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Abstract

:

To study the optimal design of Wave Glider parameters in the wave environment of the Northwest Pacific Ocean, the North Indian Ocean, and the South China Sea, the average velocity of a Wave Glider was taken as the evaluation criterion. Wave reanalysis data from ERA5 were used to classify the mean wave height and period into five types by the K-means clustering method. In addition, a dynamic model was used to simulate the influence of umbilical length, airfoil, and maximum limited angle on the velocity of the Wave Glider under the five types of wave element. The force of the wings was simulated using FLUENT as the model input. The simulation results show that (1) 7 m is the most suitable umbilical length; (2) a smaller relative thickness should be selected in perfect conditions; and (3) for the first type of wave element, 15° is the best choice for the maximum limited angle, and 20° is preferred for the second, third, and fourth types, while 25° is preferred for the fifth type.
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1. Introduction


The Wave Glider is a new type of unmanned ocean vehicle developed by Liquid Robotics. The key innovation of the Wave Glider is its ability to harvest the abundant energy in ocean waves to provide essentially limitless propulsion [1]. At the same time, solar panels on the float power the control system, communication system, and various sensors. The Wave Glider has great significance for resource exploration, environmental monitoring, military reconnaissance, and other applications [2,3,4,5,6,7].



A Wave Glider is composed of a float, a glider, and an umbilical, as shown in Figure 1. The propulsion system is purely mechanical and neither generates nor consumes electricity [8,9]. As shown in Figure 2, when the wave surface rises, the float rises with the wave surface and causes the glider to rise. The wings deflect and are subjected to forces in both the forward and downward directions. Similarly, as the Wave Glider sinks with the wave, its wings deflect and are subjected to forces in both the forward and upward directions. As a result of the fluctuations of the wave surface, the wings drive the Wave Glider to move forward [10].



To improve the performance of Wave Gliders, their hydrodynamic parameters have been studied. To optimize these parameters, Kraus [11,12] established the first Wave Glider dynamic model, based on the ship 6-DOF dynamic model that was established by Fossen [13], and effectively simulated the motion of a Wave Glider. Qi et al. [14] and Jia et al. [15] established the dynamic equation of a Wave Glider based on the Kane equation and used MATLAB to simulate and analyze the motion when a Wave Glider sinks with the wave surface. Tian et al. [16,17] used the D-H method to establish a motion equation and analyze the influence of wave height, wave period, and maximum limited angle on motion efficiency. Li [18] used a dynamic model to simulate the influence of umbilical length and wing number, which provide the basis for parameter optimization. In addition, he simulated the speed under first- and third-level sea conditions and the survivability under ninth-level sea conditions. To study the course control of a Wave Glider, Lu [19] established a 6-DOF dynamic model and used MATLAB/Simulink software to analyze the interference of wind, waves, and flow. Li [20] established a 3-DOF dynamic model by using the Newton–Euler method to simulate the motion of a Wave Glider, verifying the accuracy of the simulation by using the results of three tests of the Wave Glider in the sea.



These studies used dynamics to simulate the motion of Wave Gliders, but the optimization schemes for parameters were only proposed for the single wave-element conditions. In this paper, we take the average velocity as the evaluation criterion and study the optimal design of Wave Glider parameters under the wave environments of the Northwest Pacific Ocean, the North Indian Ocean, and the South China Sea. We also use the force on the wings, simulated by FLUENT, as the input for the wing thrust in the model, instead of the force calculated by an empirical formula.



Wave reanalysis data from ERA5 are used to classify the mean wave height and period of the Northwest Pacific Ocean, the North Indian Ocean, and the South China Sea into five types by the K-means clustering method. In addition, a dynamic model is used to simulate the influence of umbilical length, airfoil, and maximum limited angle of the wing on the velocity of a Wave Glider under the five types of wave element.




2. Cluster Analysis of Wave Elements


The data selected for this study are the effective wave height and mean wave period data from ERA5, the global atmospheric and oceanic reanalysis data set of the European Center for Mesoscale Weather Forecasting. The temporal resolution is one month, and the time range is from 1981 to 2010. The spatial resolution is 0.5° × 0.5°, and the spatial range is the North Indian Ocean, the Northwest Pacific Ocean, and the South China Sea. The specific spatial range is 65° N–0°, 30° E–180° E. The K-means method is adopted to cluster the mean wave height and period into five types. The clustering results are shown in Figure 3 and Figure 4.



In Figure 3, “×” represents each cluster center. The data values for each cluster center are shown in Table 1.



The color in Figure 4 corresponds to the color in Figure 3. The first type of wave element is mainly distributed to the south of the South China Sea from March to August. The second type of wave element is mainly distributed in the west of the Arabian Sea from November to March of the following year, the west of the Northwest Pacific Ocean from May to July, the north of the South China Sea from February to September, and the south of the South China Sea in February, March, and October. The third type of wave element is mainly distributed in the west of the Northwest Pacific Ocean from October to April of the following year, the central North Pacific Ocean from May to June and August to September, and the South China Sea from November to January of the following year. The fourth type of wave element is mainly distributed in the south of the North Pacific from October to April of the following year, the east of the north Indian Ocean from January to March, the north Indian Ocean from April to May and September to October, and the south of the north Indian Ocean from June to August. The fifth type of wave element is mainly distributed in the central North Pacific from October to April of the following year, the Arabian Sea from June to August, and the central Bay of Bengal in June and August.




3. Dynamic Model


In this study, a two-dimensional dynamic model of a Wave Glider proposed by Kraus was used for simulation:


  u  (  t + d t  )  = u  ( t )  +  1 m   (  − X −  X  H S  G  +  X  T h u r s t  G   )   



(1)






  q  (  t + d t  )  = q  ( t )  +  1   I  x x      (  − M −  X  H S  G   |   r  G 0    |  +  X  T h r u s t  G   |   r  G 0    |   )   



(2)




where  u  is the velocity of the Wave Glider along the x-axis in the system coordinates;  q  is the umbilical deflection angular velocity caused by the relative displacement of the float and the glider;  m  is total mass;    I  x x     is the moment of inertia around the overall center of mass;  X  is the damping force in the x-direction;  M  is the damping torque around the y-axis;    X  H S  G    is the force caused by buoyancy and gravity;    X  T h u r s t  G    is the thrust produced by the wings;    r  G 0     is the distance between the overall center and the glider.



The parameters of the Wave Glider were selected based on the design of the “Ray” Wave Glider. Its float length, width, and depth are 2.1, 0.6, and 0.2 m, respectively. The length of its umbilical is 7 m. The glider length, width, and depth are 2.0, 1.1, and 0.35 m, respectively. The total mass is 110 kg, and the glider mass is 50 kg.



3.1. Thrust


The thrust generated by the wings adopts the results simulated by FLUENT. The incoming flow velocity is considered as the velocity of the glider along the z-axis. The current deflection angle of the wings is calculated in real-time by the governing equation of the wing oscillation.



The results simulated by Fluent are shown in Figure 5.



The governing equation of the passive oscillation of the wings can be expressed as:


  ω =  {    0 , θ >  θ  max     &    M z  > 0     0 , θ < −  θ  max     &    M z  < 0       ∫   (     M z   /   I z     )  d t , o t h e r w i s e         



(3)






  θ =    ∫ 0 t   ω d t     



(4)




where  ω  is angular velocity;  θ  is the current deflection angle of the wings;    θ  max     is the maximum deflection angle of the wings;    M z    is the torque obtained by the wings;    I z    is the moment of inertia of the wings.




3.2. Time Step


To eliminate the deviation caused by the time step and the simulation time length, the change of the propulsion velocity was simulated under the third type of wave element. Time steps of 0.01, 0.005, 0.002, and 0.001 s were selected for simulation. The time for five wave periods was simulated; that is, the simulation time was 37.82 s. To determine the time step, we firstly used five times wave period as the simulation time. Therefore, we simulated until 37.82 s. The difference between the average propulsion velocities over four time steps was compared, and the average propulsion velocity was approximately regarded as the conventional true value when the time step was 0.001 s. The relative error between the average velocity and the agreed truth value was obtained, as shown in Table 2.



The relative errors obtained were all less than 0.1%. Considering the simulation efficiency of the model, 0.01 s was finally selected as the time step.




3.3. Simulation Time


We set the time step to 0.01 s. To reduce the influence of the wave input value on the selection of the simulation time, the multiple of the wave period was adopted as the simulation time.



The change in the average velocity was compared with the simulation of 50 times, 100 times, 500 times, 1000 times, and 2000 times wave periods. In addition, the average propulsion velocity was taken as the conventional true value under the simulation of 2000 times wave periods. The relative error between the average propulsion velocity and the conventional true value was calculated and the results are shown in Table 3.



The relative error was controlled at less than 0.1%, so the simulation length was selected as 100 times wave periods.





4. Parameter Optimization Design


In this paper, for the dynamic model of the Wave Glider, the force on the wings simulated by FLUENT was taken as the input value. The optimum selection of umbilical length, airfoil, and maximum limited angle was simulated and analyzed under five kinds of wave element.



4.1. Umbilical Length


The umbilical length of a Wave Glider is generally between 4 and 7 m. The umbilical length of the SV2 Wave Glider developed by Liquid Robotics is 6 m, and that of the SV3 Wave Glider is 4 m. The umbilical lengths of Wave Gliders developed in China are generally 7 m.



A dynamic model was used to simulate the average propulsion velocity under the conditions of five kinds of wave element when the umbilical length varied from 4 to 7 m.



Considering the wave attenuation with depth, the surface wave attenuation with depth was approximated to the attenuation of small amplitude waves with infinite depth. Figure 6 shows the variation of the average propulsion velocity with the umbilical length under the five types of wave element. The average velocity increases monotonously with the increase in umbilical length under the five types of wave element. The length of the umbilical should therefore be selected as 7 m.




4.2. Airfoil


A National Advisory Committee for Aeronautics (NACA) 4-digit airfoil was selected in this study. Four airfoils, NACA0006, NACA0009, NACA0012, NACA0015, were simulated. These four airfoils differed in relative thickness.



Considering the mass change caused by the airfoil, the influence of airfoils on the average propulsion velocity was analyzed, and the results are shown in Figure 7.



Figure 7 shows the variation of the average velocity with the relative thickness of the wings. Reduction of the relative thickness is conducive to the increase in the average propulsion velocity. The change of the relative thickness of the wings will cause a change in the maximum bearing capacity of the wings. Therefore, the relative thickness should be reduced appropriately to ensure that the Wave Glider does not break.




4.3. Maximum Limited Angle


The maximum limited angle of the wings affects the propulsion performance of a Wave Glider. Kraus [21], Jia [22], Hu [23], Yan [24] showed that it is better to choose a maximum limited angle between 15° and 20°.



The influence of the maximum limited angle of the wings on the propulsion velocity was simulated under five types of wave element. The airfoil NACA 0012 was selected, and maximum limited angles within the range [0°, 45°] were simulated. The results are shown in Figure 8.



Figure 8 shows the variation in the average velocity with the maximum limited angle. As can be seen from the figure, the average propulsion velocity increases with the maximum limited angle, first increasing and then decreasing. Under the first type of wave element, the average propulsion velocity reaches the maximum value when the maximum limited angle is 15°. For the second, third, and fourth types of wave element the value is 20°, and for the fifth type of wave element it is 25°.



Corresponding to different sea areas in different months, the specific distribution is shown in Figure 9. The recommended maximum limited angle is 15° in the blue area, 20° in the orange area, and 25° in the red area. An angle of 15° is recommended for the maximum limited angle in the offshore regions, the inland seas, and the southern part of the South China Sea from April to September. That of 25° is recommended for the maximum limited angle in the central North Pacific from October to April of the following year, the Arabian Sea from June to August, and the central Bay of Bengal in June and August. At other times, it is recommended that the maximum limited angle should be 20° in other sea areas of the Northwest Pacific Ocean, the North Indian Ocean, and the South China Sea.





5. Conclusions and Discussion


Taking the average velocity of a Wave Glider as the evaluation criterion, we have studied the optimal design of Wave Glider parameters in the wave environments of the Northwest Pacific Ocean, the North Indian Ocean, and the South China Sea. Monthly wave reanalysis data from ERA5 were used and the mean wave height and period were classified into five types by the K-means clustering method. In addition, the stress of the wings was simulated using FLUENT in our model. The dynamic model was used to simulate the influence of umbilical length, airfoil, and maximum limited angle on the velocity of the Wave Glider under the conditions of five types of wave element. The simulation results show that:




	
7 m is recommended as the umbilical length suitable for the Northwest Pacific Ocean, the North Indian Ocean, and the South China Sea;



	
An NACA4 digital airfoil with smaller relative thickness should be selected if the wings are not broken;



	
A maximum limited angle of 15° is recommended in offshore regions, inland seas, and the southern part of the South China Sea from April to September. An angle of 25° is recommended for the central North Pacific from October to April of the following year, the Arabian Sea from June to August, and the central Bay of Bengal in June and August. At other times, it is recommended that the maximum limited angle should be 20° in other sea areas of the Northwest Pacific Ocean, the North Indian Ocean, and the South China Sea.



	
A genetic algorithm was applied to obtain the optimum values for the umbilical length, airfoil, and maximum limited angle, and the results differed slightly but not significantly, probably due to the correlation between the parameters.



	
We took the average velocity as the evaluation criterion instead of focusing on sway and yaw. Therefore, we use a two-dimensional model instead of a three-dimensional model.



	
The total thrust of the tandem fins is calculated when the incoming flow velocity is 1 m/s and the deflection angle of the wings is 20° under four grid sizes. The Table 4 records the thrust under four grid sizes, and A3 mesh is adopted in this paper. After changing the deflection angle, the mesh is also divided according to the same density.








In the simulation model used in this paper, the influence of wind, sea current, and other factors were not considered. In practice, these factors sometimes greatly affect the average speed of a Wave Glider. In addition, the wave equation used in this paper is simple. The fuzzy model (Stefanakos C N et al. [25]) could be used in the future. The parameters for the float and the glider were selected based on the existing parameters of the “Skate” Wave Glider. For future work, we could change the parameters of the float and the glider to optimize the parameters.
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Figure 1. Wave Glider. 
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Figure 2. Wave Glider principles of operation. 
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Figure 3. Clustering results of wave elements. 
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Figure 4. Wave classification in each month: (a) January, (b) February, (c) March, (d) April, (e) May, (f) June, (g) July, (h) August, (i) September, (j) October, (k) November, and (l) December. 
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Figure 5. The force of the wings when airfoil is NACA 0012: (a) The force in the x direction, (b) The force in the y direction, (c) torque. 
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Figure 6. Variation in the average propulsion velocity with the umbilical length: (a) first type, (b) second type, (c) third type, (d) fourth type, and (e) fifth type. 
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Figure 7. Variation in the average propulsion velocity with the airfoil: (a) first type, (b) second type, (c) third type, (d) fourth type, and (e) fifth type. 
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Figure 8. Variation in the average propulsion velocity with the maximum limited angle: (a) first type, (b) second type, (c) third type, (d) fourth type, and (e) fifth type. 
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Figure 9. Selection of the maximum limited angle in different months: (a) January, (b) February, (c) March, (d) April, (e) May, (f) June, (g) July, (h) August, (i) September, (j) October, (k) November, and (l) December. 
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Table 1. Values of each cluster center.
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	Type
	Mean Wave Height/m
	Mean Wave Period/s





	First
	0.4221
	4.189



	Second
	0.7916
	6.351



	Third
	1.1354
	7.564



	Fourth
	1.1577
	8.922



	Fifth
	2.1187
	8.713
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Table 2. Average propulsion velocity under four time steps.
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	Time Step/s
	    Average   Propulsion   Velocity / m ⋅  s  − 1      
	Relative Error





	0.01
	0.85914
	−0.0337%



	0.005
	0.85925
	−0.0209%



	0.002
	0.85941
	−0.0023%



	0.001
	0.85943
	/
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Table 3. Average propulsion velocity under different simulation times.
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	Simulation Time
	    Average   Propulsion   Velocity / m ⋅  s  − 1      
	Relative Error





	50
	0.872803
	−0.1404%



	100
	0.873354
	−0.0775%



	500
	0.873912
	−0.0136%



	1000
	0.874038
	−0.0008%



	2000
	0.874031
	/
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Table 4. The different thrust under four grid sizes.
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	Serial Number
	Number of Grid
	Thrust/N





	A1
	137,079
	166.3



	A2
	249,204
	165.4



	A3
	261,266
	165.8



	A4
	318,676
	165.8
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