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Abstract

:

In the present work, a Boussinesq-type numerical model is developed for the simulation of nonlinear wave-heaving cylinder interaction. The wave model is able to describe the propagation of fully dispersive and weakly nonlinear waves over any finite water depth. The wave-cylinder interaction is taken into account by solving simultaneously an elliptic equation that determines the pressure exerted by the fluid on the floating body. The heave motion for the partially immersed floating cylinder under the action of waves is obtained by solving numerically the body’s equation of motion in the  z  direction based on Newton’s law. The developed model is applied for the case of a fixed and a free-floating circular cylinder under the action of regular waves, as well as for a free-floating cylinder undergoing a forced motion in heave. Results (heave and surge exciting forces, heave motions, and wave elevation) are compared with those obtained using a frequency domain numerical model, which is based on the boundary integral equation method.
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1. Introduction


Contemporary technological advances seek the efficient exploitation of the vast wave energy toward the transition of the European countries to a carbon-neutral energy future. Accordingly, the technology of wave energy converters (WECs) has been rapidly evolving during the last few years, with the aim of delivering commercially competitive solutions characterized by energy effectiveness, adequate structural integrity, and cost efficiency. Among the various types of WECs proposed or developed so far [1], heaving devices are considered nowadays one of the most advanced WEC technology [2].



The design of heaving WECs relies heavily on the utilization of conventional, computationally efficient, linear numerical models for assessing the hydrodynamic behavior and, thus, the power absorption ability of the device under the wave action in frequency or time domain. However, nonlinear effects existing in the real physical problem may become important (e.g., at nearshore locations or at resonance conditions), and therefore, the deployment of nonlinear numerical models for simulating the interaction of the heaving device with the waves is required. Along these lines, Boussinesq-type numerical models accurately predicting nonlinear nearshore hydrodynamics could be utilized.



In previous works, Boussinesq-type numerical models were employed to simulate the generation and propagation of ship-borne waves (e.g., [3,4,5,6,7,8,9,10]). The ship was represented as a moving pressure disturbance by incorporating a pressure term in the momentum equation. In a similar way, Bingham [11], Koutandos et al. [12], and Eskilsson et al. [13] used 1DH Boussinesq-type modeling equations to predict the wave-induced motion of a floating structure. In the above works, the pressure term was calculated in a simple way by considering a single static surface depression [5,7,8,9] or in a more complicated way by solving simultaneously an additional equation (the Laplace equation, as in [12], or a depth-integrated momentum equation, as in [13]). Lannes [14] proposed together with the Boussinesq equations the simultaneous solution of an elliptic equation to determine the pressure exerted by the fluid on the floating body (see also [15]). Quite recently, a Boussinesq-type model has been developed in [16] for solving the problem of only the wave diffraction induced by a fixed truncated vertical cylinder.



With the aim of filling existing research gaps, the present paper highlights a 2DH Boussinesq-type numerical model with advanced features, developed for the simulation of nonlinear wave-heaving cylinder interaction. The model is based on the 2DH post-Boussinesq model of Karambas and Memos [17], which is capable to describe the propagation of fully dispersive and weakly nonlinear waves over any finite water depth, and it has been applied in several research studies and engineering applications (indicative reference is made to [18,19]). The main advantage of the present nonlinear wave model is that it is a wavenumber-free model and, as far as the theoretical linear dispersion relation is concerned, the approach is exact. Thus, the model is able to describe the propagation of any nonlinear wave (or other sea surface disturbance) at any finite water depth. Following [14], the wave-cylinder interaction is taken into account by solving simultaneously an elliptic equation that determines the fluid pressure applied on the floating body. Newton’s law is employed to form the body’s equation of motion in the vertical direction, and, thus, calculate the heave motion of the cylinder. The developed model is applied for the case of a fixed and a free-floating circular cylinder under the action of regular waves, as well as for a free-floating circular cylinder undergoing a forced motion in heave. Results are compared with those obtained using WAMIT©, which is based on the well-known boundary integral equation method (BIEM). It is worth noting that although the present approach is based on the post-Boussinesq model of [17], it can be also deployed in any other Boussinesq-type model.



The remainder of the paper is organized as follows: In Section 2, the 2DH post-Boussinesq model is presented, together with the elliptic equation that determines the pressure exerted by the fluid on the floating body. In this section, the numerical scheme and the equation of the partially immersed body’s heave motion under the action of waves are also described. In Section 3, the results of the present investigation are presented and discussed in detail, while, finally, in Section 4, the main conclusions of this study are cited along with suggestions for future investigation.




2. The 2DH Post-Boussinesq Model


2.1. Model Equations


The model’s momentum equations were extracted adopting a methodology based on the Fourier transform, leading to equations similar to the respective ones for long waves, incorporating a single additional frequency dispersion term. The latter is expressed through convolution integrals, which are estimated using appropriate impulse functions. Accordingly, the momentum equations are expressed as follows [17]:


    ∂ U   ∂ t   + U   ∂ U   ∂ x   + V   ∂ U   ∂ y   + g   ∂ ζ   ∂ x   = −   ∫   − ∞  ∞    ∫   − ∞  ∞   (    ∂ ζ   ∂ x    (  x −  ξ 1  , x −  ξ 2  , t  )  −   ∂ ζ   ∂ x    )  K  (   ξ 1  ,  ξ 2   )  d  ξ 1  d  ξ 2  −  1 ρ    ∂ P   ∂ x    



(1)






    ∂ V   ∂ t   + U   ∂ V   ∂ x   + V   ∂ V   ∂ y   + g   ∂ ζ   ∂ y   = −   ∫   − ∞  ∞    ∫   − ∞  ∞   (    ∂ ζ   ∂ y    (  x −  ξ 1  , x −  ξ 2  , t  )  −   ∂ ζ   ∂ y    )  K  (   ξ 1  ,  ξ 2   )  d  ξ 1  d  ξ 2  −  1 ρ    ∂ P   ∂ y    



(2)




where  U ,  V  are, respectively, the depth-averaged velocity components along the  x  and  y  direction,  ρ  is the water density,  ζ  is the free surface elevation,  g  the gravitational acceleration,   t   is time, and  P  is the interior pressure exerted by the fluid on the bottom of the floating body. In Equations (1) and (2), the kernel   K  (  x , y  )    is given by [17] as:


  K  (  x , y  )  =  g  2 π  d 2     [   1  r / d   −   ∑   n = 1  ∞       (  − 1  )    n − 1        n 2  +    (  r / d  )   2  / 4      ]   



(3)




where  d  is the water depth and   r =    x 2  +  y 2     .



Equations (1) and (2) together with the continuity equation


    ∂ ζ   ∂ t   +   ∂  [   (  d + ζ  )  U  ]    ∂ x   +   ∂  [   (  d + ζ  )  V  ]    ∂ y   = 0  



(4)




form the system of equations of the 2DH post-Boussinesq model.



The model is wavenumber free and, as far as the theoretical linear dispersion relation is concerned, the approach is exact (i.e., the model poses no restriction on the water depth). It also includes only a single frequency dispersion term to obtain the theoretical dispersion relation, while other Boussinesq-type models consider a significant number of terms with high order derivatives.




2.2. The Pressure in the Interior Domain


Due to the presence of the floating body, the horizontal plane is divided into two regions—the interior domain, defined as the projection of the wetted surface on the body, and the exterior domain. The interior pressure  P  of the last terms of the right-hand side of Equations (1) and (2) is calculated by numerically solving the following elliptic equation according to [14]:


   1 ρ    ∂  (  h   ∂ P   ∂ x    )    ∂ x   +  1 ρ    ∂  (  h   ∂ P   ∂ y    )    ∂ y   +    ∂ 2   ζ w    ∂  t 2    +   ∂  (  N L x  )    ∂ x   +   ∂  (  N L y  )    ∂ y   + g   ∂  (  h   ∂ ζ   ∂ x    )    ∂ x   + g   ∂  (  h   ∂ ζ   ∂ y    )    ∂ y   = −   ∂  (  h B T x  )    ∂ x   −   ∂  (  h B T y  )    ∂ y    



(5)




where    ζ w   (  x , y  )    is the local instantaneous draught of the floating body (i.e., the instantaneous hull’s wetted surface and, consequently, the shape of a pressure disturbance),  h  is the total water depth—namely,   h = d + ζ  ,   N L x  , and   N L y   are the nonlinear terms of the momentum equations (Equations (1) and (2)), whereas   B T x   and   B T y   are the dispersion terms (i.e., the integral terms) of Equations (1) and (2).



At the bottom boundary of the floating body, the following condition is applied:


  P =  p  b o u s s    



(6)




where    p  b o u s s     is the pressure on the body bottom, which is calculated by adopting the pressure distribution of the Boussinesq equations [12].



The terms   N L x  ,   N L y  ,   B T x   and   B T y   of Equation (5) are defined as follows:


  N L x = U   ∂ h U   ∂ x   + V   ∂ h U   ∂ y    



(7)






  N L y = U   ∂ h V   ∂ x   + V   ∂ h V   ∂ y    



(8)






  B T x =   ∫   − ∞  ∞    ∫   − ∞  ∞   (    ∂ ζ   ∂ x    (  x −  ξ 1  , x −  ξ 2  , t  )  −   ∂ ζ   ∂ x    )  K  (   ξ 1  ,  ξ 2   )  d  ξ 1  d  ξ 2   



(9)






  B T y =   ∫   − ∞  ∞    ∫   − ∞  ∞   (    ∂ ζ   ∂ y    (  x −  ξ 1  , x −  ξ 2  , t  )  −   ∂ ζ   ∂ y    )  K  (   ξ 1  ,  ξ 2   )  d  ξ 1  d  ξ 2   



(10)







In the case of other types of classical Boussinesq equations, the dispersive terms   B T x   and   B T y   can be written as (assuming constant depth)


  B T x =    d 2   3     ∂ 3  U   ∂ t ∂  x 2    +    d 2   3     ∂ 3  V   ∂ t ∂ x ∂ y    



(11)






  B T y =    d 2   3     ∂ 3  V   ∂ t ∂  y 2    +    d 2   3     ∂ 3  U   ∂ t ∂ x ∂ y    



(12)







Equation (5), as well as the pressure terms     ∂ P   ∂ x    ,       ∂ P   ∂ y     of Equations (1) and (2), respectively, were applied only in the interior computational domain, while in the exterior domain, zero surface (atmospheric) pressure was considered, i.e.,   P = 0  .




2.3. Numerical Scheme


The numerical solution was accomplished by a widely used simple and well-documented explicit second-order finite difference scheme, centered in space and forward in time on a staggered grid [17]. The scheme conserves mass and energy for nonbreaking waves in a satisfactory manner. The discrete continuity equation is centered in the level points and the momentum equations in the flux points.



The continuity and the momentum equations are approximated by finite difference equations according to the selected explicit scheme. The convolution integrals of Equations (1) and (2) are calculated numerically using higher-order methods [17].



The deployed finite differences scheme explicitly avoids the solution of a large system of algebraic equations, as in other Boussinesq formulations, which include a large number of terms.



The waves are generated inside the computational domain by simply adding a line source (a point source in the one-dimensional case) in the continuity equation [20]. Wave absorption at the open boundaries of the computational domain is achieved using the sponge layer technique according to [21].




2.4. Floating Body Dynamics


The equation of the heave motion for the partially immersed body’s dynamics under the action of regular waves is described by Newton’s law in the  z  direction as follows:


   (  M +  M a   )     d 2  Z   d  t 2    + B   d Z   d t   + K Z =  F  h e a v e    



(13)







In Equation (13),  Z  is the vertical displacement of the floating body,  M  is the submerged mass of the body,    M a    is the heave added mass (hydrodynamic mass coefficient),  B  is a heave damping coefficient resulting from various sources (e.g., viscous damping),  K  is the heave hydrostatic restoring force coefficient, and    F  h e a v e     is the vertical exciting force. The latter quantity is obtained by integrating the interior pressure  P  derived from the numerical solution of the elliptic equation (Equation (5)) over the wetted surface of the body  S  as follows:


   F  h e a v e   =   ∬  S  P  n z  d S  



(14)




where    n z    is the normal unit vector along  z  direction.



In addition to the above, the horizontal (along  x ) exciting force,    F  s u r g e    , can be calculated as follows:


   F  s u r g e   =   ∬  S  p  n x  d S  



(15)




where  p  is the pressure on the body sides, calculated by adopting the pressure distribution of the Boussinesq equations [12], and    n x    is the normal unit vector along the  x  direction.



In the case of a heaving circular cylinder with radius  a  and draft (at rest)  b , as examined in this investigation, the submerged mass  M  is equal to   ρ π b  a 2    and its heave hydrostatic restoring force coefficient   K   is equal to   ρ g π  a 2    [22]. As for    M a    (Equation (13)), this frequency-depended coefficient was obtained in the present paper using WAMIT© (2006) code [23], which is based on the well-known BIEM. The relevant frequency domain linear hydrodynamic analysis under unit-amplitude regular waves assumes incompressible and inviscid fluid, as well as irrotational flow. Thus, the fluid motion is described by introducing the velocity potential, which satisfies the Laplace equation everywhere in the fluid domain. The corresponding boundary value problem is formed by imposing the well-known linearized boundary conditions on the free surface, on the sea bottom, and on the floating body [23,24]. The boundary integral equations for the unknown velocity potentials on the boundary of the body are formed utilizing Green’s theorem, and the boundary value problem is solved by deploying a three-dimensional high-order panel method [23,24]. Subsequently, all physical quantities describing the hydrodynamic behavior of the floating body (e.g., heave exciting force and hydrodynamic coefficients, heave response, etc.) were calculated. It is worth noting that WAMIT© was also deployed in the present paper in order to compare its results with those obtained from the 2DH post-Boussinesq model.





3. Results and Discussion


The 2DH post-Boussinesq model developed in this study was applied successively for three different cases of the examined physical problem. The first case considered a circular cylinder fixed at its position under the wave action and focused on the calculation of the surge and heave exciting forces applied on the body. The second one dealt with the waves generated by a free-floating circular cylinder undergoing a forced prescribed sinusoidal motion in heave. Finally, the third case focused on the heave responses of a free-floating circular cylinder under the action of waves. For the first and the last case, regular waves were taken into account, facilitating the comparison of results with those obtained using the BIEM model. Accordingly, all nonlinear terms in Equations (1), (2) and (4) were assumed to be equal to zero. Detailed characteristics of all the above cases along with the corresponding results are presented in the following sections. Regarding the computing resources required for the present model runs, indicatively, the computational time for a 50 s simulated time-run on a 500X500 node grid was ~4 hours on a desktop PC with 3.20 GHz IntelR CoreTM i7-3930 K processor and 32.0 GB installed RAM.



3.1. Surge and Heave Exciting Forces on a Fixed Cylinder


The surge and heave exciting forces were obtained for a fixed circular cylinder of radius   a = 1.0   m and for different draft-to-radius ratios,   b / a  , equal to   0.5  ,   1.0  , and   2.0  . The cylinder was subjected to the action of unit-amplitude monochromatic waves of varying periods in deep water conditions. The corresponding results are shown in Figure 1 and Figure 2, where the nondimensional amplitude of the surge,    |   F  s u r g e    |   , and heave,    |   F  h e a v e    |   , exciting forces (values are normalized by   π ρ g A  a 2   , with  A  denoting the amplitude of the incident wave) are plotted as a function of    k o  a  , where    k o    is the wavenumber in deep waters. The corresponding results derived by the BIEM are also included for comparison purposes.



In the case of the surge exciting force (Figure 1), the results of the present model for all   b / a   values examined illustrate a smooth variation of this force with    k o  a  , with a peak value at    k o  a ~ 0.8  . For a given nondimensional wavenumber, the increase of the cylinder’s draft leads, as expected, to larger surge exciting forces values. As for the heave exciting forces (Figure 2), the results of the 2DH post-Boussinesq model for a given   b / a   ratio demonstrate a smooth decrease of the nondimensional    |   F  h e a v e    |    values with    k o  a  , starting from the limiting value of  1  as    k o  a → 0  . On the other hand, the increase of   b / a   leads, as expected, to smaller amplitudes of the heave exciting forces. All the above trends are in absolute accordance with the BIEM curves. Finally, the results obtained with the 2DH post-Boussinesq model agree quite well with those obtained using the BIEM model. More specifically, the average absolute difference between the    |   F  s u r g e    |    results of the two numerical models is equal to 0.03, 0.03, and 0.05, respectively, for   b / a = 0.5  ,   1.0 ,   and   2.0  , while in the case of the    |   F  h e a v e    |    results, it is equal to 0.03 for all   b / a   ratios examined. The small differences can be attributed to the consideration of different assumptions in the two numerical models.




3.2. Waves Generated by the Forced Heave Motion of a Free-Floating Cylinder


In this section, we focus on the case of a free-floating circular cylinder undergoing a forced prescribed motion in heave. Initially, we considered a cylinder of   a = 10.0   m and   b / a = 0.5  , placed in an area of water depth,  d , equal to 28 m. The cylinder was subjected to a sinusoidal forced motion of   1.0   m amplitude and oscillation period,  T , equal to  6  s. Figure 3 shows the free-surface elevation around the cylinder due to the waves generated by the forced motion of the cylinder. A circular pattern of waves radiating energy in all directions around the cylinder can be easily identified, demonstrating the ability of the developed 2DH post-Boussinesq model to capture effectively the relevant aspects of the examined physical problem.



In Figure 4, the amplitude of the free-surface elevation due to the waves generated by the forced motion of a cylinder of   a = 5.0   m and   b / a = 1.0   are compared with those obtained using the BIEM. The floating cylinder was placed in an area of   d = 10   m, and it was subjected to a forced unit-amplitude sinusoidal motion of three different oscillation periods,   T  , equal to   5.6   s (coinciding with the cylinder’s heave natural period,    T n   ),   8.0   s and   10.0   s. In Equation (13),  B  is assumed to be equal to  0 , while the values of    M a    acquired from the BIEM model are given in nondimensional forms in Table 1. In this table, nondimensional    M a    values for   T = 4.0   s,   6.0   s, and   12.0   s utilized in the examined problem of Section 3.3 are also included. The free-surface elevation is calculated along a line parallel to the  x  axis, passing the center of the cylinder.



For both numerical models, the results of Figure 4 demonstrate a gradual decrease of the free-surface elevation, as we are moving away from the floating body. In the case of   T = 5.6   s, the results of the 2DH post-Boussinesq model agree well with the corresponding ones obtained using the BIEM model (absolute differences   ≤ 0.02   m at   x < − 6.0   m and   x > 6.0   m), except at locations close to the sides of the cylinder, where the former model leads to a bit larger values of the free-surface elevation, compared with the BIEM model (absolute differences equal to   0.04   m and   0.03   m, respectively, at   x = − 6.0   m and   x = 6.0   m). For   T = 8   s and   10.0   s, slightly smaller values are observed in the case of the 2DH post-Boussinesq model, compared with the BIEM model (absolute differences   ≤ 0.04   m and   ≤ 0.01   m, respectively for   T = 8   s and   10.0   s). As in the case of the exciting forces, all the above small differences can be attributed to the consideration of different assumptions in the two numerical models.




3.3. Heave Motion of a Cylinder under Regular Waves


In this section, we consider the case of a free-floating circular cylinder under the action of regular waves. Two cylinders of different geometrical characteristics were examined. The first cylinder had   a = 5.0   m and   b / a = 1.0   (  b = 5.0   m), and it was situated at an area of water depth   d = 10   m. It was subjected to unit-amplitude regular waves of six different wave periods,  T , equal to 4.0 s,   5.6   s,   6.0   s,   8.0   s,   10.0   s, and   12.0   s. The second geometry corresponded to a cylinder of   a = 10.0   m and   b / a = 1.0   (  b = 10.0   m), which was placed at an area of   d = 20   m. For this cylinder,    T n    was calculated equal to   8.0   s. The action of unit-amplitude regular waves of five different wave periods,  T , equal to 4.0 s,   6.0   s,   8.0   s,   10.0   s, and   12.0   s was taken into account. For solving Equation (13) the values of    M a    of Table 1 and Table 2 were taken into account for the cylinder with   a = 5.0   m and   a = 10.0   m, respectively, while  B  was assumed to be equal to  0 .



Figure 5 shows the variation of the amplitude of the heave motion as a function of  T  for the two examined cylinders. Starting with the smallest cylinder (Figure 5a), a peak of the heave motion occurs at   T = 5.6   s, attributed to resonance phenomena. Then, by increasing the incident wave period, the values of the cylinder’s motion are successively decreased. Analogous is the variation of the heave motion in the case of the largest examined cylinder (Figure 5b). However, maximization of the heave motion due to resonance occurs at   T = 8.0   s, which coincides with the heave natural period of this cylinder. Compared with the BIEM model, the results of the present model show excellent agreement with those obtained deploying the BIEM model (absolute differences   < 0.15    m), except at the wave period range, where resonance phenomena occur. Specifically, at   T = 5.6   s and   6.0   s in the case of the smallest cylinder (Figure 5a), as well as at   T = 8.0   s for the largest examined cylinder (Figure 5b), the amplitude of the heave motion calculated with the present model has smaller values, compared with those of the BIEM model (absolute differences equal to   0.97    m,   0.62   m and   0.90   m, respectively). This can be related to the different approaches of the two models and to the numerical round-off and truncation errors introduced in the numerical schemes of the present model (in the solution of both the hydrodynamic and motion equations).



Figure 6 includes a perspective view of the free-surface elevation around the cylinder of   a = 5.0   m and   b / a = 1.0   and for   T = 8.0   s. The disturbance of the incident waves due to scattering effects, but mainly due to the waves radiating from the motion of the cylinder, can be easily identified. This, in turn, demonstrates the ability of the model developed in the present investigation to capture effectively the main aspects of the examined physical problem.



As already mentioned, in all the above results, the linear version of the present model was applied in order to compare results with those obtained using the BIEM model. However, for demonstrating the effects of nonlinear waves on the dynamic behavior of the floating cylinder, in Figure 7, nonlinear model results (nondimensional heave force and heave motion) are shown. The results are indicatively obtained for the cylinder with   a = 5.0   and   b / a = 1.0   under the action of unit-amplitude nonlinear monochromatic waves of   T = 6.0   s. It is obvious that both the heave force and motion are not purely sinusoidal, indicating the existence of nonlinear effects.



Finally, the heave responses of the aforementioned cylinder were calculated for nonlinear monochromatic waves of height,  H , equal to   4.0   m, and period  T , equal to 4.0 s,   5.6   s,   6.0   s,   8.0   s,   10.0   s, and   12.0   s. The corresponding results are shown in Figure 8, in which the maximum heave displacement minus the minimum one over the wave height (i.e.,    (   Z  m a x   −  Z  m a x    )  / H  ) is plotted against  T . In this figure, the results of Figure 5a are also included for illustrating the effect of the wave steepness on the vertical displacements of the cylinder. It can be seen that the action of nonlinear (steep) waves leads to smaller vertical displacements of the cylinder, especially in the period range, where resonance phenomena occur. However, the differences between the examined linear and nonlinear waves are not so significant.





4. Conclusions


In the present work, a 2DH post-Boussinesq numerical model for the simulation of nonlinear wave-heaving cylindrical interaction was developed and presented. The model is able to describe the propagation of any nonlinear wave or other sea surface disturbance at any finite water depth, while the wave-cylinder interaction was taken into account by solving simultaneously an elliptic equation that determines the fluid pressure applied on the floating body. The model was applied for three different cases of a circular cylinder (a fixed and a free-floating cylinder under the action of regular waves, and a free-floating cylinder undergoing a forced motion in heave) in order to (a) compare results with those obtained using a BIEM model and (b) demonstrate the ability of the model to capture effectively the main aspects of the examined physical problem.



In the case of a fixed circular cylinder under the action of regular waves, the results of the 2DH post-Boussinesq model efficiently illustrated the foreseen effects of the nondimensional wavenumber and the nondimensional cylinder’s draft on the heave and surge exciting forces. Similarly, the developed numerical model effectively captured the anticipated features of the wave elevation and the heave response variation for a free-floating circular cylinder under a forced motion in heave and under the action of regular waves, respectively.



For all cases examined, the results of the 2DH post-Boussinesq model showed very good agreement with those obtained using the BIEM model. The most pronounced differences were observed in the case of the heave response of the free-floating circular cylinder under the wave action at the wave period range, where resonance phenomena occur. In this period range, numerical round-off and truncation errors introduced in the numerical schemes of the present model (in the solution of both the hydrodynamic and motion equations) led to smaller values of the heave motion, compared with those of the BIEM model.



The present model requires much more computational time, compared with the applied BIEM model. However, it has the advantage of simulating both near- and far-field (propagation) effects of heaving cylinders over a variable bathymetry, as well as the interaction of these structures with nonlinear irregular waves.



Along these lines, the present model could be deployed in order to assess the performance of a heaving WEC under the action of nonlinear regular and/or irregular waves, by introducing the power take-off system forces in the equation of motion. The model could be also further extended to deal with arrays of heaving cylinders or WECs, enabling the assessment of the impacts of these multi-body configurations on the surrounding wave field, especially, at nearshore locations.
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Figure 1. Variation of    |   F  s u r g e    |  /   π ρ g A  a 2    as a function of    k o  a   for different   b / a   ratios (fixed circular cylinder). 
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Figure 2. Variation of    |   F  h e a v e    |  /   π ρ g A  a 2    as a function of    k o  a   for different   b / a   ratios (fixed circular cylinder). 
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Figure 3. Perspective view of the free-surface elevation due to waves generated by a forced unit-amplitude sinusoidal motion (  T = 6   s) in heave of a cylinder, with   a = 10.0   m and   b / a = 0.5   placed at   d = 28   m. 
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Figure 4. Variation of free-surface amplitude along the  x  axis due to waves generated by a forced unit-amplitude sinusoidal motion in heave of a cylinder with   a = 5.0   m and   b / a = 1.0   placed at   d = 10   m: (a)   T = 5.6   s; (b)   T = 8.0   s; (c)   T = 10.0   s. In all plots, the cylinder lies at   − 5.0   m   ≤ x ≤     5.0   m. 
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Figure 5. Amplitude of the cylinder’s heave motion under regular waves: (a)   a = 5.0   m and   b / a = 1.0   (  d = 10.0   m); (b)   α = 10.0   m and   b / a = 1.0   (  d = 20.0   m). 
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Figure 6. Perspective view of the free-surface elevation around a cylinder of   a = 5.0   m and   b / a = 1.0   situated at   d = 10   m under the action of unit-amplitude regular waves of   T = 8.0   s. 
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Figure 7. Time variation of the heave exciting force (a) and the heave motion (b) for the cylinder with   a = 5.0   m and   b / a = 1.0   (  d = 10.0   m) under the action of unit-amplitude nonlinear monochromatic waves of   T = 6.0   s. 
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Figure 8. Nondimensional vertical displacement of a cylinder with   a = 5.0   m and   b / a = 1.0   (  d = 10.0   m) under linear and nonlinear monochromatic waves. 
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Table 1. Nondimensional    M a    values for different oscillation periods for a cylinder of   a = 5.0   m and   b / a = 1.0   placed at   d = 10   m.
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	   T   ( s )   
	     M a  / ρ  a 3     





	4.0
	1.819



	5.6
	1.804



	6.0
	1.836



	8.0
	2.032



	10.0
	2.218



	12.0
	2.377
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Table 2. Nondimensional    M a    values for different oscillation periods for a cylinder of   a = 10.0   m and   b / a = 1.0   placed at   d = 20   m.
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	   T   ( s )   
	     M a  / ρ  a 3       





	4.0
	1.992



	6.0
	1.795



	8.0
	1.808



	10.0
	1.938



	12.0
	2.079
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