a scaled-down model is created
according to the principle of similarity and results are obtained through a sink test using a
combination of a physical model test and theoretical analysis. In addition, simulation and
experimental data are analyzed to provide design data for prototyping.

2. Structure and Power Generation Principle

In the ocean, the significant heaving movement of buoyant hulls is an important
cause of low generation efficiency and fatigue damage. Therefore, reducing the heaving
movement of buoyant hulls is an important way to improve wave-energy-capturing devices.
In general, buoyant hulls employ a heaving plate to increase the vertical damping, added
mass, and inherent period, thereby reducing the degree of heaving movement to improve
the movement stability of the generating device. Therefore, the geometric characteristics
and motion laws of the heave plate have an important influence on the wave energy power
generation device. The results of this paper will provide a reference for the structural design
and hydraulic analysis of swing rotor wave energy converters. This paper is based on a new
type of horizontal rotor wave energy converter jointly developed by the China Institute
of Water Resources and Hydropower and Shandong University to optimize and test the
heave plate. The results of this research will provide a reference for the structural design
and hydrodynamic analysis of the horizontal rotor wave energy converter. The torque
and speed of the turbine were simulated and the number of blades was determined by
comparing the speed, torque, and power. It was found that, in theory, the use of involute
horizontal rotors has a higher absorption of wave energy. Figure 1 shows the generating
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principle. This device was divided into three parts, as shown in Figure 2: a generating
part (a), heaving plate (b), and mooring system (c) [45-49]. The water depth, h, of the test
area was approximately 15 m, and the submerged water depth, h; of the wave energy
conversion device was approximately 4.75 m. The overall height, hy, of the device was
5.443 m, and the height, hs, of the generating part was 2.948 m. Catenary mooring can
restrict the motion of the platform with the gravity of catenaries, so this method is usually
adopted by marine-energy-generating devices.

anchor chain

anchor

Figure 2. Wave energy converter composition.

The channel was open and connected to the ocean, and it passed power to the generat-
ing device through the turbine and the coupling and lifting speed box. This device was
moored by an anchor chain and floating at sea. It had few exposed parts, which would
have enhanced its survivability. The working process of the sea trial prototype is detailed
as follows: Seawater influences the swing rotor to cause it to rotate anticlockwise when
entering the device, thus converting the kinetic energy to the mechanical energy of the rotor,
and water not overflowing from the exit drops again from the exit, rotating the turbine in
the same direction and realizing the secondary reuse of energy. The turbine then directly
drives the generating device to convert the mechanical energy into power, thus realizing
the secondary conversion of energy. The engineering sample’s installed capacity was 6 kW,
the rated power was 1.1 kW, and the weight was approximately 28 tons. According to the
experimental conditions and similar design bases of the experimental model with the given
engineering background and experimental tank conditions, the model scale was 1:10 and
it weighed 28 kg. The engineering prototype and model prototype are shown in Figure 3,
and their dimensions are shown in Table 1.
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(b)
Figure 3. (a) Engineering prototype, (b) model prototype.

Table 1. Engineering prototype and model prototype dimensions.

Device Parameter Engineering Prototype Model Prototype Unit
Device total height (hy) 5443 544 mm
Length of generating part 6000 600 mm
Width of generating part 4412 441 mm
Height of generating part (h3) 2948 295 mm
Mass 280,000 28.0 kg

3. Motion Simulation

Heaving is an up-and-down motion that has a large effect on device stability and wave
energy capture efficiency, which is a direct reason for enhancing heaving plates. The swing
will affect the area between the device inlet and wave, thus influencing the wave energy
capture efficiency. To ensure generation efficiency and stability, it is necessary to perform a
frequency domain analysis in the heave and swing directions (roll and pitch). After the
selection of the heaving plate, three different shapes of heaving plates under the same area
will be considered in terms of their mechanical manufacture. A simulation comparison was
conducted for three different shapes of heaving plates in the AQWA software to analyze
the excitation force, additional damping, added mass, and response amplitude operator
in the heave and swing directions, as well as the effect of the use of a heaving plate with
better performance on these parameters. The wave energy converter was divided after the
whole modeling process was finished. In the AQWA software module, there is an inherent
limitation between the grid size and the wave frequency. When the mesh size becomes
larger, the wave frequency allowed by the simulation is expected to become smaller. If the
simulation of high-frequency waves is required, the grid size needs to be refined. Scheme 1
was divided into 21,832 grids, scheme 2 was divided into 21,412 grids, and scheme 3 was
divided into 21,504 grids, as shown in Figure 4. In the simulation, the regular wave height
was approximately 0.75 m, the regular wave period was approximately 3.9 s, and the water
was 15 m deep.

Figure 4. Grid division: (a) Scheme 1, (b) Scheme 2, (c) Scheme 3.
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3.1. Horizontal Movement Analysis

According to the setting of the wind, wave, and current load parameters, we observed
the time history of the device’s trajectory within 300 s, as shown in Figure 5. We observed
the movement trajectory time duration within 300 s longitudinally, as shown in Figure 6.
This was a comprehensive analysis of the displacement limiting performance of the mooring
system. The device produced a positive or negative movement displacement with wind,
wave, and current loads, and reached a stable state under a certain movement amplitude
after a period of continuous drift. In this state, the balance was adjusted after a short
period of oscillation. At this time, the two anchor chains on the wave-facing surface of the
device were in an intermittently tensioned state, causing the device to oscillate with a small
amplitude at this position—that is, the movement of the device was restricted to within a
specific area. Through the motion analysis of three different types of heave plate devices,
it can be seen that the lateral movement amplitude of the device with chamfered heave
plates is approximately 0.40 m. After the device reaches a stable state in the longitudinal
direction, the motion amplitude in this direction is approximately 0.20 m, which is smaller
than the motion amplitude of the other two heave plate devices, and the horizontal limit
effect is the best.
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Figure 5. Device’s lateral movement trajectory.
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Figure 6. Device’s longitudinal movement trajectory.

3.2. Heave and Pitch Motion Analysis

During the movement of the device, heave motion and pitch motion have the greatest
impact on the wave energy capture efficiency of the device. Therefore, it is necessary to
analyze the heave and pitch motion response of the device in the mooring state. Figure 7
shows the trajectory of the device’s center of mass in the heave direction (the center of
mass is below the horizontal plane). It can be seen from Figure 7 that the amplitude of the
circular heave plate device in the heave direction was the largest, approximately 0.3 m.
The amplitude of the square heave plate device in the heave direction was approximately
0.25 m. The amplitude of the chamfered heave plate device in the heave direction was
approximately 0.23 m. It was observed that the chamfered heave plate had a relatively good
restraining effect on the movement of the device in the heave direction. Figure 8 shows the
shaking angles of three different shapes of heave plate devices in the pitch direction. The
average pitch angle of the circular heave plate device was approximately 10°. The average
pitch angles of the square and chamfered heave plates were approximately 8°. Therefore, it
can be seen that in regard to the pitch direction, the stability of the square and chamfered
heave plates was better than that of the round heave plates. Through the analysis of the
responses of different shapes of heave plate devices in the heave and pitch directions under
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the mooring state, it was observed that under the same area and same working conditions
that the stability of the device with the chamfered heave plate was best, while that of the
square plate was second.
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Figure 7. The trajectory of the device in the heave direction.
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Figure 8. The angle change of the device in the pitch direction.

4. Regular Wave Experiment

Heaving is the largest factor that affects device stability. The model test was limited to
the analysis of regular wave conditions in the swing direction. The model and mooring
arrangement was narrowed by 1:10 according to the similar principles of the engineering
prototype. Figure 9 shows three different shapes of the heaving plate mode. The heaving
plates were the same at approximately 407,044 mm?. Scheme 1 is a square with a side
length of 638 mm, scheme 2 is a rectangular chamber with a side length of 645 mm and
chamber of 100 mm, and scheme 3 is a circle with a radius of 360 mm. In scheme 4, there
is no heaving plate. The distances between the heaving plate and the generating part of
the model were 5 cm, 10 cm, 20 cm, and 30 cm. Then, a regular wave test under the same

conditions was conducted.

(@)

Figure 9. Three different shapes of heaving plate models: (a) Scheme 1, (b) Scheme 2, (c) Scheme 3.
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The model test was conducted in a wave current coupling tank in the National En-
gineering Laboratory. The tank was 30 m long, 4 m wide, and 3 m high. The model was
divided into three parts, as shown in Figure 10a. These three parts were the model body,
reorientation tester, and bracket. The main body of the model was reduced according to
the principle of similarity, and then printed using 3D technology to ensure the shape of
the flow channel. The model’s bracket was made of aluminum alloy. The reorientation
tester was used to collect the heaving movement data. The lower part of the model body
was moored to the bottom of the anchor with an anchor chain. This model was installed
in approximately 10 m away from the direction of wave generation and was lifted by a
bridge crane. The bottom of the anchor was fixed by the clump weight, which stabilized
the entire part and prevented the movement of the anchor under the wave impact from
influencing the test. The model acquisition system is shown in Figure 10b. The regular
wave experimentation conditions are shown in Table 2.

(b)

Figure 10. The whole model: (a) model composition, (b) motion reference unit 5th generation [48].

Table 2. Experiment condition.

Experiment Condition Prototype Value Model Value
Parameter Significant wave Significant wave Regular Wave Regular wave
height (m) Period (s) height H (m) period T (s)
Case 0.9 3.6 0.09 1.15

The data acquisition device was a fifth-generation reorientation tester made by Kongs-
berg Maritime in Norway. It had an inertia reference system with dynamic linear movement
and could dynamically test the change in six degrees of freedom and the angular velocity
vector of the model. Under regular wave experimental conditions, the device moved stably
after 10 s of wave generation. The data acquisition time was 25 s and the sampling period
was 0.04 s. This test was conducted according to the experimental procedure to ensure
the effectiveness of the data. The model test is shown in Figure 11. Movement data were
acquired constantly after the device was set to the initial state. Then, the experimental data
at 14 s were used for a comparative analysis, and the absolute value of all the amplitudes
was mapped.

Figure 12 shows the amplitude change when the distance of the heaving plate, h, was
30 cm. The maximum value of scheme 1 was approximately 6.4 mm, with an average
amplitude of 2.25 mm. The maximum value of scheme 2 was approximately 5.5 mm, with
an average amplitude of 2.47 mm. The maximum value of scheme 3 was approximately
6.6 mm, with an average amplitude of 2.57 mm. The heaving amplitude of scheme 3 was
the largest, while that of scheme 2 was the smallest, and the amplitude was relatively even.
The average movement amplitudes, in order from largest to smallest, were as follows:
scheme 3 > scheme 1 > scheme 2. When the distance was 30 cm, scheme 2 is preferred,
followed by scheme 1.
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Figure 11. Model test of regular wave.
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Figure 12. Amplitude change when h = 30 cm.

Figure 13 shows the amplitude change when the distance of the heaving plate, h, was
20 cm. The maximum value of scheme 1 was approximately 12.7 mm, with an average
amplitude of 3.95 mm. The maximum value of scheme 2 was 12.5 mm, with an average
amplitude of 3.88 mm. The maximum value of scheme 3 was 13.8 mm, with an average
amplitude of 4.22 mm. The heaving amplitude of scheme 3 was the largest, and the average
movement amplitudes were as follows: scheme 3 > scheme 1 > scheme 2.

8

Scheme 1—— Scheme 2—— Scheme 3\

Amplitude (mm)
o

L LA

7 8 9 10 11 12 13 14
Time (s)

Figure 13. Amplitude change when h =20 cm.

Figure 14 shows the amplitude change when the distance of the heaving plate, h,
was 10 cm. The amplitude maximum value of scheme 1 was approximately 12.8 mm,
with an average amplitude of 9.33 mm. The amplitude maximum value of scheme 2 was
approximately 12.5 mm, with an average amplitude of 9.38 mm. The amplitude maximum
value of scheme 3 was approximately 13.9 mm, with an average amplitude of 9.63 mm. The
heaving amplitude of scheme 3 was the largest, and the averages were as follows: scheme
3 > scheme 2 > scheme 1.
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Figure 14. Amplitude change when h = 10 cm.

Figure 15 shows the amplitude change when the distance of the heaving plate, h,
was 5 cm. The amplitude maximum value of scheme 1 was approximately 13.9 mm,
with an average amplitude of 10.52 mm. The amplitude maximum value of scheme 2
was approximately 13.5 mm, with an average amplitude of 10.58 mm. The amplitude
maximum value of scheme 3 was approximately 15 mm, with an average amplitude of
11.20. The amplitude maximum value of scheme 4 was approximately 17.5 mm, with
an average amplitude of 14.12 mm. The maximum amplitudes, in order from largest to
smallest, were as follows: scheme 4 > scheme 3 > scheme 1 > scheme 2, and the average
movement amplitudes were as follows: scheme 4 > scheme 3 > scheme 2 > scheme 1.

18- [ —— Scheme 1 Scheme 2 Scheme 3 Scheme 4|

Amplitude (mm)

v’ Il

VU Y WY
L L L L L L 1 L 1 1 ‘I L )
0o 1 2 3 4 5 6 7 8 9 10 11 12 13 14
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Figure 15. Amplitude change when h = 5 cm and no heaving plate is installed.

Figure 16 shows the change in the average amplitude of the heaving plate as the
installation distance changes. The average amplitudes of the three different shapes of
heaving plates decreased with an increasing installation distance. When the distance was
between 10 mm and 20 mm, the average amplitude changed significantly, and when the
distance was between 20 mm and 30 mm, the average amplitude changed relatively little.
Therefore, the installation distance under this regular wave condition should be more than
20 mm. When the areas were the same, the average amplitude of the circular heaving plate
was greater than that of the square heaving plate and chamber heaving plate.

12 !
® Scheme 1@  Scheme 24 Scheme 3

Amplitude (mm)

-y

. . ‘ . 1

5 10 15 20 25 30
Distance (cm)

Figure 16. Average amplitude change with the installation distance.
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5. Conclusions

The principle and structure of a new type of wave energy converter were introduced
in this paper. Three different shapes of heaving plates were chosen to analyze the largest
factor, i.e., heaving, which will affect the wave energy stability, and a motion simulation
was performed in the heaving direction and swing direction. The research results show that
when the area of the heave slab is the same, scheme 2 is better than scheme 1 and scheme 3.
The water tank experiment on the heaving plate with different installation distances under
regular wave conditions showed that the average amplitudes of three different shapes of
heaving plates decreased with increasing installation distance. When the distance was
between 10 mm and 20 mm, the average amplitude changed significantly, and when the
distance was between 20 mm and 30 mm, the average amplitude changed relatively little.
Therefore, the installation distance under this regular wave condition should be greater
than 20 mm and less than 30 mm. The experimental data showed that when the areas
were the same, the average amplitude of the circular heaving plate was greater than that of
the square heaving plate and chamber heaving plate. Therefore, the rectangular chamber
heaving plate was preferred, followed by the square heaving plate. Based on the above
analysis, it can be concluded that the motion amplitude of the new wave energy conversion
device in the heave direction mainly depends on two factors: the shape of the heave plate
and the installation distance. This result fills in the void of experimental research on the
mooring of small wave energy generators.
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