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Abstract

:

Floating caissons can oscillate owing to ocean waves when towed to an installation site. To reduce these oscillations, free-surface anti-oscillation tanks mounted on floating caissons have been proposed. However, no coupled numerical model exists between the motion of the floating caisson and fluid flow in the tanks based on computational fluid dynamics (CFD). In this study, a coupled model is developed and compared to existing physical experiments for validation. In the coupled model, the vertical and rotational motion of the floating caisson are computed as a rigid body, and the motion of the free water in the tank is computed using a CFD model. Numerical results show the predictive capability of the coupled model in terms of the rotational motion (pitch) of the floating caisson within ±20% of experimental data, regardless of the absence or presence of water in the tank. The numerical results also show that the fluid flow with complex air–water interface motion in the tank can be analyzed in detail using the coupled model. This suggests that the coupled model developed in this study is a useful tool for quantitatively assessing the effectiveness of an anti-oscillation tank for reducing the pitch of a floating caisson.
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1. Introduction


Caissons are large reinforced concrete boxes used in ports and coastal structures such as quay walls and breakwaters. Generally, the construction procedure for such caissons comprises manufacturing, towing, and installation processes. During the towing process, a manufactured caisson floats on the sea and is pulled to the installation site by towboats. During this process, the floating caisson is easily oscillated by waves even under calm wave conditions. To increase the safety and efficiency of the construction procedure, it is important to minimize the oscillations of the floating caisson.



Eguchi et al. [1] proposed installing free-surface anti-oscillation tanks on a floating caisson to reduce the oscillations. The anti-oscillation tank has an elongated rectangular shape and contains sufficient free water. An anti-oscillation tank is a type of tuned liquid damper characterized by a large free surface area in the tank. Nakamura et al. [2] conducted physical experiments using a floating caisson model mounted on the rectangular anti-oscillation tank models. From their experiments, they found that the sloshing of free water in the anti-oscillation tanks could suppress the rotational motion of the caisson model. Dynamic interaction between a floating caisson and free water in anti-oscillation tanks is difficult to solve numerically because of one of the complex fluid–structure interaction (FSI) problems. To address this issue, Kurahara et al. [3] developed a coupled numerical model between the motion of a floating caisson and that of free water in the anti-oscillation tanks using the potential theory. However, they observed that the coupled model tended to overestimate the reduction in the rotational motion of the caisson. Additionally, the coupled model is limited because it cannot be applied to anti-oscillation tanks with complex geometries. Hence, to the best of our knowledge, there is currently no coupled model for a floating caisson mounted with anti-oscillation tanks that can address these issues and serve as a useful tool for quantitatively assessing the effectiveness of the tanks in reducing caisson oscillation.



Contrarily, numerous studies have been conducted on the coupled effects of ship and free water motions in free-surface anti-oscillation tanks. Moaleji and Greig [4] conducted a systematic review regarding the development, characteristics, and basic principles of the different types of anti-oscillation tanks. They pointed out that anti-oscillation tanks can be analyzed as dynamic dampers that affect the natural period and damping of the rotational motion of the ship. Lee and Vassalos [5] conducted physical experiments to investigate the effects of the anti-oscillation tanks on the rotational motions of the ships. Armenio et al. [6,7] and Li et al. [8] independently developed coupled numerical models based on computational fluid dynamics (CFD) for the coupled effects. After Li et al. [8], many studies have been conducted on this topic in recent years (e.g., Huang et al. [9], Taskar et al. [10], Jiang et al. [11], Cercos-Pita et al. [12], Ghamari et al. [13], Saripilli and Sen [14], Bulian and Cercos–Pita [15], Diebold et al. [16], Alujević et al. [17], Lyu et al. [18], Zhuang and Wan [19], Alujević et al. [20], Subramanian et al. [21], Wei et al. [22], Bernal-Colio et al. [23], Liu et al. [24], Yao et al. [25], He et al. [26], Lin et al. [27], Liu et al. [28], Lyu et al. [29], Sun et al. [30], Wen et al. [31], Yu et al. [32], Chen et al. [33], Chen et al. [34], Ge et al. [35], Kapsenberg and Carette [36], Lee et al. [37], Lin et al. [38], and Wang et al. [39]). However, the dynamics of the ships and floating caissons are different. Hence, it is not clear whether the knowledge of the coupled motions of the ships and free water in anti-oscillation tanks can be applied to the coupled motions of a floating caisson and free water in anti-oscillation tanks.



In this study, a coupled numerical model is developed. In the coupled model, the vertical and rotational motions of a floating caisson are computed as a rigid body, and the motion of free water in the free-surface anti-oscillation tank is computed using a CFD model. The predictive capability of the coupled model is demonstrated through a comparison with existing physical experiments [2]. Provided that the validity of the coupled model is verified through this study, it can be a useful tool for quantitatively assessing the effectiveness of anti-oscillation tanks with complex geometries. Section 2 describes the governing equations and computational conditions of the coupled model. Section 3 compares the numerical results computed using the coupled model to the measurement data obtained from the physical experiments. Finally, the conclusions are summarized in Section 4.




2. Coupled Numerical Model


Figure 1 shows a schematic of the floating caisson model mounted with two free-surface anti-oscillation tank models, where L, B, and d are the length and width of the caisson, and caisson draft, respectively. Figure 2 shows the definition of the caisson motion. As shown in Figure 1 and Figure 2, a fixed spatial coordinate system with horizontal x and y-axes and a vertical z-axis was defined, and the origin of the system was set at the initial position of the center of flotation of the caisson (point O in Figure 1 and Figure 2). Regular unidirectional waves were generated in the negative x direction. Two anti-oscillation tanks were placed parallel in a similar direction to the waves at the top of the caisson. This study focused on the rotational motion around the y-axis relative to the center of flotation, pitch   β  , and the vertical motion, heave   ζ  . The coupled model proposed herein comprises a flow model in the anti-oscillation tank and a motion model of the floating caisson, respectively. Each model and the coupling procedure are explained.



2.1. Flow Model in Anti-Oscillation Tank


The fluid flow in the anti-oscillation tank was analyzed using the free open-source CFD software OpenFOAM v2012, released by OpenCFD [40]. Rectangular anti-oscillation tanks were used in the physical experiments [2] for comparison. As such, a rectangular computational domain of Figure 3 was used for the fluid flow. It is noteworthy that only half of the tank was analyzed, assuming the symmetry to reduce the computational cost. In Figure 3, Lt is the total inner length of the tank, Bt the total inner width of the tank, Ht the total inner height, and ht the water depth of the tank, respectively. The tank had a lid. Hence, there was neither inflow nor outflow from the outside. The fluid in the tank was treated as a transient, incompressible, isothermal, two-immiscible-phase (water and air) Newtonian fluid. From visual observation in the physical experiments, the flow in the tank was judged to be turbulent. As a turbulence model, the Smagorinsky model [41] of the large-eddy simulation (LES) was used following Kajishima and Taira [42], who recommend using it for this kind of complex flow. An interFoam solver based on the volume-of-fluid (VOF) method was used to track the complex motion of the air–water interface. The governing equations are expressed as follows:


    ∂     u   i    ¯    ∂   x   i     = 0  



(1)






    ∂   ρ     u   i    ¯      ∂ t   +     u   j    ¯    ∂   ρ     u   i    ¯      ∂   x   j     = −   ∂   p  ¯    ∂   x   i     −   g   j     x   j     ∂ ρ   ∂   x   i     +   ∂   ∂   x   j       2 μ   S   i j     + σ κ   ∂ α   ∂   x   i      



(2)






    ∂ α   ∂ t   +   ∂   α     u   i    ¯      ∂   x   i     +   ∂   ∂   x   i           u   c i    ¯  α   1 − α     = 0  



(3)




where       u   i    ¯    and     p  ¯    are the grid-scale velocity vector and dynamic pressure of the fluid, respectively,   α   the volume fraction of water (the VOF function;   α = 1  : water;   α = 0  : air;   0 < α < 1  : air–water interface), xi the position vector, t the time,   ρ   and   μ   the density and viscosity of the fluid, respectively,     g   i     the gravitational acceleration vector,     S   i j     the strain rate tensor,   σ   the surface tension coefficient,   κ   the local surface curvature,       u   c i    ¯    the relative velocity vector used to compress the air–water interface, which includes a user-defined parameter     C   α     that determines the strength of the compression, and the subscript i and j based on the Einstein summation convention.



Parallel computation was performed to further reduce the computational time. Figure 4 shows numerical mesh for the flow model. The cross-section at the front of the figure shows the center cross-section of the tank, which corresponds to the symmetry plane in Figure 3. The mesh spacing was set to 3.0 and 0.8 mm in the horizontal (x and y directions) and vertical directions (z direction), respectively. Additionally, as shown in Figure 4, the mesh near the wall was refined. The pressure-implicit with splitting of operators (PISO) algorithm was used for pressure–velocity coupling. The explicit Euler method was used for the time discretization. The time increment was set at 0.0005 s initially and automatically adjusted to a maximum Courant number of 0.5. A second-order total variation diminishing (TVD) scheme by Van Leer was used to discretize the divergence of the flow velocity and VOF function. Table 1 shows the wall boundary conditions used in the flow model. A no-slip condition was used as the boundary condition for the tank walls to match the flow velocity with the moving velocity of the walls. The wettability of the walls was determined by specifying the contact angle as the wall boundary condition for the VOF function. As shown in Table 2, common values for water and air were used as parameters of the flow model.




2.2. Motion Model of Floating Caisson


The equations of motion for the floating caisson with internal fluid in the anti-oscillation tanks are expressed as follows:


    I + J     β  ¨  +   N   1     β  ˙  +   N   2     β  ˙      β  ˙    + R β =   M   w a v e   +   M   t a n k    



(4)






    M + N     ζ  ¨  + D   ζ  ˙  + K ζ =   F   w a v e   +   F   t a n k   +   F   b u o    



(5)




where   I + J   is the sum of the inertia and added inertia of the caisson including the empty tanks,     N   1     and     N   2     the linear and nonlinear damping coefficients, respectively,   R   the restoring coefficient,   M + N   the sum of the mass and added mass of the caisson including the empty tanks,   D   the damping coefficient,   K   the hydrostatic coefficient, and     F   b u o     the static buoyancy force. These values were determined from free-oscillation tests conducted by Nakamura et al. [2], which are briefly explained in the next section. In Equations (4) and (5), the temporal changes in the wave exciting moment     M   w a v e     and force     F   w a v e     were computed by integrating the Froude–Krylov force acting on the submerged surfaces of the caisson, which was calculated based on the second-order Stokes wave theory. The temporal changes in the internal fluid moment     M   t a n k     and force     F   t a n k     acting on the walls of the tanks were calculated by integrating the pressure and shear stress computed in the flow model. Equations (4) and (5) are integrated using the Newmark   β   method.




2.3. Coupling between Flow and Motion Models


Figure 5 shows the coupling procedure between the flow and motion models, which is implemented as follows:




	
As an initialization, the coefficients of the equations of motion (4) and (5) for the floating caisson, wave exciting moment     M   w a v e    , and wave exciting force     F   w a v e     were calculated for all the time steps.



	
The pitch   β   and heave   ζ   of the caisson at the current time step were calculated using the motion model from the internal fluid moment     M   t a n k     and internal fluid force     F   t a n k     acting on the walls of the tanks computed at the previous time step.



	
The displacement and velocity of the tank walls were set as the boundary conditions for computing the fluid flow in the tanks. The fluid flow in the tanks at the current time step was computed using the flow model.



	
Steps 2 and 3 were repeated until the final time step.
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Figure 5. Flowchart of coupling between the flow model in the anti-oscillation tank and motion model of the floating caisson. 






Figure 5. Flowchart of coupling between the flow model in the anti-oscillation tank and motion model of the floating caisson.
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3. Predictive Capability of Coupled Numerical Model


To verify the validity of the coupled numerical model, numerical simulations were performed under similar conditions to the existing physical experiments [2], and the results were compared to the experimental data measured in these experiments [2]. Nakamura et al. [2] conducted (i) free-oscillation tests and (ii) forced-oscillation tests under regular waves using floating caisson and rectangular free-surface anti-oscillation tank models with a length scale of 1/50 based on the Froude similarity law. Table 3 presents the caisson model dimensions. As presented herein, the three caisson models with different specifications were used. Table 4 presents the dimensions of the rectangular anti-oscillation tank. In the caisson model, two anti-oscillation tanks were installed parallel to each other with their long sides in the x direction (see Figure 1).



	(i)

	
In the free-oscillation tests, one side of the caisson model A (see Table 3) floating at a still water depth of 300 mm was lifted by a few centimeters in still water and released to oscillate in the heave and pitch directions. The water depth ht in the anti-oscillation tanks was changed to 0, 2.6, and 5.2 mm.




	(ii)

	
In the forced-oscillation tests, a caisson model floating at a still water depth of 300 mm was oscillated by regular waves with a generated incident wave height Hi of 30 mm. The generated incident wave period Ti changed to 19 patterns ranging from 0.71 to 4.24 s. The water depths ht in the anti-oscillation tanks were set to 0 and 2.6 mm. The caisson model B (Table 3) was used for ht = 0 mm and the caisson model C (Table 3) for ht = 2.6 mm.







In all the experimental runs, the time series of the pitch and heave of the caisson model were measured. In the forced-oscillation tests, the time series of the water-surface fluctuation was measured at the same x position as that of the caisson model. Details of these physical experiments can be found in Nakamura et al. [2].



3.1. Applicability to Free-Oscillation Tests


Figure 6 compares the calculated and experimental results in terms of the time series of the pitch   β   of the caisson. The calculated results for the heave   ζ   (orange line) are also presented in the aforementioned figure. Figure 6 shows that the time series of the pitch calculated in the coupled model (blue line) corresponded with those obtained in the physical experiments (green line) for all the tank water depths, including the case of no tank water (Figure 6a). Figure 7 shows the calculated water surface profile and x-directional flow velocity for ht = 5.2 mm, which corresponds to Figure 6c. The cross-section at the front of the figure shows the center cross-section of the tank. As shown in Figure 7a, the thin tip of the water propagated leftward to the exposed bottom (red circle in Figure 7a). As shown in Figure 7b, a complex water surface shape was formed by the vertical upward motion of the water impinging on the edge of the tank and moving along the lid of the tank (red circle in Figure 7b). At this moment, although not presented here, the turbulent viscosity increases near the edges of the tank, thereby suggesting the generation of vortices.



From these results, it was revealed that the coupled model could accurately predict the time series of the pitch   β   of the caisson in the free-oscillation tests. Furthermore, it was suggested that the fluid flow with complex air–water interface motion in an anti-oscillation tank could be analyzed in detail using the coupled model.




3.2. Applicability to Forced-Oscillation Tests


In the physical experiments, the actual values of the wave height and period were determined from the water surface fluctuation measured at the similar x position as the caisson model. In the numerical simulations, these values were used to calculate the wave exciting moment     M   w a v e     and force     F   w a v e     for the motion model.



Figure 8 and Table 5 and Table 6 show a comparison of the total amplitudes of the pitch     β   a m p     of the caisson, where L is the length of the caisson (Figure 1 and Table 3). As shown herein, the total amplitude of the pitch     β   a m p     calculated using the coupled model corresponds with the experimental data regardless of the presence or absence of the tank water. Furthermore, we can observe from the calculated and measured results that pouring water into the tanks can reduce the total amplitude of the pitch     β   a m p    , particularly around the peaks. However, for no tank water (ht = 0.0 mm; black lines in Figure 8), the total amplitude of the pitch     β   a m p     was slightly underestimated around the maximum. This is probably because the wave exciting moment     M   w a v e     cannot be estimated by integrating the Froude–Krylov force with sufficient accuracy when the caisson pitch is large. Contrarily, in the presence of the tank water (ht = 2.6 mm; red lines in Figure 8), the total amplitude of the pitch     β   a m p     was slightly overestimated around the maximum. This is presumably owing to the underestimation of the damping induced by the tank water. Figure 8 illustrates that there is a slight difference in the total amplitude of the pitch     β   a m p     for longer-period waves than Ti = 3.2 s regardless of the presence or absence of the tank water. This is because the incident waves possibly contained high-frequency components owing to the limitation of the wave generator in the physical experiments, while the incident waves with high-frequency components could not be approximated using the second-order Stokes wave theory. Figure 9 shows the relationship between the experimental and calculated values of the non-dimensional total amplitude of the pitch       β   a m p   L  /  2   H   i      . For long-period waves of Ti > 3.2 s, as mentioned earlier, the calculated results slightly overestimated the experimental data. However, the coupled model can predict the experimental data within ±20% for Ti < 3.2 s.



Figure 10 and Table 7 and Table 8 show a comparison of the total amplitudes of the heave     ζ   a m p     of the caisson. Here, the coupled model and physical experiments have a similar tendency in that the heave is not affected by the tank water. However, the results obtained from the coupled model slightly overestimated the experimental data. This is because the damping term, proportional to the squared velocity of the heave, is neglected in Equation (5), thereby resulting in an underestimation of the heave damping. Figure 11 shows the relationship between the experimental and calculated values of the non-dimensional total amplitude of the heave       ζ   a m p    /    H   i      . As mentioned earlier, the calculated results are slightly larger than the experimental data regardless of the presence or absence of the tank water.



Figure 12 shows the time series of the pitch   β  , wave exciting moment     M   w a v e    , and internal fluid moment     M   t a n k     obtained from the coupled model, where t is time. The experimental data of the pitch   β   is also shown in the figure. From the comparison between the coupled model and physical experiments, it was found that the amplitude and phase of the pitch   β   generally correspond with the calculated result (black line) and the experimental data (red line), regardless of the presence or absence of the tank water. In the presence of the tank water, the internal fluid moment     M   t a n k     (green line) has almost opposite phase against the wave exciting moment     M   w a v e     (blue line). Here,     M   w a v e     is the driving moment for the pitch, and thus the effect of     M   t a n k     with this characteristic can reduce the pitch   β  . Furthermore, the peak time of     M   t a n k     (green line) was delayed by approximately one-quarter of the wave period Ti against the pitch   β   (black line). This characteristic satisfies the requirements for an effective anti-oscillation tank, as demonstrated by Moaleji and Greig [4].



Figure 13 shows the calculated water surface profile and x-directional flow velocity when the angular velocity in the pitch direction reaches its maximum (when the tank rotates clockwise). The cross-section at the front of the figure shows the center cross-section of the tank. For comparison, Figure 14 shows the water surface profiles observed in the physical experiments [2]. Here, the water was yellow. This figure shows a side view of the tank, wherein the blue line represents the water surface. As shown in Figure 13 and Figure 14, the coupled model and physical experiments exhibit a similar trend: the tank water is concentrated at the left end of the tank (red circles in Figure 13 and Figure 14), whereas the bottom is exposed on the opposite side (green circles in Figure 13 and Figure 14). Although the mass of the tank water is relatively small (50 g in each tank), Figure 12 shows that the tank water motion can generate a large internal fluid moment,     M   t a n k     (green line), which is almost equal to the wave excitation moment,     M   w a v e     (blue line). Figure 15 shows the distribution of the turbulent viscosity calculated from the Smagorinsky model at a similar time to that shown in Figure 14. As shown in Figure 15, the turbulent viscosity increases by more than five times the kinematic viscosity of the water (1.0 × 10−6 m2/s) around the left end of the tank (red circle in Figure 15), thereby suggesting a large energy dissipation in this area. Figure 15 shows that the turbulent viscosity becomes relatively high in the thin tail of the water as well (green circle in Figure 15). In this manner, the flow in the tank can be simulated, analyzed, and evaluated in detail using the coupled model. This reveals that it is essential to use a CFD model such as the proposed coupled model to consider this type of energy dissipation.



These results reveal the sufficient predictive capability of the coupled model in terms of not only the total amplitude of the pitch     β   a m p     but also the time series of the pitch   β   to evaluate the effect of the tank water on the pitch.





4. Conclusions


In this study, a coupled numerical model comprising a flow model in an anti-oscillation tank and a motion model of a floating caisson was developed and applied to free- and forced-oscillation tests conducted in existing physical experiments for validation. The main conclusions of this study are summarized as follows:




	
By comparing the pitch of the caisson in free- and forced-oscillation tests, the coupled model corresponded with the physical experiments regardless of the absence or presence of water in the tanks. In the forced-oscillation test, the coupled model predicted the non-dimensional total amplitude of the pitch within ±20% of the experimental data. Hence, the coupled model could accurately predict the pitch to evaluate the effect of water in the tanks on the pitch.



	
In the forced-oscillation tests, the calculated and experimental results showed a similar tendency in that the heave of the caisson was slightly affected by the amount of tank water. Furthermore, the comparison showed that the coupled model slightly overestimated the heave compared to the physical experiments. To address this issue, a damping term proportional to the squared velocity of the heave must be considered in the motion equation to improve the coupled model.



	
From the visualization of the water surface profile and flow velocity magnitude in the tank, it was suggested that the fluid flow with complex air–water interface motion in the tank could be analyzed in detail using the coupled model.








However, the quantitative evaluation of the accuracy of the coupled model and the investigation of flow characteristics in the tank in terms of other turbulence criteria were done unsatisfactorily. To address these issues, it is recommended that further studies be conducted in the future. To reduce the pitch of the floating caisson more effectively, optimizing the geometry of the anti-oscillation tanks and the amount of tank water using the coupled model developed is needed as well.
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Nomenclature




	
B

	
Width of the floating caisson




	
Bt

	
Inner width of the anti-oscillation tank




	
     C   α     

	
Strength of the compression




	
   D   

	
Damping coefficient




	
d

	
Draft of the floating caisson




	
     F   b u o     

	
Static buoyancy force




	
     F   t a n k     

	
Internal fluid force




	
     F   w a v e     

	
Wave exciting force




	
     g   i     

	
Gravitational acceleration vector




	
Ht

	
Inner height of the anti-oscillation tank




	
ht

	
Water depth of the anti-oscillation tank




	
   I   

	
Inertia of the floating caisson




	
   J   

	
Added inertia of the floating caisson




	
   K   

	
Hydrostatic coefficient




	
L

	
Length of the floating caisson




	
Lt

	
Inner length of the anti-oscillation tank




	
   M   

	
Mass of the floating caisson




	
     M   t a n k     

	
Internal fluid moment




	
     M   w a v e     

	
Wave exciting moment




	
   N   

	
Added mass of the floating caisson




	
     N   1     

	
Linear damping coefficients




	
     N   2     

	
Nonlinear damping coefficients




	
     p  ¯    

	
Grid-scale pressure




	
   R   

	
Restoring coefficient




	
     S   i j     

	
Strain rate tensor




	
t

	
Time




	
Ti

	
Wave period




	
       u   i    ¯    

	
Grid-scale velocity vector




	
       u   c i    ¯    

	
Relative velocity vector




	
x

	
Horizontal axis parallel to the wave direction




	
xi

	
Position vector




	
y

	
Horizontal axis normal to the wave direction




	
z

	
Vertical axis




	
   α   

	
Volume fraction of water (the VOF function)




	
β

	
Pitch of the floating caisson




	
βamp

	
Total amplitude of the pitch of the floating caisson




	
   κ   

	
Local surface curvature




	
   μ   

	
Viscosity of the fluid




	
   ρ   

	
Density of the fluid




	
   σ   

	
Surface tension coefficient




	
ζ

	
Heave of the floating caisson




	
ζamp

	
Total amplitude of the heave of the floating caisson




	
List of abbreviations




	
CFD

	
Computational fluid dynamics




	
FSI

	
Fluid–structure interaction




	
LES

	
Large-eddy simulation




	
PISO

	
Pressure-implicit with splitting of operators




	
TVD

	
Total variation diminishing




	
VOF

	
Volume of fluid
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Figure 1. Floating caisson and anti-oscillation tanks: (a) top view and (b) cross-sectional view. 
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Figure 2. Definition of the motion of the floating caisson. 
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Figure 3. Computational domain for the fluid flow in the anti-oscillation tank: (a) top view and (b) cross-sectional view. 
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Figure 4. Numerical mesh for the fluid flow in the anti-oscillation tank. 
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Figure 6. Comparison of the pitch β and heave ζ of the floating caisson using different water depths ht in the anti-oscillation tanks in the free-oscillation tests: (a) ht = 0 mm, (b) ht = 2.6 mm, and (c) ht = 5.2 mm. 
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Figure 7. Water surface profile and x-directional flow velocity in the backward half side of the anti-oscillation tank for ht = 5.2 mm: (a) 0.96 s after the oscillation start and (b) 1.40 s after the oscillation start. 
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Figure 8. Comparison of the total amplitude of the pitch     β   a m p     of the floating caisson in the forced-oscillation tests. 
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Figure 9. Relationship between the experimental and calculated values of the non-dimensional total amplitude of the pitch       β   a m p   L  /  2   H   i       in the forced-oscillation test. 
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Figure 10. Comparison of the total amplitude of the heave     ζ   a m p     of the floating caisson in the forced-oscillation tests. 
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Figure 11. Relationship between the experimental and calculated values of the non-dimensional total amplitude of the heave       ζ   a m p    /    H   i       in the forced-oscillation test. 
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Figure 12. Time series of the pitch β, wave exciting moment     M   w a v e    , and internal fluid moment     M   t a n k     for Ti = 1.84 s: (a) ht = 0 mm and (b) ht = 2.6 mm. 
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Figure 13. Calculated water surface profile and x-directional flow velocity (color contour) in the backward half side of the anti-oscillation tank when the angular velocity of the pitch reaches its maximum for ht = 2.6 mm. 
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Figure 14. Observed water surface profile (blue line) viewed from the side of the tank when the angular velocity of the pitch reaches its maximum (similar moment as Figure 13) for ht = 2.6 mm. 
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Figure 15. Calculated water surface profile and turbulent viscosity (color contour) in the backward half side of the anti-oscillation tank when the angular velocity of the pitch reaches its maximum (similar moment as Figure 13) for ht = 2.6 mm. 
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Table 1. Wall boundary conditions used in the flow model.
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	Parameter





	U (flow velocity)
	movingWallVelocity



	p_rgh (pressure)
	fixedFluxPressure



	nut (turbulent viscosity)
	nutUSpaldingWallFunction



	alpha.water (volume fraction of water)
	constantAlphaContactAngle










 





Table 2. Parameter values used in the flow model.
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	Value





	Gravitational acceleration [m/s2]
	9.81



	Density of water [kg/m3]
	999.97



	Density of air [kg/m3]
	1.00



	Kinematic viscosity of water [m2/s]
	1.00 × 10−6



	Kinematic viscosity of air [m2/s]
	1.48 × 10−5



	Surface tension coefficient of water [N/m]
	0.07



	Compression parameter     C   α    
	0.1



	Contact angle [°]
	40.25










 





Table 3. Dimensions of the floating caisson models without anti-oscillation tank models.
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	Model A
	Model B
	Model C





	Length L (x direction) [m]
	0.340
	0.340
	0.340



	Width B (y direction) [m]
	0.300
	0.300
	0.300



	Height (z direction) [m]
	0.260
	0.260
	0.260



	Draft d [m]
	0.153
	0.155
	0.156



	Moment of inertia I in the pitch direction [kg·m2]
	0.310
	0.318
	0.322



	Mass Mcaisson [kg]
	15.60
	15.86
	15.96



	Metacenter height in the pitch direction       G M   p    ¯    [m]
	0.0307
	0.0284
	0.0274










 





Table 4. Dimensions of the anti-oscillation tank model without free water.
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	Value





	Inner length Lt [m]
	0.337



	Inner width Bt [m]
	0.057



	Inner height Ht [m]
	0.017



	Mass [kg]
	0.128










 





Table 5. Comparison of the total amplitude of the pitch     β   a m p     of the floating caisson for ht = 0 mm in the forced-oscillation tests.
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	Ti [s]
	    Exp .     β   a m p   L / 2   H   i      
	    Calc .     β   a m p   L / 2   H   i      





	0.71
	0.039
	0.050



	0.85
	0.089
	0.096



	0.99
	0.139
	0.148



	1.13
	0.177
	0.211



	1.27
	0.292
	0.297



	1.41
	0.413
	0.425



	1.56
	0.770
	0.677



	1.70
	1.408
	1.178



	1.84
	2.159
	1.906



	1.98
	1.880
	1.858



	2.13
	1.110
	1.135



	2.26
	0.764
	0.821



	2.55
	0.549
	0.502



	2.83
	0.360
	0.427



	3.12
	0.448
	0.443



	3.39
	0.449
	0.633



	3.69
	1.195
	1.276



	3.97
	0.632
	1.246



	4.24
	0.431
	0.882










 





Table 6. Comparison of the total amplitude of the pitch     β   a m p     of the floating caisson for ht = 2.6 mm in the forced-oscillation tests.
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	Ti [s]
	    Exp .     β   a m p   L / 2   H   i      
	    Calc .     β   a m p   L / 2   H   i      





	0.71
	0.037
	0.050



	0.85
	0.085
	0.092



	0.99
	0.130
	0.126



	1.13
	0.176
	0.206



	1.27
	0.325
	0.297



	1.41
	0.466
	0.432



	1.56
	0.855
	0.721



	1.70
	0.908
	1.039



	1.84
	0.923
	0.973



	1.97
	0.767
	0.773



	2.13
	0.587
	0.551



	2.26
	0.491
	0.441



	2.55
	0.413
	0.304



	2.83
	0.323
	0.281



	3.11
	0.445
	0.348



	3.38
	0.514
	0.645



	3.68
	0.574
	0.717



	3.95
	0.410
	0.559



	4.24
	0.353
	0.530










 





Table 7. Comparison of the total amplitude of the heave     ζ   a m p     of the floating caisson for ht = 0 mm in the forced-oscillation tests.
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	Ti [s]
	    Exp .     ζ   a m p   /   H   i      
	    Calc .     ζ   a m p   /   H   i      





	0.71
	0.041
	0.205



	0.85
	0.453
	1.049



	0.99
	1.745
	3.954



	1.13
	1.606
	2.272



	1.27
	1.482
	1.663



	1.41
	1.167
	1.423



	1.56
	1.162
	1.294



	1.70
	1.043
	1.228



	1.84
	0.888
	1.277



	1.98
	0.911
	1.476



	2.13
	1.042
	1.317



	2.26
	1.129
	1.210



	2.55
	0.998
	1.120



	2.83
	0.929
	1.124



	3.12
	0.933
	1.101



	3.39
	0.932
	1.140



	3.69
	0.702
	1.142



	3.97
	0.692
	1.199



	4.24
	0.688
	1.270










 





Table 8. Comparison of the total amplitude of the heave     ζ   a m p     of the floating caisson for ht = 2.6 mm in the forced-oscillation tests.
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	Ti [s]
	    Exp .     ζ   a m p   /   H   i      
	    Calc .     ζ   a m p   /   H   i      





	0.71
	0.054
	0.216



	0.85
	0.555
	1.036



	0.99
	1.779
	3.951



	1.13
	1.619
	2.280



	1.27
	1.584
	1.665



	1.41
	1.232
	1.424



	1.56
	1.242
	1.294



	1.70
	1.085
	1.232



	1.84
	0.940
	1.269



	1.97
	0.935
	1.470



	2.13
	1.049
	1.325



	2.26
	1.142
	1.211



	2.55
	0.983
	1.120



	2.83
	0.942
	1.119



	3.11
	0.920
	1.100



	3.38
	0.633
	1.136



	3.68
	0.759
	1.141



	3.95
	0.658
	1.158



	4.24
	0.622
	1.300
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