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Abstract

:

Deep-sea floating platforms are one of the most important large structures for ocean energy exploitation. A new energy-absorbing device named S-shaped Tuned Liquid Column Damper (TLCD) has been invented for the suppression of the horizontal motion and vertical in-plane rotation of a deep-sea floating platform. A conventional tuned liquid column damper has a U-shaped water tunnel to absorb the excessive energy of the main structure. The application of U-shaped dampers in deep-sea floating platforms is difficult due to the restriction of a large horizontal length. A novel S-shaped damper is proposed to retain the same amount of liquid using a shorter S-shaped tunnel. Theoretical and experimental works are conducted and prove that an S-shaped damper needs less than half the horizontal length to provide the same suppression as a U-shaped damper. A coupling calculation model is proposed and followed by the sensitivity analysis. The study demonstrates the applicability of the novel S-shaped damper for the motion suppression in deep-sea floating platforms.
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1. Introduction


The scale of ocean energy exploitation has expanded considerably in the recent years [1,2,3]. Deep-sea floating platforms are some of the most important large structures for ocean energy exploitation. These platforms include Tension Leg Platforms (TLP), semi-submersible platforms and Spar platforms. Dynamic responses due to the wind and wave effects need to be considered for a safe design [4]. The combined action from both wind and wave effects leads to a large amplitude of vibration on the ocean platform [5,6]. Vibration is the main detrimental effect that reduces the safety and fatigue life of a deep-sea platform. In high-rise buildings, energy-absorbing devices are commonly being used to reduce the structural vibration by absorbing the excessive kinetic energy within the structure. This successful application may be transferable to solve the vibration problem in a floating platform, however, the natural period and motion amplitude are unique kinetic properties that exist in a floating platform and not in a high-rise building. Horizontal motion, vertical motion and vertical in-plane rotation due to vibration are the main situations to be prevented in a floating platform.



Vibration in a floating platform can be reduced by using active or passive controls [7,8]. Researchers have proposed various devices to control the vibration of a floating platform. Vibration-induced vertical motion of TLPs can be balanced by using absorbers with air springs [9,10,11]. Zhu et al. [12] and Ou et al. [13] proposed the Moveable Heave Plate (MHS) to simulate the mooring damping system to suppress the heave motion of a semi-submersible platform. Taflanidis et al. [14,15] designed multi-mass dampers to control the coupled heave and pitch dynamic responses of TLPs by using a simulation-based method. Fischer et al. [16] demonstrated the technical feasibility of using thrusters to mitigate Vortex Induced Motions (VIM) in spar platforms.



Previous research has focused on the suppression of heave motion and vertical in-plane rotation, but rarely the surge and sway motion discussed. The surge and sway motion is difficult to suppress with dampers. Deep-sea floating platforms are compliant platforms with flexible construction. The mooring pattern of the platform may not be able to restrict the platform’s plane motions of surge and sway, which have a long period and high amplitude. Limited research has discussed the Multi Degree of Freedom (MDOF) motion suppression of offshore floating platforms. The deep-sea floating platform has a complicated 6-dof motion in the ocean. Dampers are sometimes used to suppress one degree of freedom and this has a complicated influence on other degrees of freedom, so it is hard to achieve the MDOF motion suppression of a deep-sea floating platform.



Lee et al. [17,18] were the first to applied the Tuned Liquid Column Damper (TLCD) to migrate the vibration of surge and sway motions on floating platforms with experimental validation. TLCD is a type of passive control damping device, which is effective at suppressing the horizontal motion and vertical in-plane rotation. TLCD can utilize the resonance of a liquid column caused by external excitation to absorb the excessive energy of the main structure. The improvements of damper geometry and the working liquid in the devices provides better applications and safety for ocean structures. TLCD can be adapted into the existing devices on a platform including oil containers and water containers. However, the dynamic characteristics of a deep-sea floating platform restrict the application of conventional TLCDs. The natural period of the platform and the excitation period in deep seas are usually very long. A conventional TLCD used to suppress large period vibrations has a long horizontal length, larger than that of an offshore floating platform, therefore a shorter TLCD is required for application on a floating platform. In addition, regular TLCDs may increase the amplitude of the heave vibration and have a detrimental effect on safety and fatigue life, which is contrary to the original design intention.



This paper presents a novel S-shaped tuned liquid column damper used to suppress the horizontal motion and vertical in-plane rotation on a deep-sea floating platform. This damper is flexible so it can be installed on a deep-sea floating platform.




2. Novel S-Shaped TLCD


Passive control is usually used to suppress the vibration of structures by dissipating and absorbing the excessive energy [19]. The tuned liquid column damper (TLCD) is a passive control damper with a U-shaped water tunnel. A TLCD has two vertical columns connected to a horizontal tunnel to form a U-shaped device. The U-shaped damper is normally filled with water to absorb the vibration. Previous researchers proposed different kinds of TLCDs for offshore ocean structures. Huo and Li [20] analysed the performance of a circular TLCD in suppressing the torsion-induced vibration of an offshore platform. Mousavi et al. [21,22] evaluated the effectiveness of a Tuned Liquid Column Gas Damper (TLCGD) in the suppression of seismic-induced vibrations of steel jacket platforms. TLCD was also applied to floating wind turbines to reduce the vibration resulting from the wind and wave forces [23,24,25,26].



The motion suppression device described in this paper is in principle applicable to various kinds of deep-sea floating platforms. A tension leg platform (TLP) is used as an example throughout this study. Tension leg platforms are a kind of vertical mooring compliant platform, whose natural surge and sway period is above 100 s [27]. The horizontal motion with large amplitude in severe sea conditions could shorten the fatigue life of the tension leg and reduce the safety of the platform. When a TLP with 80 m × 80 m worktable interacts with ocean waves with a period of 20 s, the installation of a TLCD with the same period is suggested to suppress the horizontal motion. The total vertical length of the required U-shaped TLCD is above 200 m and its horizontal length is between 120 m and 150 m, which is larger than the size of the platform. U-shaped TLCDs were not designed to be used in deep-sea floating platforms.
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Figure 1. Schematic diagram for an S-shaped TLCD. 
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An S-shaped TLCD is proposed to suppress the horizontal motion of a deep-sea floating platform. The horizontal portion has one or more S-shaped tubes with a shorter horizontal length compared to the U-shaped tube for the same amount of liquid, as shown in Figure 1. For the above TLP example, an S-shaped TLCD requires only half of the horizontal length (60 m) rather than 120–150 m for a U-shaped TLCD. The size of the S-shaped TLCD is smaller than that of the platform and this makes it applicable to deep-sea floating structures such as Spar platforms, semi-submersible platforms and wind turbines.




3. Theoretical Study


An S-shaped TLCD includes an L-shaped column, linear type column and U-shaped column as shown in Figure 1. The total length of the liquid column Ld and the horizontal length Lh are expressed in Equations (1) and (2) as:


    L h  = 2  (   B 1  +  B 2   )    



(1)






    L d  = 2  (   B 1  +  B 2  + 2  B 3  +  B 4  +  H v   )    



(2)







The motion equation of an S-shaped TLCD can be established by the Lagrange equation and energy method is expressed in Equation (3) as:


    d  d t    [    ∂  (  T − U  )    ∂   q ˙  i     ]  −  ∂  ∂  q i     (  T − U  )  =  Q i    



(3)




where T is kinetic energy; U is potential energy; Qi is external force; qi is virtual displacement. The kinetic energy of this system is expressed in Equation (4) as:


     T =  1 2   ρ d   (  h − H  )  A   H ˙  2  +  1 2   ρ d   (  h + H  )   A d    H ˙  2  +  1 2   ρ d  2  B 4   A d   (    H ˙  2  +   x ˙  2   )      +  1 2   ρ d  2  B 3   A d    (   x ˙  −  H ˙   )  2  +  1 2   ρ d  2  (   B 1  +  B 2  +  B 3   )   A d    (   x ˙  +  H ˙   )  2  +  1 2   M s    x ˙  2      



(4)




where x is the horizontal displacement of main structures; H,    H ˙    are the displacement and velocity of the liquid in the vertical tube, respectively. On the right hand side of the equation, the first, second and the third term are the kinetic energy of vertical liquid columns; the fourth and fifth term are the kinetic energy of the horizontal liquid columns; and the sixth term is the kinetic energy of the main structure.



The potential energy of this system is expressed in Equation (5) as:


   U =    ∫   H  v r       ρ d  g z    d V +    ∫   H  v l       ρ d  g z    d V +  1 2   K s    x ˙  2  =  1 2   ρ d  g  A d     (  h − H  )   2  +  1 2   ρ d  g  A d     (  h + H  )   2  +  1 2   K s   x 2    



(5)




where h is the average height of the water surface of the two vertical columns.



After substituting Equations (4) and (5) into Equation (3), the 2-DOF motion equations of the S-shaped TLCD fluid column and the main structure are given in Equations (6) and (7) as follows:


    ρ d   A d   L d   H ¨  +  1 2   ρ d   h d   |  H ˙  |   H ˙  + 2  ρ d  g  A d  H = −  ρ d   L h   A d   x ¨    



(6)






    (   M s  +  ρ d   A d   L d   )   x ¨  +  C s   x ˙  +  K s  X = F  ( t )  −  ρ d   A d   L h   H ¨    



(7)







It is seen from the above principle equation that the natural period of the S-shaped damper is similar with the regular one, expressed as    T = 2 π      L d    2 g       . Compared with a regular TLCD of the same total length of liquid column, an S-shaped TLCD reduces part of the horizontal length.



In the above analysis, the S-shaped TLCD has a simple form. The number of every type of column used in the device depends on the practical application requirements. If an S-shaped TLCD includes m S-shaped columns and n linear type columns, the total length of the liquid column is Ld and the effective horizontal length is Lh which are expressed in Equation (8) as:


    L h  = 2  B 1  + n  B 2     L d  = 2  B 1  + 2  L v  + n  B 2  + 4 m  B 3  + 2 m  B 4    



(8)




where the total mass of liquid in device is md; the density of liquid is ρd; the acceleration of gravity is g; the cross-sectional area of liquid column is Ad; the head loss coefficient is hd; the mass of the main structure is Ms; the damping of main structure is Cs; the total stiffness of main structure is Ks; the external excitation is F(t); t the vertical length is Lv, the horizontal length of the L-shaped column is B1; the length of the linear type column is B2; half the length of one side of the S-shaped column is B3; and the lateral length of the S-shaped column is B4.




4. Experimental Investigation


An experimental study is conducted to verify the accuracy of the principle of the novel S-shaped TLCD. A vibration test system is designed with features of the large amplitude motion simulation, low-frequency performance and force control function. Physical models of regular and S-shaped TLCDs are also made, as shown in Figure 2 and Figure 3, respectively.





[image: Energies 08 00111 g002 1024] 





Figure 2. Regular TLCD No. 1. 
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Figure 3. S-shaped TLCD. 
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The S-shaped TLCD in Figure 3 is the simplest form with two U-shaped columns. The shaking table (natural period is 1.9 s) in the experiments produces a large amplitude motion. The response of the shaking table with or without dampers is presented in Figure 4 with different frequency ratios of excitation and shaking table.
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Figure 4. Experimental and calculated vibration amplitude results. 






Figure 4. Experimental and calculated vibration amplitude results.
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The test is used to simulate the vibration in the deep-sea environment. The shaking table produces a large amplitude with 1.9 s of natural period. The S-shaped TLCD (in Figure 3) is used with the same natural period as the shaking table. Regular TLCD No. 1 (in Figure 2) has the same horizontal length and vertical height as the S-shaped TLCD. Both the S-shaped TLCD and Regular TLCD No. 1 are installed with an orifice plate. The plate has an opening rate of 0.6 under the external excitation. The numerical results from the regular TLCD were named Regular TLCD No. 2 with the same natural period of the shaking table, as shown in Figure 4. The head loss coefficient of Regular TLCD No. 2 is 14. According to [28], this is equivalent to the orifice plate with an opening rate of 0.4. The head loss coefficient of S-shaped TLCD is 6.5, which is equivalent to the orifice plate with a 0.6 opening rate.



The experimental results of the S-shaped TLCD agree with the calculated values. The vibration amplitude decreases by 27.5% from 60 cm to 43.5 cm using a S-shaped TLCD. Regular TLCD No. 1 has no vibration reduction effect. The S-shaped TLCD is an effective damper to suppress horizontal motion with a shorter horizontal length. The range of vibration control for the S-shaped TLCD and regular TLCD are basically the same. In addition, an S-shaped TLCD adds more damping than a regular TLCD for the same natural period. The flexible adjustment of the horizontal length and a smaller size of S-shaped tube provide a better solution to suppress vibrations with large period.




5. Coupling Calculation Model


The kinetic characteristics including natural period and amplitude are different for each degree of freedom in a floating platform, which increases the complication of suppression. Not only is it difficult for the damping device to suppress all motions resulting from the different degrees of freedom, but also the suppression of each degree influences the others. A numerical model of TLCDs with a 6-dof tension leg platform is established to analyse the feasibility of the S-shaped TLCD on a TLP and to explore the performance of each degree of freedom.



In recent years, TLCD improvements have been made to enhance the applicability and the damping effect. Hitchcock et al. [29,30] and Gao et al. [31] optimised the original TLCD by varying the cross section to overcome the narrow frequency band. In addition, the V-shaped TLCD had been designed to strengthen the vibration suppression. A dynamic equation of a TLCD of general shape was derived by Hochrainer [32] utilising the extended Bernoulli equation. Min et al. [33] proposed a tuned liquid mass damper for bidirectional control of the wind responses of a building in orthogonal directions. Improvement for a regular damper has been made in our calculation mode, which are: (1) the vertical column is inclined with respect to the horizontal column with an arbitrary angle; (2) the cross section of the vertical column and horizontal column of this device can vary.



Figure 5 shows the basic layout of a motion suppression system using multiple S-shaped TLCDs on a TLP. The vertical column usually has a large space over the liquid to facilitate the oscillation of the TLCD. If an S-shaped TLCD is installed underwater near the pontoons, the hollow parts of the vertical column provide additional buoyancy. Several S-shaped TLCDs should be installed on the worktable area to offset that additional buoyancy in order to keep the tension legs’ tension stable. An S-shaped TLCD with different installation arrangements (worktable area and underwater) has been used in our calculation model. Two S-shaped TLCDs in one plane should be placed symmetrically around the platform diagonal with any angle to have a good suppression effect on both surge and sway. When the platform shifts in every degree of freedom, the kinetic energy of the S-shaped TLCD and tension leg platform are respectively expressed by Equations (9) and (10) (detailed formulae are presented in Appendix 1):


    T  T L C D   =  T  r i g h t   vertical column   +  T  l e f t   vertical column   +  T  h o r i z o n t a l   c o l u m n     



(9)






    T  p l a t f o r m   =  1 2   M 1     X ˙  1  2  +  1 2   M 2     X ˙  2  2  +  1 2   M 3     X ˙  3  2  +  1 2   M 4     X ˙  4  2  +  1 2   M 5     X ˙  5  2  +  1 2   M 6     X ˙  6  2    



(10)







The potential energy of the S-shaped TLCD and tension leg platform are respectively expressed in Equations (11) and (12) (detailed formulae are presented in Appendix 1):


    U  T L C D   =  U  w o r k t a b l e   +  U  u n d e r w a t e r     



(11)






    U  p l a t f o r m   =  1 2   K 1    X 1  2  +  1 2   K 2    X 2  2  +  1 2   K 3    X 3  2  +  1 2   K 4    X 4  2  +  1 2   K 5    X 5  2  +  1 2   K 6    X 6  2    



(12)
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Figure 5. S-shaped TLCDs installed on a tension leg platform. 






Figure 5. S-shaped TLCDs installed on a tension leg platform.



[image: Energies 08 00111 g005]





The coupled motion equations of the S-shaped TLCD and TLP can be established by the Lagrange equation and energy method. The oscillation amplitude of the S-shaped TLCD on a TLP may be up to several meters, which is much larger than the amplitude of the surge, sway and heave motions. Therefore, the higher order terms referring to oscillation amplitude can be retained, but on the other hand, the higher order terms concerning the amplitude of surge, sway and heave can be neglected. The coupled motion equations are expressed in Equations (13)–(19) (detailed formulae are given in Appendix 1):


    M   X 1      X ¨  1  +  M   X 1  H     X ¨  1  +  K   X 1     X 1  + C   X ˙  1  +    f   X 1     (   X 5     X 6      H i   )  = F    ( t )     X 1      



(13)






    M   X 2      X ¨  2  +  M   X 2  H     X ¨  2  +  K   X 2     X 2  + C   X ˙  2  +  f   X 2     (   X 4      X ˙  6     H i   )  = F    ( t )     X 2      



(14)






    M   X 3      X ¨  3  +  M   X 3  H     X ¨  3  +  K   X 3     X 3  + C   X ˙  3  +  f   X 3     (   X 4     X 5     H i   )  = F    ( t )     X 3      



(15)






    M   X 4      X ¨    X 4    +  M   X 4  H     X ¨    X 4    +  K   X 4     X   X 4    +  C   X 4      X ˙  4  +  f   X 4     (   X 2     X 3     X 5     X 6    H  )    +  f  U  X 4     (   X 4     X 5     X 6    H  )  = M    ( t )     X 4      



(16)






    M   X 5      X ¨    X 5    +  M   X 5  H     X ¨    X 5    +  K   X 5     X   X 5    +  C   X 5      X ˙  5  +  f   X 5     (   X 1     X 3     X 5     X 6    H  )  +  f  U  X 5     (   X 4     X 5     X 6    H  )  = M    ( t )     X 5      



(17)






    M   X 6      X ¨    X 6    +  M   X 6  H     X ¨    X 6    +  K   X 6     X   X 6    +  C   X 6      X ˙  6  +  f   X 6     (   X 1     X 2     X 4     X 5    H  )  +  f  U  X 6    = M    ( t )     X 6      



(18)






    M   H i      H ¨  i  +  1 2  ρ η  ν 2   A h   |    H ˙  i   |    H ˙  i  +  f   H i     (    X ¨  1      X ¨  2      X ¨  3      X ˙  4      X ¨  4      X ˙  5      X ¨  5   )  +  f  U  H i     (   X 4     X 5     H i   )  = 0    (  i = 1 , 2 , 3 , 4  )    



(19)







The results obtained by the model experiment and numerical calculation (the input parameters being that of the model) are well matched, as mentioned in Section 4. This validates the coupling calculation model. If the full scale system is to be investigated, the coupling calculation model can be used with the full scale parameters.




6. Sensitivity Analysis


Researchers have analysed the characteristic parameters of vibration suppression with TLCDs and formulated optimisation design methods for high-rise building [34,35,36]. None of research has referred to a solution for deep-sea floating platforms and the impact analysis of the characteristic parameters of TLCDs applied on deep-sea floating platforms. In this study, selection criteria of motion suppression systems on TLPs are proposed based on the analysis of its key parameters for a TLP. With the help of the calculation model and experimental design form [36,37], the numerical orthogonal test analysis has been performed with the seven factors listed in Table 1. Every level is chosen according to the experience in computation and the actual situation. A large number of numerical simulations are carried out based on two orthogonal design tables with different wave period (a detailed table is provided in Appendix 2).



The seven factors are the inclination of vertical liquid column (x1) (β in Figure 5), the length ratio of horizontal liquid column and vertical liquid column (x2), the ratio of horizontal length and total horizontal length (x3), the depth of underwater installation (x4), the cross-section ratio of vertical liquid column and horizontal liquid column (x5), the angle between the incident wave and the S-shaped TLCD (x6) (γ in Figure 5) and the head loss coefficient (x7).
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Table 1. Selection of factors in numerical orthogonal test.







Table 1. Selection of factors in numerical orthogonal test.







	
Factor

	
Level 1

	
Level 2

	
Level 3

	
Level 4

	
Level 5

	
Level 6

	
Level 7






	
x1 (°)

	
60

	
70

	
80

	
90

	
100

	
110

	
120




	
x2

	
2.0

	
2.33

	
2.67

	
3.0

	
3.33

	
3.67

	
4.0




	
x3

	
0.52

	
0.6

	
0.68

	
0.76

	
0.84

	
0.92

	
1




	
x4 (m)

	
0

	
4

	
8

	
12

	
16

	
20

	
24




	
x5

	
0.8

	
1.0

	
1.2

	
1.4

	
1.6

	
1.8

	
2.0




	
x6 (°)

	
3.5

	
10.4

	
17.3

	
24.2

	
31.2

	
38.1

	
45




	
x7

	
1.0

	
1.78

	
3.16

	
5.62

	
10.0

	
17.78

	
31.62









Except for some basic parameters of TLCDs in high-rise building such as x2 and x7, some specific parameters of S-shaped TLCDs caused by the actual working conditions have been added to the analysis such as x4, x6. For example, x4 can change the wave force acting on the platform, which affects the suppression effect of the pitch and roll on the TLP. In addition, x3 is the characteristic parameter for distinguishing an S-shaped TLCD from a regular one. Some factors representing for the improvement of the S-shaped TLCD must also be investigated such as x1, x5. During the analysis, the excitation force due to incident waves is always from 45 degrees to an axis of symmetry on the TLP, so the effect of the suppression system on yaw is not considered. The quality and period of the S-shaped TLCD are not changed in this analysis, respectively. The structural data of the TLP is chosen according to [4].



Figure 6 shows the results of range analysis for the responses of surge, sway, heave and pitch. It is seen that the range analysis results with different period are basically the same. The term x5 has the biggest influence on the response of every degree of freedom among the seven factors, especially in surge sway and heave. The term x3 also has more influence on the motion suppression of every degree of freedom. The term x2 has a slightly larger effect on the response of translational degrees of freedom such as surge, sway, and heave, while x3 has some impact on the response of heave, roll and pitch. The influence of other factors can be neglected. Further analysis is undertaken on those factors with significant influence by comparing the mean amplitude with a wave period T = 12 s. Figure 7, Figure 8, Figure 9 and Figure 10 show the motion amplitude of every degree of freedom as a function of the cross-section ratio of the vertical liquid column and horizontal liquid column (x5), the ratio of horizontal length and total horizontal length (x3), the inclination of the ertical liquid column (x1), and the length ratio of the horizontal liquid column and vertical liquid column (x2).





[image: Energies 08 00111 g006 1024] 





Figure 6. Range analysis of surge, sway, heave, pitch, roll for (a) surge, sway; (b) heave; (c) roll, pitch. 
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Figure 7. Comparison of responses for x5 for (a) surge, sway; (b) heave; (c) roll, pitch. 
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Figure 8. Comparison of responses for x3 for (a) surge, sway; (b) heave; (c) roll, pitch. 
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Figure 9. Comparison of responses for x1 for, (a) heave; (b) roll, pitch. 






Figure 9. Comparison of responses for x1 for, (a) heave; (b) roll, pitch.
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Figure 10. Comparison of responses for x2 for (a) surge, sway; (b) heave. 






Figure 10. Comparison of responses for x2 for (a) surge, sway; (b) heave.
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In Figure 7, the optimal suppression effect on the response surge and sway can be obtained with x5 = 1.0. In other words, the S-shaped TLCD with uniform cross section has the best suppression effect, which is different from the result of a regular TLCD [34]. Only when the cross-section ratio is greater than 1.4, can S-shaped TLCDs simultaneously suppress the response of every degree of freedom. There is a reciprocal relationship between surge, sway and heave for suppression effects in the range of x5 = 1.4 to x5 = 2.0. When the suppression effect on surge and sway reduces from 21% to 13%, the heave increases its suppression effect by 35%. It is demonstrated that the total dissipated energy for translational degrees of freedom may not increase by changing the factor x5, but it can change the proportion of dissipated energy for surge, sway and heave. The factor x5 has almost the same influence on an S-shaped TLCD and a regular TLCD by comparing with [38]. The motion suppression system maintain a relatively stable suppression effect on the response of pitch and roll over x5 = 1.4.



The factor x3 is the characteristic parameter for distinguishing an S-shaped TLCD from a regular one. As shown in Figure 8, an S-shaped TLCD can be changed into a regular TLCD at x3 = 1. For surge and sway, the suppression effect jumps between 13% and 22% with the change of x3. The suppression effect on pitch and roll is stable at 30%, when x3 varies from 0.7 to 0.9. After that, it sharply increases and reaches 45% at x3 = 1.0. However, Figure 8b shows that the heave response is in a state of deterioration. The deterioration effect of the heaving response is maintained between 3% and 7% at x3 = 0.5–0.9 and it exceeds 15% at x3 = 1.0. The results demonstrate that an S-shaped TLCD has a smaller deteriorating effect. In general, though an S-shaped TLCD has less motion suppression effect than a regular TLCD for pitch and roll, the deteriorating effect on the heaving response can be controlled within an acceptable limit by an S-shaped TLCD. Hence, this is another advantage for an S-shaped TLCD installed on a TLP.



As shown in Figure 9, only when the inclination exceeds 105°, can an S-shaped TLCD have a suppression effect on the heave motion. The motion suppression effect on pitch and roll gradually declines with the increase of x1. After the inclination exceeds 100°, the suppression effect increases slightly. Based on the observations of Figure 9, selecting an inclination from 90° to 100° is sensible, which not only ensures a stable suppression effect on the pitch and roll response, but also has smaller negative impacts on the heave response. If an S-shaped TLCD is needed to suppress the motion of every degree of freedom, the inclination of the vertical liquid column can be chosen near 120°. Figure 10 shows the factor x2 can make an S-shaped TLCD change the energy transmission relationship between surge, sway and heave.



In conclusion, the study demonstrates the applicability of the novel S-shaped damper for motion suppression in deep-sea floating platforms. The S-shaped damper needs less than half of the horizontal length to provide the same suppression as a regular U-shaped damper. Though the S-shaped TLCD has less motion suppression effect than a regular TLCD for pitch and roll, the deteriorating effect on the heaving response can be controlled within acceptable limits. This is another advantage for installing S-shaped TLCDs on TLPs.




7. Conclusions


This study proposes an effective energy-absorbing S-shaped TLCD device. This system can improve the safety and fatigue life of TLPs by mitigating the large amplitude vibration of deep-sea floating platforms. Theoretical, experimental and coupling calculation models were used to validate the S-shaped TLCD. The main findings are:

	
The S-shaped TLCD is suitable for suppressing the horizontal motion and vertical in-plane rotation of main structures with large inherent periods by using the method of energy absorption. An S-shaped TLCD can function with a substantially shorter horizontal length compared to a conventional U-shaped TLCD. The short effective horizontal length makes the S-shaped TLCD easier to install on TLPs.



	
A coupling calculation model capable of analyzing the dynamic responses of TLPs with S-shaped TLCDs is established. Various factors contributing to the improvements of TLCDs such as the inclination of the vertical liquid column, the cross-section ratio of the vertical liquid column and horizontal liquid column are considered.



	
The sensitivity analysis finds:

	(a)

	
The cross-section ratio of the vertical liquid column and horizontal liquid column (x5) has the biggest influence on the response of every degree of freedom among seven factors;




	(b)

	
The ratio of effective horizontal length and horizontal length (x3) also has a big influence on the response of every degree of freedom;




	(c)

	
The length ratio of the horizontal liquid column and vertical liquid column (x2) has some influence on the surge, sway and heave response, the same as the inclination of vertical liquid column (x1) for the heave, pitch and roll response.









	
A S-shaped TLCD with uniform cross section has the best suppression effect on the surge and sway response. Selection criteria for motion suppression systems on TLPs are also proposed based on the responses of each degree of freedom.
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Appendix 1


The kinetic energy of every part of an S-shaped TLCD are respectively expressed as:


      T  l e f t   v e r t i c a l   c o l u m n   =  1 2  ρ  A v      ∫ 0   L v  − H     (    X ˙  1  +  H ˙  cosβcos  α 1  +   X ˙  5   (  e + l  )  sinβ +   X ˙  6   (     L h   2  + l cosβ  )  sin  α 1   )     2  d l        +  1 2  ρ  A v      ∫ 0   L v  − H     (    X ˙  2  +  H ˙  cosβsin  α 1  −   X ˙  4   (  e + l  )  sinβ −   X ˙  6   (     L h   2  + l cosβ  )  cos  α 1   )     2  d l        +  1 2  ρ  A v      ∫ 0   L v  − H     (  −  H ˙  sinβ +   X ˙  5   (     L h   2  + l cosβ  )  cos  α 1  −   X ˙  4   (     L h   2  + l cosβ  )  sin  α 1  +   X ˙  3   )     2  d s     



(A1)






      T  r i g h t   v e r t i c a l   c o l u m n   =  1 2  ρ  A v      ∫ 0   L v  + H     (    X ˙  1  +  H ˙  cosβcos  α 1  +   X ˙  5   (  e + l  )  sinβ −   X ˙  6   (     L h   2  + l cosβ  )  sin  α 1   )     2  d l         +  1 2  ρ  A v      ∫ 0   L v  + H     (   Y ˙  +  H ˙  cosβsin  α 1  −   θ ˙  x   (  e + l  )  sinβ +   X ˙  6   (     L h   2  + l cosβ  )  cos  α 1   )     2  d l        +  1 2  ρ  A v      ∫ 0   L v  + H     (   H ˙  sinβ −   X ˙  5   (     L h   2  + l cosβ  )  cos  α 1  +   X ˙  4   (     L h   2  + l cosβ  )  sin  α 1  +   X ˙  3   )     2  d s     



(A2)






      T  h o r i z o n t a l   c o l u m n   =  1 2  ρ  A h     ∫  −    L h   2     B 3        (  ν  H ˙  cos  α 1  +   X ˙  5  e +   X ˙  1  −   X ˙  6  l sin  α 1   )   2  d l      +  1 2  ρ  A h     ∫  −    L h   2     B 3        (  ν  H ˙  sin  α 1  −   X ˙  4  e +   X ˙  2  +   X ˙  6  l cos  α 1   )   2  d l             +  1 2  ρ  A h     ∫  −    L h   2     B 3        (    X ˙  3  −   X ˙  5  l cos  α 1  +   X ˙  4  l sin  α 1   )   2  d l             +  1 2  ρ  A h     ∫  −  B 3     B 3        (  − ν  H ˙  cos  α 1  +   X ˙  5  e +   X ˙  1  −   X ˙  6  l sin  α 1   )   2  d l    +  1 2  ρ  A h     ∫  −  B 3     B 3        (  − ν  H ˙  sin  α 1  −   X ˙  4  e +   X ˙  2  +   X ˙  6  l cos  α 1   )   2  d l             +  1 2  ρ  A h     ∫  −  B 3     B 3        (    X ˙  3  −   X ˙  5  l cos  α 1  +   X ˙  4  l sin  α 1   )   2  d l             +  1 2  ρ  A h     ∫  −  B 3       L h   2        (  ν  H ˙  cos  α 1  +   X ˙  5  e +   X ˙  1  −   X ˙  6  l sin  α 1   )   2  d l    +  1 2  ρ  A h     ∫  −  B 3       L h   2        (  ν  H ˙  sin  α 1  −   X ˙  4  e +   X ˙  2  +   X ˙  6  l cos  α 1   )   2  d l             +  1 2  ρ  A h     ∫  −  B 3       L h   2        (    X ˙  3  −   X ˙  5  l cos  α 1  +   X ˙  4  l sin  α 1   )   2  d l             +  1 2  ρ  A h     ∫  −  B 4     B 4        (  − ν  H ˙  sin  α 1  +   X ˙  5  e +   X ˙  1  −   X ˙  6  l cos  α 1   )   2  d l    +  1 2  ρ  A h     ∫  −  B 4     B 4        (  ν  H ˙  cos  α 1  −   X ˙  4  e +   X ˙  2  +   X ˙  6  l sin  α 1   )   2  d l             +  1 2  ρ  A h     ∫  −  B 4     B 4        (    X ˙  3  +   X ˙  5  l sin  α 1  +   X ˙  4  l cos  α 1   )   2  d l        



(A3)







The potential energy of every part of a S-shaped TLCD on the worktable is expressed as:


      U  w o r k t a b l e   = ρ g  A v   (   L v  − H  )   [   (  e +    L v  − H  2  sinβ  )  +    L h   2  cos  α 1   X 5  −    L h   2  sin  α 1   X 4   ]           + ρ g  A v   (   L v  + H  )   [   (  e +    L v  + H  2  sinβ  )  −    L h   2  cos  α 1   X 5  +    L h   2  sin  α 1   X 4   ]          + ρ g  A h   (  2  B 1  + 2  B 2  + 2  B 3  + 2  B 4   )  e cos  X 4  cos  X 5      



(A4)







The potential energy of every part of as S-shaped TLCD underwater is expressed as:


      U  u n d e r w a t e r   =   − ρ g  A v   (   L v  − H  )   [   (  e +    L v  − H  2  sinβ  )  +    L h   2  cos  α 1   X 5  −    L h   2  sin  α 1   X 4   ]          − ρ g  A v   (   L v  + H  )   [   (  e +    L v  + H  2  sinβ  )  −    L h   2  cos  α 1   X 5  +    L h   2  sin  α 1   X 4   ]          − ρ g  A h   (  2  B 1  + 2  B 2  + 2  B 3  + 2  B 4   )  e cos  X 4  cos  X 5      



(A5)







Every term of the coupled motion equations is expressed as:


      M   X 1   H i    = ρ  A h   (  2 ν  L v  +  (   L h  + 4  B 3  + 2  B 4   )   )       M   X 2   H i    = ρ  A h   (  2 ν  L v  +  (   L h  + 4  B 3  + 2  B 4   )   )       M   X 3   H i    = ρ  A h   (  2 ν  L v  +  (   L h  + 4  B 3  + 2  B 4   )   )       M   H i    = ρ  A h  ν  (  2  L v  + ν  (   L h  + 4  B 3  + 2  B 4   )   )      



(A6)






      M   X 4   H i    = ρ  A h   (     (   L h  + 4  B 3  + 2  B 4   )   e 2  +  1 3   (      L h  3   4  + 4   B 3  3  + 2   B 4  3   )   sin 2   α 1      +  2 3  ν   L v  3  + 2  e 2   L v  sin  β 2  + 2 e   L v  2  sin  β 2  +  1 2  ν  L v    L h  2   sin 2   α 1     )       M   X 5   H i    = ρ  A h   (     (   L h  + 4  B 3  + 2  B 4   )   e 2  +  1 3   (      L h  3   4  + 4   B 3  3  + 2   B 4  3   )   sin 2   α 1      +  2 3  ν   L v  3  + 2  e 2   L v  sin  β 2  + 2 e   L v  2  sin  β 2  +  1 2  ν  L v    L h  2   sin 2   α 1     )       M   X 6   H i    = ρ  A h   (   1 3   (      L h  3   4  + 4   B 3  3  + 2   B 4  3   )  +  1 2  ν  L v    L h  2  sinβ  )      



(A7)






      f   X 1    = ρ  A h   (   (   L h  + 4  B 3  + 2  B 4   )  e + ν   L v  2  + 2 ν  L v  e sinβ  )    X ¨  5  + ρ  A v   H 2    X ¨  5  + 2 ρ  A v  H   X ˙  5         − 2 ρ  A v   L v  cosβsin  α 1  H   X ¨  6  − 2 ρ  A v   L v  cosβsin  α 1   H ˙    X ˙  6  − ρ  A v   L h  sin  α 1  H   X ¨  6         − ρ  A v   L h  sin  α 1   H ˙    X ˙  6  + 2 ρ  A v   L v  cosβcosα   H ¨  i  + ρ  A h  ν  (   L h  cos  α 1  + 2  B 4  sin  α 1   )    H ¨  i      



(A8)






      f   X 2    = − ρ  A h   (   (   L h  + 4  B 3  + 2  B 4   )  e + ν   L v  2  + 2 ν  L v  e sinβ  )    X ¨  4  − ρ  A v   H 2    X ¨  4  − 2 ρ  A v  H   X ˙  4         + 2 ρ  A v   L v  cosβcos  α 1  H   X ¨  6  + 2 ρ  A v   L v  cosβcos  α 1   H ˙    X ˙  6  + ρ  A v   L h  cos  α 1  H   X ¨  6         + ρ  A v   L h  cos  α 1   H ˙    X ˙  6  + 2 ρ  A v   L v  cosβsinα   H ¨  i  + ρ  A h  ν  (   L h  sin  α 1  − 2  B 4  cos  α 1   )    H ¨  i      



(A9)






      f   X 3    = + ρ  A v   L h  sin  α 1  H   X ¨  4  + ρ  A v   L h  sin  α 1   H ˙    X ˙  4  − ρ  A v   L h  cos  α 1  H   X ¨  5        − ρ  A v   L h  cos  α 1   H ˙    X ˙  5  + 2 ρ  A v  H  H ¨  sinβ + 2 ρ  A v   H ˙   H ˙  sinβ       + ρ  A v   (    X ¨  5  cos  α 1  −   X ¨  4  sinα  )  cosβ  (   H 2  +   L v  2   )  + 2 ρ  A v  H  (    X ˙  5  cos  α 1  −   X ˙  4  sinα  )  cosβ     



(A10)






      f   X 4    = − ρ  A h   (   (   L h  + 4  B 3  + 2  B 4   )  e + ν  L v 2  sinβ + 2 ν  L v  e sinβ  )    X ¨  2         − ρ  A v   H 2  sinβ   X ¨  2  − ρ  A v  sin  α 1  cosβ  (    L v  2  +  H 2   )    X ¨  3         − ρ  A h  ν  (   L h  sin  α 1  − 2  B 4  cos  α 1   )  e  H ¨  − ρ  A v   L v  sin  α 1  sinβcosβ e  H ¨         + ρ  A v   L v   L h  sin  α 1  sinβ  H ¨  − ρ  A v  cosβsinβsinα  (    L v  2  +  H 2   )   H ¨         − ρ  A h   (   1 2  ν  L v    L h  2  sin  α 1  cos  α 1  +  1 3   (      L h  3   4  + 4   B 3  3  + 2   B 4  3   )  sin  α 1  cos  α 1   )    X ¨  5         −  (  ρ  A v   L h  cos  α 1  sinβ  (  e +  L v   )  + 2 ρ  A v  cos  α 1  sinβ  L v  e  )   (  H   X ¨  6  +  H ˙    X ˙  6   )         + 2 ρ  A v   (  e +  L v  sinβ  )   H 2    X ¨  4  − 2 ρ  A v  H sinβ  (   Y ˙  +  H ˙  sinαcosβ  )         +ρ  A v   L h  sin  α 1   H ˙    X ˙  3  + ρ  A v   L h  sin  α 1  H   X ¨  3  − 2 ρ  A v  sin  α 1  cosβ H   X ˙  3         − 2 ρ  A v  sin  α 1  s sinβcosβ  L v   (   H ¨  H +   H ˙  2   )         + 4 ρ  A v   (  e +  L v   )  sinβ H   X ˙  4  − ρ  A v   L h  cos  α 1   (  e +  L v   )   H ˙    X ˙  6      



(A11)






      f  U  X 4    = − ρ g  A h   L h  e  X 4  − ρ g  A v   H 2   X 4  + ρ g  A v   L h  cos  α 1  H  X 6         + ρ g  A v   L h  cos  α 1  H  X 4   X 5  − ρ g  A v   L h  sin  α 1  H  X 4   X 5   X 6  + ρ g  A v   L h  sin  α 1  H     



(A12)






      f   X 5    = ρ  A h   (   (   L h  + 4  B 3  + 2  B 4   )  e + ν  L v 2  sinβ + 2 ν  L v  e sinβ  )    X ¨  1         + ρ  A v   H 2  sinβ   X ¨  1  + ρ  A v  cos  α 1  cosβ  (    L v  2  +  H 2   )    X ¨  3         + ρ  A h  ν  (   L h  cos  α 1  + 2  B 4  sin  α 1   )  e  H ¨  + ρ  A v   L v  cos  α 1  sinβcosβ e  H ¨         − ρ  A v   L v   L h  cos  α 1  sinβ  H ¨  + ρ  A v   H ¨  cosβsinβcosα  (    L v  2  +  H 2   )         − ρ  A h   (   1 2  ν  L v    L h  2  sin  α 1  cos  α 1  +  1 3   (      L h  3   4  + 4   B 3  3  + 2   B 4  3   )  sin  α 1  cos  α 1   )    X ¨  4         +  (  ρ  A v   L h  sin  α 1  sinβ  (  e +  L v   )  + 2 ρ  A v  sin  α 1  sinβ  L v  e  )   (  H   X ¨  6  +  H ˙    X ˙  6   )         + 2 ρ  A v   (  e +  L v  sinβ  )   H 2    X ¨  5  + 2 ρ  A v  H sinβ  (    X ˙  1  +  H ˙  cosαcosβ  )         − ρ  A v   L h  cos  α 1  H   X ¨  3  − ρ  A v   L h  cos  α 1   H ˙    X ˙  3  + 2 ρ  A v  cos  α 1  cosβ H   X ˙  3         + 2 ρ  A v  cos  α 1  s sinβcosβ  L v   (   H ¨  H +   H ˙  2   )         + 4 ρ  A v   (  e +  L v   )  sinβ H   X ˙  5  − ρ  A v   L h  sin  α 1   (  e +  L v   )   H ˙    X ˙  6      



(A13)






      f  U  X 5    = − ρ g  A v   L v   (   L v  sinβ + 2 e  )   X 5  − ρ g  A h   L h  e  X 5  − ρ g  A v   H 2   X 5         + ρ g  A v   L h  sin  α 1  H  X 6  − ρ g  A v   L h  cos  α 1  H     



(A14)






      f   X 6    = ρ  A v   (  e +  L v   )   L h  cos  α 1  sinβ H   X ¨  4  + ρ  A v   (  e +  L v   )   L h  cos  α 1  sinβ  H ˙    X ˙  4         − ρ  A v   (  e +  L v   )   L h  sin  α 1  sinβ H   X ¨  5  − ρ  A v   (  e +  L v   )   L h  sin  α 1  sinβ  H ˙    X ˙  5         − ρ  A v   L h  sin  α 1  sinβ H  (    X ¨  1  +  H ¨  cosβcos  α 1   )  − ρ  A v   L h  cos  α 1  sinβ H  (    X ¨  2  +  H ¨  cosβsin  α 1   )      



(A15)






    f  U  X 6    = − ρ  A v   L h  sin  α 1  sinβ  H ˙   (    X ˙  1  +  H ˙  cosβcos  α 1   )  − ρ  A v   L h  cos  α 1  sinβ  H ˙   (    X ˙  2  +  H ˙  cosβsin  α 1   )    



(A16)






      f   H i    = ρ  A h  ν  (   L h  cos  α 1  + 2  B 4  sin  α 1   )    X ¨  1  + 2 ρ  A h  ν cosβ  (   L v  cos  α 1    X ¨  1  +  L v  sin  α 1    X ¨  2   )         + ρ  A h  ν  (   L h  sin  α 1  − 2  B 4  cos  α 1   )    X ¨  2  + 2 ρ  A v  H   X ¨  3  sinβ        +  (  − ρ  A h  ν  (     (   L h  + 4  B 3   )  e sin  α 1      − 2  B 4  e cos  α 1     )  − 2 ρ  A v  sinβcosβsin  α 1   L v  e + ρ  A v   L v   L h  sin  α 1  sinβ  )    X ¨  4          +  (  ρ  A h  ν  (     (   L h  + 4  B 3   )  e cos  α 1      − 2  B 4  e sin  α 1     )  + 2 ρ  A v  sinβcosβcos  α 1   L v  e − ρ  A v   L v   L h  cos  α 1  sinβ  )    X ¨  5         + ρ  A v   (    X ¨  5  cos  α 1  −   X ¨  4  sin  α 1   )    (  H +  L v   )  2  sinβcosβ        + 2 ρ  A v   (    X ¨  5  cos  α 1  −   X ¨  4  sin  α 1   )   (  H +  L v   )  sinβcosβ + 2 ρ  A v   H ˙   Z ˙  sinβ     



(A17)






    f  U  H i    = 2 ρ  A v  g H sinβ − ρ g  A v   L h  cos  α 1   X 5  + ρ g  A v   L h  sin  α 1   X 4    



(A18)








Appendix 2 Orthogonal Table L49 (87) and the Numerical Results
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Table A1. Orthogonal table for wave period T = 12 s.







Table A1. Orthogonal table for wave period T = 12 s.







	
Case

	
x1

	
x2

	
x3

	
x4

	
x5

	
x6

	
x7

	
Wave period T = 12 s




	
Surge (m)

	
Sway (m)

	
Heave (m)

	
Roll (rad)

	
Pitch (rad)






	
1

	
1

	
1

	
1

	
1

	
1

	
1

	
1

	
0.243

	
0.235

	
2.56 × 10−3

	
2.74 × 10−5

	
2.95 × 10−5




	
2

	
1

	
2

	
3

	
4

	
5

	
6

	
7

	
0.186

	
0.183

	
1.47 × 10−3

	
2.54 × 10−5

	
2.33 × 10−5




	
3

	
1

	
3

	
5

	
7

	
2

	
4

	
6

	
0.179

	
0.179

	
2.21 × 10−3

	
3.23 × 10−5

	
3.19 × 10−5




	
4

	
1

	
4

	
7

	
3

	
6

	
2

	
5

	
0.166

	
0.165

	
1.63 × 10−3

	
1.10 × 10−5

	
9.20 × 10−6




	
5

	
1

	
5

	
2

	
6

	
3

	
7

	
4

	
0.168

	
0.166

	
1.96 × 10−3

	
2.63 × 10−5

	
2.67 × 10−5




	
6

	
1

	
6

	
4

	
2

	
7

	
5

	
3

	
0.181

	
0.177

	
1.09 × 10−3

	
2.29 × 10−5

	
2.08 × 10−5




	
7

	
1

	
7

	
6

	
5

	
4

	
3

	
2

	
0.148

	
0.148

	
2.20 × 10−3

	
1.17 × 10−5

	
1.00 × 10−5




	
8

	
2

	
1

	
7

	
6

	
5

	
4

	
3

	
0.172

	
0.171

	
1.70 × 10−3

	
8.75 × 10−6

	
7.86 × 10−6




	
9

	
2

	
2

	
2

	
2

	
2

	
2

	
2

	
0.131

	
0.134

	
3.12 × 10−3

	
2.63 × 10−5

	
1.81 × 10−5




	
10

	
2

	
3

	
4

	
5

	
6

	
7

	
1

	
0.188

	
0.186

	
1.41 × 10−3

	
1.99 × 10−5

	
2.00 × 10−5




	
11

	
2

	
4

	
6

	
1

	
3

	
5

	
7

	
0.161

	
0.161

	
2.44 × 10−3

	
1.94 × 10−5

	
1.73 × 10−5




	
12

	
2

	
5

	
1

	
4

	
7

	
3

	
6

	
0.188

	
0.191

	
1.23 × 10−3

	
3.22 × 10−5

	
2.99 × 10−5




	
13

	
2

	
6

	
3

	
7

	
4

	
1

	
5

	
0.163

	
0.169

	
1.93 × 10−3

	
2.34 × 10−5

	
1.93 × 10−5




	
14

	
2

	
7

	
5

	
3

	
1

	
6

	
4

	
0.217

	
0.216

	
2.83 × 10−3

	
3.78 × 10−5

	
3.66 × 10−5




	
15

	
3

	
1

	
6

	
4

	
2

	
7

	
5

	
0.185

	
0.185

	
2.20 × 10−3

	
3.40 × 10−5

	
3.28 × 10−5




	
16

	
3

	
2

	
1

	
7

	
6

	
5

	
4

	
0.191

	
0.191

	
1.44 × 10−3

	
2.81 × 10−5

	
2.73 × 10−5




	
17

	
3

	
3

	
3

	
3

	
3

	
3

	
3

	
0.158

	
0.164

	
2.14 × 10−3

	
2.52 × 10−5

	
2.32 × 10−5




	
18

	
3

	
4

	
5

	
6

	
7

	
1

	
2

	
0.179

	
0.18

	
1.45 × 10−3

	
1.48 × 10−5

	
1.37 × 10−5




	
19

	
3

	
5

	
7

	
2

	
4

	
6

	
1

	
0.162

	
0.162

	
2.14 × 10−3

	
1.03 × 10−5

	
9.94 × 10−6




	
20

	
3

	
6

	
2

	
5

	
1

	
4

	
7

	
0.217

	
0.213

	
2.51 × 10−3

	
3.10 × 10−5

	
3.23 × 10−5




	
21

	
3

	
7

	
4

	
1

	
5

	
2

	
6

	
0.173

	
0.177

	
1.98 × 10−3

	
2.17 × 10−5

	
2.09 × 10−5




	
22

	
4

	
1

	
5

	
2

	
6

	
3

	
7

	
0.195

	
0.195

	
1.20 × 10−3

	
1.62 × 10−5

	
1.58 × 10−5




	
23

	
4

	
2

	
7

	
5

	
3

	
1

	
6

	
0.155

	
0.155

	
2.05 × 10−3

	
1.24 × 10−5

	
1.25 × 10−5




	
24

	
4

	
3

	
2

	
1

	
7

	
6

	
5

	
0.202

	
0.202

	
8.63 × 10−4

	
2.14 × 10−5

	
2.26 × 10−5




	
25

	
4

	
4

	
4

	
4

	
4

	
4

	
4

	
0.171

	
0.173

	
1.89 × 10−3

	
2.14 × 10−5

	
2.07 × 10−5




	
26

	
4

	
5

	
6

	
7

	
1

	
2

	
3

	
0.248

	
0.246

	
2.36 × 10−3

	
5.75 × 10−5

	
5.87 × 10−5




	
27

	
4

	
6

	
1

	
3

	
5

	
7

	
2

	
0.188

	
0.188

	
1.61 × 10−3

	
2.85 × 10−5

	
3.09 × 10−5




	
28

	
4

	
7

	
3

	
6

	
2

	
5

	
1

	
0.091

	
0.104

	
3.13 × 10−3

	
1.61 × 10−5

	
1.91 × 10−5




	
29

	
5

	
1

	
4

	
7

	
3

	
6

	
2

	
0.174

	
0.174

	
1.78 × 10−3

	
1.76 × 10−5

	
1.83 × 10−5




	
30

	
5

	
2

	
6

	
3

	
7

	
4

	
1

	
0.191

	
0.191

	
9.33 × 10−4

	
1.55 × 10−5

	
1.51 × 10−5




	
31

	
5

	
3

	
1

	
6

	
4

	
2

	
7

	
0.185

	
0.189

	
1.66 × 10−3

	
3.37 × 10−5

	
3.11 × 10−5




	
32

	
5

	
4

	
3

	
2

	
1

	
7

	
6

	
0.203

	
0.203

	
2.70 × 10−3

	
2.93 × 10−5

	
2.73 × 10−5




	
33

	
5

	
5

	
5

	
5

	
5

	
5

	
5

	
0.175

	
0.175

	
1.64 × 10−3

	
1.83 × 10−5

	
1.83 × 10−5




	
34

	
5

	
6

	
7

	
1

	
2

	
3

	
4

	
0.141

	
0.141

	
2.86 × 10−3

	
3.14 × 10−5

	
3.40 × 10−5




	
35

	
5

	
7

	
2

	
4

	
6

	
1

	
3

	
0.185

	
0.19

	
1.41 × 10−3

	
3.21 × 10−5

	
2.97 × 10−5




	
36

	
6

	
1

	
3

	
5

	
7

	
2

	
4

	
0.198

	
0.198

	
8.00 × 10−4

	
2.82 × 10−5

	
2.67 × 10−5




	
37

	
6

	
2

	
5

	
1

	
4

	
7

	
3

	
0.189

	
0.186

	
1.49 × 10−3

	
2.00 × 10−5

	
2.00 × 10−5




	
38

	
6

	
3

	
7

	
4

	
1

	
5

	
2

	
0.218

	
0.218

	
2.38 × 10−3

	
4.33 × 10−5

	
4.28 × 10−5




	
39

	
6

	
4

	
2

	
7

	
5

	
3

	
1

	
0.185

	
0.187

	
1.45 × 10−3

	
3.62 × 10−5

	
3.41 × 10−5




	
40

	
6

	
5

	
4

	
3

	
2

	
1

	
7

	
0.196

	
0.196

	
2.23 × 10−3

	
2.76 × 10−5

	
2.84 × 10−5




	
41

	
6

	
6

	
6

	
6

	
6

	
6

	
6

	
0.178

	
0.178

	
1.41 × 10−3

	
1.65 × 10−5

	
1.60 × 10−5




	
42

	
6

	
7

	
1

	
2

	
3

	
4

	
5

	
0.172

	
0.167

	
2.02 × 10−3

	
4.45 × 10−5

	
4.35 × 10−5




	
43

	
7

	
1

	
2

	
3

	
4

	
5

	
6

	
0.193

	
0.19

	
1.22 × 10−3

	
3.32 × 10−5

	
3.23 × 10−5




	
44

	
7

	
2

	
4

	
6

	
1

	
3

	
5

	
0.215

	
0.212

	
2.05 × 10−3

	
3.13 × 10−5

	
3.16 × 10−5




	
45

	
7

	
3

	
6

	
2

	
5

	
1

	
4

	
0.182

	
0.182

	
1.05 × 10−3

	
1.96 × 10−5

	
1.92 × 10−5




	
46

	
7

	
4

	
1

	
5

	
2

	
6

	
3

	
0.18

	
0.181

	
2.14 × 10−3

	
3.88 × 10−5

	
3.84 × 10−5




	
47

	
7

	
5

	
3

	
1

	
6

	
4

	
2

	
0.19

	
0.187

	
7.07 × 10−4

	
2.95 × 10−5

	
2.82 × 10−5




	
48

	
7

	
6

	
5

	
4

	
3

	
2

	
1

	
0.15

	
0.153

	
1.88 × 10−3

	
2.42 × 10−5

	
2.22 × 10−5




	
49

	
7

	
7

	
7

	
7

	
7

	
7

	
7

	
0.181

	
0.178

	
1.16 × 10−3

	
1.61 × 10−5

	
1.40 × 10−5
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Table A2. Orthogonal table for Wave period T = 16 s.







Table A2. Orthogonal table for Wave period T = 16 s.







	
Case

	
x1

	
x2

	
x3

	
x4

	
x5

	
x6

	
x7

	
Wave period T = 16 s




	
Surge (m)

	
Sway (m)

	
Heave (m)

	
Roll (rad)

	
Pitch (rad)






	
1

	
1

	
1

	
1

	
1

	
1

	
1

	
1

	
0.509

	
0.494

	
3.96 × 10−4

	
5.48 × 10−6

	
8.44 × 10−6




	
2

	
1

	
2

	
3

	
4

	
5

	
6

	
7

	
0.391

	
0.391

	
1.19 × 10−3

	
1.08 × 10−5

	
8.38 × 10−6




	
3

	
1

	
3

	
5

	
7

	
2

	
4

	
6

	
0.389

	
0.389

	
6.58 × 10−4

	
5.04 × 10−5

	
5.13 × 10−5




	
4

	
1

	
4

	
7

	
3

	
6

	
2

	
5

	
0.349

	
0.349

	
1.00 × 10−3

	
3.56 × 10−5

	
3.48 × 10−5




	
5

	
1

	
5

	
2

	
6

	
3

	
7

	
4

	
0.36

	
0.36

	
7.83 × 10−4

	
1.13 × 10−5

	
3.44 × 10−6




	
6

	
1

	
6

	
4

	
2

	
7

	
5

	
3

	
0.376

	
0.376

	
1.46 × 10−3

	
1.05 × 10−5

	
9.22 × 10−6




	
7

	
1

	
7

	
6

	
5

	
4

	
3

	
2

	
0.318

	
0.318

	
7.05 × 10−4

	
3.63 × 10−5

	
3.66 × 10−5




	
8

	
2

	
1

	
7

	
6

	
5

	
4

	
3

	
0.367

	
0.367

	
9.80 × 10−4

	
4.15 × 10−5

	
4.04 × 10−5




	
9

	
2

	
2

	
2

	
2

	
2

	
2

	
2

	
0.292

	
0.297

	
1.84 × 10−3

	
3.38 × 10−5

	
4.76 × 10−5




	
10

	
2

	
3

	
4

	
5

	
6

	
7

	
1

	
0.398

	
0.395

	
1.25 × 10−3

	
1.89 × 10−5

	
1.32 × 10−5




	
11

	
2

	
4

	
6

	
1

	
3

	
5

	
7

	
0.352

	
0.352

	
5.48 × 10−4

	
3.09 × 10−5

	
2.78 × 10−5




	
12

	
2

	
5

	
1

	
4

	
7

	
3

	
6

	
0.392

	
0.401

	
1.38 × 10−3

	
3.19 × 10−6

	
2.03 × 10−6




	
13

	
2

	
6

	
3

	
7

	
4

	
1

	
5

	
0.347

	
0.361

	
7.68 × 10−4

	
1.42 × 10−5

	
1.92 × 10−5




	
14

	
2

	
7

	
5

	
3

	
1

	
6

	
4

	
0.479

	
0.479

	
2.05 × 10−4

	
1.92 × 10−5

	
2.06 × 10−5




	
15

	
3

	
1

	
6

	
4

	
2

	
7

	
5

	
0.4

	
0.4

	
7.44 × 10−4

	
6.52 × 10−5

	
6.15 × 10−5




	
16

	
3

	
2

	
1

	
7

	
6

	
5

	
4

	
0.404

	
0.409

	
1.21 × 10−3

	
6.13 × 10−5

	
4.73 × 10−5




	
17

	
3

	
3

	
3

	
3

	
3

	
3

	
3

	
0.335

	
0.348

	
6.68 × 10−4

	
1.52 × 10−5

	
1.73 × 10−5




	
18

	
3

	
4

	
5

	
6

	
7

	
1

	
2

	
0.377

	
0.383

	
1.19 × 10−3

	
2.79 × 10−5

	
2.95 × 10−5




	
19

	
3

	
5

	
7

	
2

	
4

	
6

	
1

	
0.348

	
0.348

	
6.94 × 10−4

	
3.76 × 10−5

	
3.41 × 10−5




	
20

	
3

	
6

	
2

	
5

	
1

	
4

	
7

	
0.468

	
0.46

	
3.48 × 10−4

	
5.75 × 10−5

	
9.00 × 10−6




	
21

	
3

	
7

	
4

	
1

	
5

	
2

	
6

	
0.361

	
0.369

	
8.33 × 10−4

	
1.28 × 10−5

	
1.33 × 10−5




	
22

	
4

	
1

	
5

	
2

	
6

	
3

	
7

	
0.403

	
0.403

	
1.33 × 10−3

	
2.08 × 10−5

	
2.09 × 10−5




	
23

	
4

	
2

	
7

	
5

	
3

	
1

	
6

	
0.336

	
0.336

	
7.17 × 10−4

	
6.69 × 10−5

	
6.69 × 10−5




	
24

	
4

	
3

	
2

	
1

	
7

	
6

	
5

	
0.412

	
0.412

	
1.56 × 10−3

	
7.63 × 10−5

	
2.92 × 10−5




	
25

	
4

	
4

	
4

	
4

	
4

	
4

	
4

	
0.364

	
0.37

	
8.31 × 10−4

	
1.89 × 10−5

	
1.81 × 10−5




	
26

	
4

	
5

	
6

	
7

	
1

	
2

	
3

	
0.537

	
0.537

	
4.22 × 10−4

	
5.63 × 10−5

	
5.81 × 10−5




	
27

	
4

	
6

	
1

	
3

	
5

	
7

	
2

	
0.399

	
0.399

	
1.04 × 10−3

	
3.00 × 10−6

	
5.74 × 10−6




	
28

	
4

	
7

	
3

	
6

	
2

	
5

	
1

	
0.218

	
0.243

	
2.30 × 10−3

	
8.03 × 10−5

	
8.50 × 10−5




	
29

	
5

	
1

	
4

	
7

	
3

	
6

	
2

	
0.374

	
0.374

	
8.12 × 10−4

	
2.75 × 10−5

	
2.17 × 10−5




	
30

	
5

	
2

	
6

	
3

	
7

	
4

	
1

	
0.396

	
0.396

	
1.52 × 10−3

	
2.37 × 10−5

	
2.25 × 10−5




	
31

	
5

	
3

	
1

	
6

	
4

	
2

	
7

	
0.392

	
0.403

	
9.90 × 10−4

	
7.80 × 10−6

	
5.65 × 10−6




	
32

	
5

	
4

	
3

	
2

	
1

	
7

	
6

	
0.441

	
0.441

	
3.11 × 10−4

	
2.63 × 10−6

	
2.98 × 10−6




	
33

	
5

	
5

	
5

	
5

	
5

	
5

	
5

	
0.376

	
0.376

	
9.90 × 10−4

	
2.28 × 10−5

	
1.99 × 10−5




	
34

	
5

	
6

	
7

	
1

	
2

	
3

	
4

	
0.318

	
0.318

	
9.08 × 10−4

	
1.00 × 10−4

	
1.02 × 10−4




	
35

	
5

	
7

	
2

	
4

	
6

	
1

	
3

	
0.385

	
0.397

	
1.20 × 10−3

	
3.38 × 10−6

	
5.37 × 10−7




	
36

	
6

	
1

	
3

	
5

	
7

	
2

	
4

	
0.413

	
0.413

	
1.66 × 10−3

	
4.13 × 10−6

	
5.55 × 10−6




	
37

	
6

	
2

	
5

	
1

	
4

	
7

	
3

	
0.397

	
0.397

	
1.09 × 10−3

	
1.54 × 10−5

	
9.99 × 10−6




	
38

	
6

	
3

	
7

	
4

	
1

	
5

	
2

	
0.478

	
0.478

	
4.39 × 10−4

	
2.89 × 10−5

	
3.14 × 10−5




	
39

	
6

	
4

	
2

	
7

	
5

	
3

	
1

	
0.393

	
0.4

	
1.17 × 10−3

	
7.58 × 10−6

	
5.97 × 10−6




	
40

	
6

	
5

	
4

	
3

	
2

	
1

	
7

	
0.417

	
0.417

	
5.84 × 10−4

	
1.75 × 10−5

	
2.31 × 10−5




	
41

	
6

	
6

	
6

	
6

	
6

	
6

	
6

	
0.38

	
0.38

	
1.21 × 10−3

	
2.55 × 10−5

	
2.19 × 10−5




	
42

	
6

	
7

	
1

	
2

	
3

	
4

	
5

	
0.358

	
0.369

	
7.52 × 10−4

	
2.17 × 10−5

	
2.24 × 10−5




	
43

	
7

	
1

	
2

	
3

	
4

	
5

	
6

	
0.405

	
0.405

	
1.28 × 10−3

	
4.85 × 10−6

	
6.35 × 10−6




	
44

	
7

	
2

	
4

	
6

	
1

	
3

	
5

	
0.467

	
0.461

	
6.22 × 10−4

	
6.30 × 10−6

	
7.50 × 10−6




	
45

	
7

	
3

	
6

	
2

	
5

	
1

	
4

	
0.38

	
0.38

	
1.38 × 10−3

	
1.62 × 10−5

	
1.69 × 10−5




	
46

	
7

	
4

	
1

	
5

	
2

	
6

	
3

	
0.392

	
0.395

	
1.25 × 10−3

	
1.55 × 10−5

	
2.09 × 10−5




	
47

	
7

	
5

	
3

	
1

	
6

	
4

	
2

	
0.392

	
0.392

	
1.61 × 10−3

	
3.44 × 10−6

	
3.73 × 10−6




	
48

	
7

	
6

	
5

	
4

	
3

	
2

	
1

	
0.32

	
0.327

	
8.04 × 10−4

	
1.65 × 10−5

	
1.81 × 10−5




	
49

	
7

	
7

	
7

	
7

	
7

	
7

	
7

	
0.387

	
0.383

	
1.43 × 10−3

	
2.55 × 10−5

	
2.32 × 10−5
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