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Abstract

:

In recent years, multi-bucket foundations have been studied and gradually adopted in engineering practices as a novel foundation for offshore wind turbines within a range of water depth of 30 to 50 m. This study investigated the motion characteristics of air-floating tripod bucket foundation (AFTBF) through a series of experiments during free air-floating. The experimental results show that the surge force appears to be the most important factor influencing pitch moment and motion, whether it is a change in water depth or a draft for AFTBF. The maximum amplitudes of surge acceleration and pitch angle show a trend of increasing with narrower spacing and decreasing with wider spacing, while the heave acceleration shows an opposite trend. The added mass and damping of heave motion for AFTBF increase with shallower water due to the increasing pressure difference between the inside and bottom of bucket foundation. The shallower the water depth and the larger the draft, the longer the resonance period of heave.
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1. Introduction


Wind power is a well-established and promising source of renewable energy for large-scale development and commercial use. It offers numerous benefits, including low environmental impact, sustainability, and high output. As technology advances and costs decrease, the global offshore wind power market is experiencing rapid growth [1,2]. One innovative foundation design that is currently being widely used in wind power development is the bucket foundation. There are three main types of bucket foundations used in offshore wind turbine engineering: mono-bucket foundation [3,4,5], composite bucket foundation [6,7], and multi-bucket foundations [8,9,10]. One of the main construction technologies used for composite and multi-bucket foundations is their air-floating characteristics. This technology has three main applications. The first is to tow out the bucket foundation through dock or building place and through shallow water. The foundation is raised or lowered by the pressure change of an air-cushion inside the structure; this method was used as part of the first composited bucket foundation, which was towed out from the dock to the construction site in 2010 [11,12]. The second application is to improve efficiency and reduce the cost of installing offshore wind turbines. This is achieved through the integrated floating transport technique of the composite bucket foundation to complete the transportation and installation simultaneously [13]. The third application is to reduce the loads during offshore operations and mooring. By storing air inside the bucket, the lifting load during lowering is reduced, and the pressure is evenly distributed at the opening bottom, reducing the mooring load [14].



The construction environment for bucket foundations is typically calm seas, with known loads from wind, current, and waves [15,16]. The first two types of loads are usually applied to the structure as quasi-static loads. However, the open bottom of the bucket foundation can lead to dynamic interaction with waves, resulting in sudden changes in structural stress and motion response [17,18,19,20]. This can potentially lead to serious safety incidents. The construction equipment used for bucket foundations is diverse and large due to the size of wind turbines. This equipment is anchored or piled around the foundation, causing significant interaction [21,22]. Additionally, the structure’s force and motion response are influenced by factors such as compartment design, number of buckets, water depth, and draft. Therefore, it is crucial to study the interaction between waves and bucket foundations.



The presence of an air cushion within the bucket foundation is the key distinguishing factor when comparing it to conventional floating structures, such as ships or ocean platforms. This is due to two main factors. First, the bucket foundation has an open bottom, which results in different performance compared to traditional structures with sealed bottoms. In traditional structures, the bottom acts as a rigid structure, interacting with the water spring. However, in the bucket foundation, the structure acts as a rigid structure on the series spring of both the air and water springs. Second, the compressed air within the bucket foundation has a significant impact on the force and motion characteristics of the structure. The lower stiffness of the gas and water springs in series, compared to the stiffness of the water spring alone, results in greater motion of the bucket foundation under the same force [23]. Additionally, the compressibility of the air cushion causes an increase in the volume of fluid entering and exiting the bucket foundation, leading to higher hydrodynamic parameters and a relatively slower movement of the structure [24].



Qi [25] studied the motion and mooring force of semi-submersible platforms and air-floating platforms, demonstrating that the air-floating supported structure has excellent motion performance and reduced mooring force. Kessel et al. [26] validated that very large floating structures (VLFS) supported by air cushions can significantly reduce bending moments. However, the advantages of air cushions for VLFS decline with an increase in the number of air cushions. Cheung et al. [27] derived the air-pocket factor by combining the ideal gas law and investigated the oscillation of the water column and the dynamic characteristics of a platform composed of an array of open-bottom cylinders. The forces in heave and pitch directions decrease with decreasing air-pocket factors. Bie et al. [28] presented the air buoyancy decrease coefficient to consider the impact on the stability and dynamic performance of air-floating structures. Thiagarajan et al. [29] presented a correction formula for the metacentric height, considering the net effect of the air cushion on the static stability of a compartmented air-floating structure.



Iwata et al. [30] conducted a study on the wave motions of a structure that was partially supported by an air cushion, using two-dimensional numerical analysis and model tests. The air pressure in the cushion was calculated using a linearized adiabatic law. The results showed that when the width-to-wavelength ratio was between 0.78 and 1.74, the heave motion observed in the tests was greater than that predicted by the numerical calculations. This was due to the simplification of the air state and the absence of attenuating waves. Pinkster et al. [31,32] modified the existing three-dimensional diffraction code DELFRAC to investigate the forces and motions of structures with one or more air cushions based on the adiabatic equation of an ideal gas. Malenica and Zalar et al. [33,34] proposed a method for solving the linear hydrodynamic problem of air-cushion supported structures. Compared to Pinkster’s method, their approach included both kinematic and dynamic boundary conditions in the boundary value problems for the potentials. They then developed a semi-analytical solution for the heave motion of an air-floating cylinder using the method of matched asymptotic expansions. This solution was a significant achievement in solving special boundary value problems with a pressurized air-water interface at the bottom. Lee and Newman [35] expanded the motion in the air compartment using an eigenfunction expansion. The interface elevation was described by a set of Fourier generalized modes with unknown amplitudes. The response of a very large floating structure (VLFS) with one cushion was investigated using the HIPAN problem. The results showed that the resonances in heave and pitch were caused by the interaction between body inertia, hydrostatic restoring, and the stiffness related to the volume change in the air compartment. Lee et al. [36] then extended this work to study the coupled motion characteristics of waves and air-floating structures. Zhang [37] derived the aerodynamic coefficients for heave motion for different types of air-cushion supported structures and studied the heave dynamic response of a floating wind turbine platform supported by an air cushion. The results showed that the natural period of heave motion increased with increasing water depth in shallow water but had little impact on heave performance in deep water.



Le et al. [38] analyzed the towing behaviors of a multi-bucket foundations platform through model tests and MOSES. It was found that shallow water has a significant impact on towing performance. Wang et al. [19] introduced an integral wet-towing method based on a wide shallow bucket jacket foundation and investigated the factors that affect stability and dynamic response. It was recommended to use this method for long-distance towing under level 5 wind and waves conditions. Zhang et al. [39] presented two lowering methods for multi-bucket jacket foundations. The initial air storage in the bucket can be between 5% and 15% and can be used to reduce the lifting loads and keep the stability of multi-bucket foundation during lowering. Yan et al. [40] proposed a new integrated wet-towing method for far-offshore applications, which involves a composite structure of “Jacket + Triple-bucket foundation”. It was observed that the natural period of this structure increases with the draft, and when the wave period is close to the natural period, the foundation experiences a large dynamic response. Liu and Zhang et al. [41] established equations for the oscillating motion of an AFMBF and conducted model tests with varying drafts and spacing between buckets in shallow water.



The studies mentioned above focused on the stability and motion characteristics of various structures, including box-type air-floating structures with different compartments, single bucket foundations with multiple subdivisions, and multi-bucket foundations. On the one hand, previous studies have been conducted on the motion responses of multi-bucket foundations in shallow water [41]. However, these studies were limited by the use of elastic ropes to restrict the in-plane motion of the structure during testing. On the other hand, the forces exerted on multi-bucket foundations during the lowering process are typically the greatest at all stages. This is due to the presence of an air cushion inside the bucket, which can cause significant buoyancy and lead to tilting of the structure and relaxation of the suspension cable. This poses a serious safety risk during construction [24]. Therefore, the movement and response of multi-bucket foundations in an unconstrained state have a significant impact on the safe construction of a structure. These limitations could hinder the application of multi-bucket foundations in deeper water, where free floating is necessary. Therefore, it is important to study the oscillating motion characteristics of multi-bucket foundations in deep water.



Model testing is an effective method for observing experimental phenomena and evaluating the behavior of a model by changing specific control variables while keeping the environment and parameters constant. The rest of the paper is organized as follows: Section 2 provides details on the basic conditions and test combinations of the physical model test; Section 3 analyzes the response amplitude operators for surge, heave, and pitch in detail; and Section 4 summarizes the conclusions of this study.




2. Experimental Design


2.1. Model Parameters


The experiments, using scaled models, were conducted to study the motion responses of AFTBF during free floating. The wave period range of the prototype was 5–15 s, based on real ocean conditions [42,43]. The water depth varied from 20 m to 40 m, covering both shallow and deep-water conditions. According to the calculation formula for wavelength in finite water depth, the wavelength range was determined to be 38–262 m. To account for the diffraction effect between the waves and the structure, as well as the hydrodynamic interaction between the buckets, a single bucket foundation with a diameter of 20 m (D = 20 m) was chosen. The spacing between the centers of the bucket top surfaces was 30 m, 40 m, and 50 m for Prototype 1, Prototype 2, and Prototype 3, respectively [44]. In the development of wind power, the main types of composite bucket foundations and multi-bucket foundations are wide and shallow buckets, so the height of each bucket was chosen as 10 m [45]. The similarity ratio between the prototype and the model, based on geometric and Froude similarity, was 1:100. The models were all made of stainless steel with a wall thickness of 1.0 mm. To avoid measurement errors caused by elastic deformation due to force and motion in waves, the two adjacent buckets were rigidly connected by plate connectors. The multi-bucket foundations were arranged in an equilateral triangle shape, and the detailed dimensions of the AFTBF prototypes are shown in Figure 1, Figure 2 and Figure 3. It can be observed that the lengths of the plate connectors (S) for Prototype 1, Prototype 2, and Prototype 3 are 10 m, 20 m, and 30 m, respectively. Correspondingly, the lengths of S for Model 1, Model 2, and Model 3 are 0.1 m, 0.2 m, and 0.3 m, respectively. As shown in Figure 4, the origin (O) for the global coordinate system is located at the center of each structure’s top surface, and the detailed structural parameters for the models and prototypes are listed in Table 1 and Table 2, respectively. Mb, Mg, and Mc are the mass of the bucket walls, bucket lids, and plate connectors for each structure, respectively.




2.2. Experiment Equipment and Arrangement


All tests were conducted in a wave flume located at the Key Laboratory of National Defense Engineering in Logistical Engineering University. The wave flume has dimensions of 30 m in length, 1.0 m in width, and 2.0 m in height. The hydraulic push plate wave maker was controlled by the control system to generate the required regular waves during the test. A YWH200-D wave probe, manufactured by Chengdu Xinda Shengtong Technology Co., Ltd. (Chengdu, China), was positioned at a predetermined distance from the wave maker to capture the time history of the wave height. The accuracy is ±0.3% of full range. According to Section 6.2.5.4 of [46], the distance between the wave generator and the model in the test flume should be at least six times the average wavelength. For water depths of 20 m, 30 m, and 40 m, the corresponding average wavelengths are 1.18 m, 1.37 m, and 1.51 m, respectively, as shown in Table 3. Therefore, a distance of 12.0 m between the model and the wave generator would meet the requirements of the specification. At the top center position, a CS-VG-02A vertical gyroscope, produced by Xi’an Zhongxing Measurement and Control Co., Ltd. (Xi’an, China), was used to obtain the model’s motion information. The accuracy of measured angle is less than 0.05°/s, while acceleration is less than 0.01 g. To ensure the accuracy and credibility of the tests, a wave dissipation device was installed at the end of the flume to eliminate any interference, such as reflected waves, on the measurement signal. A schematic of the experimental arrangement is shown in Figure 4. The origin (o) of the local Cartesian coordinate system for the structure is located at the model’s center position on the surface of still water. The x-axis is parallel to the forward direction of wave propagation, the y-axis is perpendicular to the x-axis on the water surface, and the z-axis is perpendicular to the water surface.




2.3. Testing Procedures


It is widely recognized that the response amplitude operator (RAO) is a measure of the amplitude-frequency response of a structure when subjected to waves with specific periods and unit wave amplitude [47]. Therefore, all experimental combinations conducted in the flume focused on the interaction between regular waves and an aft buoyancy tank and were carried out under the conditions listed in Table 3. Based on the similarity criteria, the range of periods and water depths tested were 0.5–1.5 s and 0.2–0.4 m, respectively. The model’s weight was supported by the pressure difference between the interior and exterior water surfaces of the buckets. Based on Equation (1) given in [15], the formula of weight balance is given below:


G = mg = (ρ·g·n·h·π·D2)/4



(1)




where G is the structure’s weight, ρ is the density of water, g is the gravitational acceleration, n is the number of buckets, h is the required height of the pressure difference, and m is the sum of Mb, Mg, and Mc. Takes Model 1 as example:


G = mg = 2.45 kg × 9.82 m/s2 = 24.06 N










h = G/(ρ·g·n·h·π·D2/4)



(2)






h = 24.06/(9.82 × 1025 × 3 × 3.14 × 0.22/4) = 0.0254 m











For Model 1, Model 2, and Model 3, the corresponding values of h were 0.0254 m, 0.0259 m, and 0.0263 m, respectively. To maintain stability and prevent air leakage, the chosen drafts for Models 1, 2, and 3 were 0.05 m, 0.06 m, and 0.07 m, respectively. The draft was adjusted by inflating or deflating the exhaust valve and using the calibrated scale attached to the bucket wall. According to Appendix B of [46], the time interval for collecting wave data in regular wave tests should be less than 1/20 of the average wave period. In this article, the minimum wave period is 0.5 s, and the required sampling interval is 0.025 s. To ensure the accuracy of the measurement signal, the sampling frequency of the gyroscope was set to 200 Hz in accordance with the operation and use guidelines to ensure the validity and accuracy of the data. The experimental data were processed using Origin 2015 software, developed by OriginLab Company (Northampton, MA, USA) for data analysis, chart creation, and obtaining necessary information.





3. Results and Discussion


The gyroscope is capable of providing real-time acceleration signals in the translation direction, as well as angle and angular rate signals in the rotation direction of the structure. Based on the similarity criteria, the acceleration and angle of the model structure have a 1:1 similarity ratio with the prototype structure. This indicates that the motion of the prototype structure can be accurately described by the variation of the translational acceleration and rotational angle of the model structure [35]. To ensure the validity of the results, the maximum values of acceleration and angle at each cycle are averaged from the first three maximum amplitudes, as there are sufficient samples available. However, it should be noted that this study did not consider the influence of wave propagation direction on the structural motion response. During testing, the waves propagated along the length direction of the water tank, while the x-direction of the gyroscope was parallel to the wave propagation direction. As a result, this section will primarily focus on analyzing the characteristics of RAOs for the accelerations in heave and surge directions, as well as the angles in pitch direction, with varying water depths and drafts. All data and graphs are presented in model scale.



3.1. Validity of the Proposed Models


3.1.1. Validity 1


As shown in Table 1, during the model making process, the mass of the bucket wall, bucket cover, and connecting plates of each model were measured and weighed. Taking Model 1 as an example, if the density of stainless steel is 8000 kg/m3, the total mass of the bucket walls is:


   M b  =  n π DtH ρ  = 3 × 3.14 × 0.2 × 0.001 × 0.1 × 8000 = 1.507    kg   



(3)







The total mass of the bucket covers is:


   M g  =    n π D   2   t ρ  / 4 = 3 × 3.14 ×   0.2  2  × 0.001 × 8000 / 4 = 0.754    kg   



(4)







The total mass of the connecting plates is:


   M c  =  nSBt ρ  = 6 × 0.1 × 0.01 × 0.001 × 8000 = 0.048    kg   



(5)







The errors in the weighing and calculating masses of Mb, Mg, and Mc are 9.5%, 2.1%, and 2.1%, respectively, which are in good agreement.




3.1.2. Validity 2


From reference [41], it is evident that as the space (S) between the buckets increases, the pitch moment of inertia of the structure also increases. This trend is also reflected in the pitch angle of the structure, which decreases at the same water depth and draft. Figure 5 shows that the pitch angle RAO for various S values at a draft of 7.0 m and depths of 30 m and 40 m. It is apparent that as S increases, the pitch response of the structure decreases, indicating the effectiveness of the model test.





3.2. Effects of Depths


The RAOs of Model 1 in the surge, heave, and pitch directions at different water depths with a draft of 0.06 m are shown in Figure 6. The surge and heave acceleration, as well as pitch angle, all reach their maximum amplitude near the resonance period. When comparing Figure 6a,c, the trends between the surge and pitch directions are similar. The maximum amplitude increases with increasing water depth. However, the change in water depth from 30 m to 40 m is significantly greater than the change from 20 m to 30 m. This is due to the limited flow rate under the structure in shallower water, resulting in an increase in velocity and a decrease in pressure at the bottom of the structure. This leads to an increase in the draft of the structure, causing it to sink further. The added mass of surge motion and the added moment of inertia of pitch motion tend to increase, causing a decrease in surge acceleration and pitch angle in shallower water.



Figure 6b shows three extreme values of heave acceleration within the measured period range. The period range and extreme values show a downward trend with increasing water depth. This can be attributed to two reasons. First, the incremental draft caused by the “shallow water effect” is reduced in deeper water. Second, the pressure difference between the inside and bottom of the bucket foundation increases, resulting in a greater amount of water entering and exiting the bottom of the structure. This increases the added mass of heave motion and reduces the heave acceleration. Additionally, the interaction between the buckets improves the oscillating characteristics of heave motion due to the narrower spacing of the buckets.



The RAOs of Model 2 in the surge, heave, and pitch directions at different water depths with a draft of 0.06 m are shown in Figure 7. Similar to Model 1, the surge and heave acceleration, as well as the pitch angle, all reach their maximum amplitudes near the resonance period. However, as the water depth increases, the maximum amplitudes of surge and heave acceleration, as well as pitch angle, first decrease and then increase. Additionally, the resonance periods for surge and pitch motion become longer, while the resonance period for heave motion becomes shorter. The reason is that the “shallow water effect” is weakened with wider spacing of the bucket and in deeper water. As a result, the pressure difference between the inside and bottom of the bucket foundation increases, leading to an increase in the stiffness of heave motion and a corresponding increase in the resonance frequency as the water depth increases.



The RAOs of Model 3 in the surge, heave, and pitch directions at different water depths with a draft of 0.06 m are shown in Figure 8. Similar to Models 1 and 2, the surge and heave acceleration, along with the pitch angle, reach their maximum amplitudes near the resonance period. The resonance period of heave motion becomes shorter with increasing water depth. However, despite the fact that the maximum amplitudes of surge and heave acceleration, as well as the pitch angle, decrease initially and then increase, the maximum amplitude appears at a water depth of 20 m instead of 40 m. As is well known, the wider the spacing, the greater the moment of inertia of pitch motion. Additionally, it can be observed from Figure 5, Figure 6 and Figure 7 that the “shallow water effect” is weakened and the hydrodynamic interaction between buckets decreases, resulting in a decrease in the response amplitude and oscillating characteristics of the structure’s motion with wider spacing. In other words, increasing the spacing between buckets improves the motion characteristics of the multi-bucket foundations.




3.3. Effects of Drafts


The RAOs of Model 1 in the surge, heave, and pitch directions at different drafts with a water depth of 0.2 m are shown in Figure 9. The maximum amplitudes of surge acceleration and pitch angle increase with an increase in draft. Additionally, the amplitude changes from a draft of 0.06 m to 0.07 m are greater than those from a draft of 0.05 m to 0.06 m. This is due to the increase in wave forces in the surge and pitch directions as the draft increases. However, the maximum amplitude of heave acceleration decreases as the added mass and damping of heave motion increase with a larger draft.



The RAOs of Model 2 in the surge, heave, and pitch directions at different drafts with a water depth of 0.2 m are shown in Figure 10. One notable difference between Model 1 and Model 2 is that the maximum amplitudes of surge and heave acceleration, as well as pitch angle, decrease with increasing draft. This can be attributed to the increase in added mass and added moment of inertia as the draft increases. Additionally, the hydrodynamic interaction between buckets is weakened and the wave force is decreased with larger spacings. As a result of the increased added mass and added moment of inertia in the heave and pitch directions, the resonance periods of heave and pitch motion also increase with larger drafts.



The RAOs of Model 3 in the surge, heave, and pitch directions at different drafts with a water depth of 0.2 m are shown in Figure 11. The resonance periods in the surge, heave, and pitch directions are all around 0.7 s. Similar to Model 2, as the draft increases, the maximum amplitudes of surge acceleration and pitch angle decrease. However, the maximum amplitude of heave acceleration increases slightly. Due to the fact that the primary masses involved in the heave motion are the structure’s mass and the water inside the buckets, the primary masses at drafts of 0.05 m, 0.06 m, and 0.07 m are 4.72 kg, 5.66 kg, and 6.61 kg, respectively. According to reference [41], the coefficient 1.2 can be considered the lower limit for a large draft, while 1.6 can be considered the upper limit for a small draft. For drafts of 0.05 m, 0.06 m, and 0.07 m, the added mass coefficients are 1.6, 1.4, and 1.2, respectively, resulting in masses involved in heave motion of 7.552 kg, 7.924 kg, and 7.932 kg. Figure 11a,c indicates that the pitch angle remains relatively constant at draft levels of 0.06 m and 0.07 m, while the surge motion shows a decreasing trend. This leads to a decrease in the mass of water entering and exiting the buckets, resulting in reduced damping and an increase in the heave acceleration of the structure. When compared to Model 1, Model 2, and Model 3, the trend of surge motion is consistent with pitch motion. The surge force appears to be the most important factor influencing pitch moment and motion. Additionally, as the spacing increases, the interaction between the buckets and the structure’s wave forces and hydrodynamic coefficients gradually decreases, resulting in a loss of oscillating motion response.





4. Conclusions


In this paper, physical model tests were conducted to investigate the motion responses characteristics of AFTBF, and the influence of different parameters on the RAOs in surge, heave and pitch directions was revealed. The main conclusions are as follows.



	(1)

	
The results of wave tests with different water depths indicated that the maximum amplitudes of surge acceleration and pitch angle increase with narrower spacing while first decrease and then increase with wider spacing. The oscillating characteristics of heave acceleration are weakened due to the hydrodynamic interaction between buckets in deeper water and with wider spacing.




	(2)

	
The surge motion appears to be the most important factor influencing pitch motion, whether it is a change in water depth or a draft for AFTBF. The maximum amplitudes of surge acceleration and pitch angle show a trend of increasing with narrower spacing and decreasing with wider spacing, while the heave acceleration shows the opposite trend.




	(3)

	
The added mass and damping of heave motion for AFTBF increase with shallower water due to the increasing pressure difference between the inside and bottom of the bucket foundation. The shallower the water depth and the larger the draft, the longer the resonance period of heave.







However, the interaction between waves and air-floating multi-bucket foundations has not been fully explored and developed in this research. Firstly, the similarity ratio was 1:100, but the scale effect on the RAOs was not investigated. Secondly, only the RAOs between regular waves with a common range of periods and the AFTBF were investigated, while those of irregular waves and AFTBF were not. Thirdly, only a constant D/H of 2 was considered in this study, while other D/H as well as d/H ratios were not investigated.



According to abovementioned limitations, further research should be carried out in the future: (1) the scale effect on the data correction should be studied, as the atmosphere is constant during tests; (2) the motion characteristics between irregular waves and air floating multi-bucket foundations should be investigated; (3) The effect of various D/H and d/H ratios on air floating multi-bucket foundation should be studied.
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Figure 1. Prototype 1 and Model 1 of AFTBF with 0.5 D spacing: (a) Prototype 1; (b) Model 1. 






Figure 1. Prototype 1 and Model 1 of AFTBF with 0.5 D spacing: (a) Prototype 1; (b) Model 1.
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Figure 2. Prototype 2 and Model 2 of AFTBF with 1.0 D spacing: (a) Prototype 1; (b) Model 2. 






Figure 2. Prototype 2 and Model 2 of AFTBF with 1.0 D spacing: (a) Prototype 1; (b) Model 2.
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Figure 3. Prototype 3 and Model 3 of AFTBF with 1.5 D spacing: (a) Prototype 3; (b) Model 3. 






Figure 3. Prototype 3 and Model 3 of AFTBF with 1.5 D spacing: (a) Prototype 3; (b) Model 3.
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Figure 4. Schematic of the experimental setup. 






Figure 4. Schematic of the experimental setup.
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Figure 5. RAOs for Models with different S: (a) Water depth = 30 m; (b) Water depth = 40 m. 






Figure 5. RAOs for Models with different S: (a) Water depth = 30 m; (b) Water depth = 40 m.
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Figure 6. RAOs for Model 1 with different depths: (a) Surge; (b) Heave; (c) pitch. 
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Figure 7. RAOs for Model 2 with different depths: (a) Surge; (b) Heave; (c) pitch. 






Figure 7. RAOs for Model 2 with different depths: (a) Surge; (b) Heave; (c) pitch.



[image: Jmse 12 00187 g007]







[image: Jmse 12 00187 g008] 





Figure 8. RAOs for Model 3 with different depths: (a) Surge; (b) Heave; (c) pitch. 






Figure 8. RAOs for Model 3 with different depths: (a) Surge; (b) Heave; (c) pitch.
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Figure 9. RAOs for Model 1 with different drafts: (a) Surge; (b) Heave; (c) pitch. 






Figure 9. RAOs for Model 1 with different drafts: (a) Surge; (b) Heave; (c) pitch.
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Figure 10. RAOs for Model 2 with different drafts: (a) Surge; (b) Heave; (c) pitch. 






Figure 10. RAOs for Model 2 with different drafts: (a) Surge; (b) Heave; (c) pitch.
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Figure 11. RAOs for Model 3 with different drafts: (a) Surge; (b) Heave; (c) pitch. 
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Table 1. Main parameters of models.






Table 1. Main parameters of models.





	
Items

	
D (m)

	
H (m)

	
S (m)

	
Mb

(kg)

	
Mg

(kg)

	
Mc

(kg)

	
Moment of Inertia (kg·m2)

	
Gravity Center of Structure above O (m)




	
Jx

	
Jy






	
Model 1

	
0.2

	
0.1

	
0.1

	
1.665

	
0.738

	
0.047

	
3.23 × 10−2

	
3.23 × 10−2

	
(0.0, −0.0241)




	
Model 2

	
0.2

	
0.1

	
0.2

	
1.665

	
0.738

	
0.094

	
5.29 × 10−2

	
5.29 × 10−2

	
(0.0, −0.0237)




	
Model 3

	
0.2

	
0.1

	
0.3

	
1.665

	
0.738

	
0.143

	
8.09 × 10−2

	
8.09 × 10−2

	
(0.0, −0.0234)











 





Table 2. Main parameters of prototypes.






Table 2. Main parameters of prototypes.





	
Items

	
D (m)

	
H (m)

	
S (m)

	
Mb

(t)

	
Mg

(t)

	
Mc

(t)

	
Moment of Inertia (kg·m2)

	
Gravity Center of Structure above O (m)




	
Jx

	
Jy






	
Prototype 1

	
20

	
10

	
10

	
1665

	
738

	
47.1

	
3.23 × 108

	
3.23 × 108

	
(0.0, −2.41)




	
Prototype 2

	
20

	
10

	
20

	
1665

	
738

	
94.2

	
5.29 × 108

	
5.29 × 108

	
(0.0, −2.37)




	
Prototype 3

	
20

	
10

	
30

	
1665

	
738

	
141.3

	
8.09 × 108

	
8.09 × 108

	
(0.0, −2.34)











 





Table 3. Experimental test conditions.






Table 3. Experimental test conditions.





	
d (m)

	
Period (s)

	
L (m)

	
L/S




	
Model 1

	
Model 2

	
Model 3






	
0.20

	
0.5~1.5

	
0.38~1.98

	
1.52~7.92

	
1.27~6.60

	
1.09~5.66




	
0.30

	
0.5~1.5

	
0.39~2.35

	
1.56~9.40

	
1.30~7.83

	
1.11~6.71




	
0.40

	
0.5~1.5

	
0.39~2.62

	
1.56~10.48

	
1.30~8.73

	
1.11~7.49
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