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Abstract

:

In this study, we analyze the experimental results of the mean sway (side drift) forces of six full type ships at low speeds in regular waves of various directions and compare them with numerical results of the in-house 3D panel code NEWDRIFT. It is noted that the mean sway force is most significant in relatively short waves, with the peak being observed at λ/LPP ≈ 0.5–0.6. For λ/LPP > 1.0, the corresponding value is rather small. We also observe a solid recurring pattern of the mean sway force acting on the analyzed full type ships. On this basis, we proceed to approximate the mean sway force with an empirical formula, in which only the main ship particulars and wave parameters are used. Preliminary validation results show that the developed empirical formula, which is readily applicable in practice, can accurately predict the mean sway force acting on a full ship, at both zero and non-zero speeds.
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1. Introduction


The prediction of the second order steady wave forces and moment of a ship or a floating structure in waves is a classical ship dynamic problem. The longitudinal component in the direction of a ship’s forward speed (added resistance) is of major concern when discussing ship’s speed-power performance in realistic seaways, while the transverse and rotational components significantly affect the maneuvering performance of a ship, hence, they are directly related to the safe navigation of the ship in a seaway.



Several theoretical approaches of varying complexity and accuracy have been developed and validated since the early 1940s, when Havelock [1] developed the first theoretical approach to calculate the steady drift force acting on a fixed vertical circular cylinder in waves. Besides a few analytical approaches to the drift forces acting on analytically defined forms, the current well established numerical methods can be classified into two main categories, namely, the far-field and near-field, pressure methods. The far-field methods are based on energy considerations for the diffracted (reflected and transmitted) and radiated wave, the momentum flux at infinity and the work done on the body in the near-field, leading to the acting steady force by the total rate of momentum change. The near-field methods, on the other side, calculate the steady second order forces/moments by direct integration of the hydrodynamic, steady second order pressure acting on the wetted body surface. This pressure can be calculated exactly from first order potential functions and their derivatives, thus, there is no need to solve the exact second order potential theory problem.



In the frame of potential flow theory, the far-field approach was introduced by Maruo [2] leading to the calculation of the steady second order longitudinal forces and then extended by Newman [3] to calculate the steady second order yaw moment as well. Salvesen [4] investigated the added resistance problem by applying the radiated energy approach of Gerritsma and Beukelman [5], which is in line with Maruo’s theory, but while using the basic potential flow solution of the Salvesen–Tuck–Faltinsen (STF) seakeeping strip theory [6]; they obtained satisfactory results for the investigated ship hull forms. Following also the far-field approach, Mavrakos [7] presented a solution to the vertical second order forces and pitch moment acting on floating axisymmetric bodies. Finally, Kashiwagi [8] presented results for the second order steady forces based on the far-field method but using a more consistent numerical seakeeping method accounting for 3D effects.



The near-field, direct pressure integration method has been practically developed in parallel with the far-field method. Boese [9] proposed a first pressure integration method, though the associated hydrodynamic pressure distribution was very simplified. More exact 3D formulations and numerical implementations were introduced in the later years, first dealing with the zero speed second order problem [10,11,12,13,14] with good validation results. It was proven that both far- and near-field methods lead to the same results, even though numerical implementations may justify minor differences [15,16].



An important issue in both methods is the treatment of the forward speed effect in the calculation of the ensuing first order potential function and its derivatives. For slender, ship-like forms, slender body theory may be applied for the forward speed effect. It can be shown that this simplification is also well applicable to non-slender ships (full type ships) at low speed of advance [17]. A negative side effect of this approximation is, however, that the steady wave formation at a ship’s bow region is not properly accounted for. This is problematic when applying the near-field pressure integration method, because of the dominance of the so-called line integral term. Joncquez [18] further developed the near-field method by including an improved formulation for the steady pressure and the results improved, even though it still shows discrepancy from experimental data in short waves.



In the validation of both methods, the focus has been mainly on the longitudinal component, which is also known as added resistance, as it affects significantly the speed-power performance (and then, the associated fuel and emission performances) of a ship in seaways. Therefore, many studies were devoted to the improvement of various issues in the implementation of such methods, as documented in, but not limited to, the works of Chen [19], Duan & Li [20], Liu et al. [21], Ohkusu [22], Sakamoto and Baba [23], Tsujimoto et al. [24], and Yang et al. [25], etc.



The other force and moment components, such as the steady sway force and yaw moment, mainly influence the design of mooring systems of floating structures (zero speed problem) and the maneuvering performance of ships in waves. Experimental measurements for the validation of numerical methods have to be carried out in ocean basins and the model size is trivially constrained by the size of the basin, hence, it is usually relatively small for the demand of the accurate validation measurements of the concerned second order quantities. For this reason, rather limited results have been reported to the public and the validation of various methods on predicting these components has been much less intensive, as indicated in various studies (for instance, in Skejic & Faltinsen [26]). Nevertheless, over the years, some experimental data of standard designs as well as several standard hull forms have been gradually released to the public. For VLCC tanker designs, Naito et al. [27] reported the experimental steady forces and moment acting on the Esso Osaka ship at low speeds using a 4.0 m long model. Iwashita et al. [28] published the experimental data of a VLCC model advancing in oblique waves using a 3.14 m long model. Ueno et al. [29] studied the steady wave forces and moment of a VLCC tanker in short waves at zero and small forward speed. Ueno et al. [30] measured the steady forces and moment of a VLCC tanker at zero speed in waves of various lengths and headings. Within the framework of the EU funded SHOPERA project [31], the steady forces and yaw moment of the benchmark ship KVLCC2 in steep waves at zero speed were measured using a 4 m model [32]; the same ship was the subject of an international benchmark study on contemporary numerical methods [33]. For bulk carrier designs, Kadomatsu et al. [34] published the experimental results of a capesize bulker design using a 2.91 m long model. Yasukawa et al. [35] reported to the public the steady wave forces and yaw moment of the S-Cb84 model at several speeds.



The experimental data accumulated in the public domain over the years make nowadays a qualitative, and to some extent, quantitative validation of numerical methods possible, namely comparing the numerical results generated by a numerical method and software for a specific design and examine the results against available experimental data of the same or similar hull forms. In the present study, the well-established frequency domain 3D boundary element method and associated computer code NEWDRIFT [12,14,17,36] is used to solve the basic seakeeping problem and to calculate the second order steady sway force. Furthermore, we proceeded to approximate the mean sway force with an empirical formula, in which only the main ship particulars and wave parameters are used. Applications to standard ship designs were carried out to validate the applicability and the accuracy of the developed and implemented methods in practice and to make recommendations on the way ahead.




2. Background of the Employed 3D Panel Method


We consider a ship advancing at constant mean forward speed U in regular sinusoidal waves of small amplitude. The ship’s heading is defined by angle α measured between the direction of U and the direction of wave propagation (α = 0° represents following waves). The wave frequency ω0 is related to the ship’s frequency of encounter ω by


  ω =  |   ω 0  − U k cos α  |   



(1)




where wave number k = 2π/λ, and with λ being the wavelength.



The resulting oscillatory motions of the ship are assumed linear and harmonic. An orthogonal coordinate system Oxyz is assumed at the mean position of the ship, with positive z-axis vertically upwards through the center of gravity of the ship, positive x-axis towards the ship’s bow, and O in the plane of undisturbed free surface. The ship is assumed to oscillate as a rigid body in six degrees of freedom with amplitudes ηi, where i = 1, 2, …, 6 refer to surge, sway, heave, roll, pitch and yaw motions, respectively. The six linear coupled differential equations of motions are:


    ∑   l = 1  6   [  −  ω 2   (   M  i l   +  A  i l    )  − j ω  B  i l   +  C  i l    ]   η l  =  f i   e  − j ω t   ,   i = 1 , 2 , … 6  



(2)




where    M  i l     are components of the generalized mass matrix of the ship,    A  i l     and    B  i l     are added mass and damping coefficients,    C  i l     are hydrostatic restoring force coefficients,    f i    are the complex amplitudes of wave exciting forces and moments, and j is the imaginary unit associated with a harmonic time function. Only the real part is taken in all expressions involving    e  − j ω t    .



Assuming potential flow, the velocity potential   Φ  (  x , y , z ; t  )    is separated into a time-independent steady part due to ship’s speed U and time-dependent part associated with the incident wave and the excited unsteady oscillatory motions, which are assumed small in response to small amplitude incident waves:


  Φ  (  x , y , z ; t  )  = − U x +  Φ s   (  x , y , z  )  +  Φ T   (  x , y , z  )   e  − j ω t    



(3)







Here,   − U x +  Φ s    is the steady part and    Φ T    the complex amplitude of the unsteady potential part. We assume that the operator    U ω   ∂  ∂ x    , appearing in the free surface boundary condition of the ensuing BVP for Φ, is small, which holds for




	
U small (low speed),



	
ω large (high wave frequency/short waves) and/or



	
   ∂  ∂ x     small, which holds for slender bodies.








Under these conditions, the problem is linearized by disregarding higher order terms in    Φ s    and    Φ T    and terms containing their cross products. The steady and unsteady velocity potentials can be determined separately.    Φ T    is then decomposed as follows:


   Φ T  =  φ 0  +  φ 7  +   ∑   i = 1  6   η i   φ i   



(4)




where    φ 0    is the incident wave potential,    φ 7    the diffracted wave potential, and    φ i    the velocity potential for the i-th mode of motion. All    φ i   , i = 0, ..., 7 satisfy Laplace’s equation in the fluid domain and appropriate boundary conditions at the wetted surface, the free surface and at infinity.



We introduce the zero speed Green’s function G(p, q) representing the potential at a field point p(z, y, z) of a pulsating source of unit strength at point q(ξ, η, ζ). Applying Green’s 3rd theorem to the harmonic functions G(p, q) and    φ i   , a set of Fredholm integral-equations is derived, to be solved for the complex source strengths, based on which the potential values    φ i    can be obtained.



Having obtained    φ i   , the hydrodynamic pressure p due to the unsteady velocity potential can be calculated by Bernoulli’s equation:


  p = − ρ  (    ∂ φ   ∂ t   +  1 2     |  ∇ φ  |   2  + g z  )   



(5)







Integrating the pressure over the wetted hull surface yields the hydrodynamic forces and moments, which finally lead to the values of the hydrodynamic coefficients in the equations of motion (2), namely    A  i l    ,    B  i l       and    f i   . These coefficients are corrected for the effect of forward speed on the basis of expressions derived from the slender body theory [17]. Thus, the six DOF equations of motions can be set up and solved for the motions of the ship.



Both the far-field method and near-field (pressure integration) method have been implemented in the code NEWDRIFT to calculate the quasi second order forces/moments [12,37]. The classic near-field (pressure integration) method for the calculation of the transverse steady second order force at low speed of advance has the following form:


     F ¯  Y  = −  1 2   ρ g    ∫  C   ζ r 2     sec α    WL    n 2  dl −  ω 2     M η   3   η 4  +  ω 2  M  (   η 1  −  z G   η 5   )   η 6     + ρ   ∬    S B     {   (   η 2  +    x η   6  −    z η   4   )   ∂  ∂ y    (    ∂ ϕ   ∂ t   + U   ∂ ϕ   ∂ x    )         +  (   η 3  +    x η   5  −    y η   4   )   ∂  ∂ z    (    ∂ ϕ   ∂ t   + U   ∂ ϕ   ∂ x    )   }   n 2  ds    −  1 2  ρ   ∬    S B     [     (    ∂ ϕ   ∂ x    )   2  +    (    ∂ ϕ   ∂ y    )   2  +    (    ∂ ϕ   ∂ z    )   2   ]   n 2  ds   



(6)




where    ζ r    is the first order relative wave height along the ship waterline and    η i    is the ship motion amplitude in i-th direction,  ϕ  is the total velocity potential, M is the mass of the ship, and    z G    the z-coordinate of the center of gravitation of the ship, and    α  W L     is the sectional flare angle (0 means vertical wall) at the ship’s SWL waterline.




3. Subject Models


Table 1 presents the main particulars, associated hull coefficients and ratios, and testing conditions of six full ships that are used in the present analysis. The associated experimental results are available for Froude numbers Fr between 0.0 and 0.10, which correspond to low and up to moderate speeds and are typical conditions in ship maneuvering. Four sets of the experimental data are obtained in free motion conditions, while the data for VLCCa and Esso Osaka are in motion restrained conditions. All of these experimental data are in the public domain and the references for each set of data are given.



Regarding the available information of the hull forms, the lines of the KVLCC2, S-Cb84, the bulk carrier and the Esso Osaka are available in the public domain, while that of the VLCCa and VLCCb are not. For VLCCa, the block coefficient is the same as KVLCC2, while the L/T is close to that of KVLCC2, and the L/B smaller and B/T larger. These characteristics give us good reason to apply a simple affine distortion method to the KVLCC2 offsets to generate an approximate lines plan [38]. The scaling factors for the three axes in this simple affine distortion are as follows:



α1 = 3.100/320.0 = 0.00969; β1 = 0.610/58.0= 0.01052; γ1 = 0.200/20.8 = 0.00962



For VLCCb, a similar procedure is applied to generate her hull form from KVLCC2’s lines:



α2 = 2.970/320.0 = 0.00928; β2 = 0.538/58.0 = 0.00928; γ2 = 0.179/20.8 = 0.00861



The predicted mean second order force for the two approximated hull forms will be denoted as VLCCa’ and VLCCb’, respectively.




4. Numerical Results and Discussion


Figure 1 shows the used panelization of the wetted part of the hull form of S-Cb84 model, with 739 panels for half of the ship’s surface. Similar panelizations have been applied to all the investigated ship models.



Figure 2 shows the calculated mean sway forces of the six ships in beam waves at zero speed as obtained both from experiments and from numerical predictions using NEWDRIFT. Overall, it is noted that the four sets of experimental results are close to each other, except for the results of KVLCC2, which show some oscillatory behavior in short waves. This might be due to the fact that the generated waves in this region were quite steep for KVLCC2. Note, also, that the model length of the KVLCC2 was the largest among the six test ships. The obtained numerical results show a similar trend for the mean sway force of the six ships. The maximum non-dimensional mean sway force is observed at λ/LPP ≈ 0.5–0.7. In short waves, the non-dimensional values all tend to approach a certain value between 0.4–0.5, which is expected, when considering that the limiting value of the mean sway force on a vertical wall is 0.5. The limiting value is a bit less than 0.5 because the hull is not vertical near the waterline, particularly at both ends. Nevertheless, some increased uncertainty appears in very short waves. This can be due to experimental and numerical issues. On the numerical side, in short waves, very small panels are needed and in addition, the phenomenon of irregular frequencies may trigger oscillations in the obtained results [19,39].



Figure 3 shows the induced mean sway force of five of the test ships in bow waves from two incident directions at zero speed. For α = 135 deg, the experimental data of Esso Osaka and a bulk carrier are available. Reasonable agreement is observed in short waves (λ/LPP = 0.4–0.8). In longer waves, where ship motion plays a role, there are significant deviations as the experiments of Esso Osaka were executed in the motion restrained condition. For α = 150 deg, the experimental data of S-Cb84, KVLCC2 and VLCCb are available. While the measured values are smaller than in the α = 135 deg case, a close agreement is observed among the three sets of data. For both cases, the numerical results for the studied ships show a high degree of similarity except in very short waves, where the local hull form features appear to play an important role.



Figure 4 shows the mean sway force of four of the tested ships in stern oblique waves in two incident directions at zero speed. For α = 45 deg, the experimental data of a bulk carrier are available, while for α = 30 deg the experimental data for S-Cb84, KVLCC2 and VLCCb are available. The measured values for α = 30 deg are smaller than in the α = 45 deg case and generally, all three sets of data are close together, despite some scattering that might be due to the different stern forms. In both cases, the numerical results for all studied ships are close, except in very short waves, where deviations are notable. Particularly, the experimental results for the bulk carrier at λ/LPP = 0.4 have a peak and are much larger than the numerically predicted value. This is also observed in the associated work of Kadomatsu et al. [34].



Though the degree of uncertainty of the analyzed set of experimental data is not available to the public, it is useful to briefly comment on the quality of the measurements on the basis of made observations. In this respect, the experimental results depicted in Figure 2, Figure 3 and Figure 4 seem to be in general reliable, except for a few dubious points significantly deviating from trend lines. In terms of the depicted numerical results, it appears that prediction results by NEWDRIFT agree fairly well with experimental results for all wave directions at zero speed.



For the cases with forward speed, much less experimental data are available, due to the very limited availability of proper facilities to conduct such tests. Figure 5 shows the experimental results for the Esso Osaka at Fr = 0.055 in waves of α = 135 deg and for Scb-84 at Fr = 0.05 in waves of α = 150 deg; numerical results for both ships in both testing conditions are also added. Good agreement between experimental results and numerical results has been achieved, though it seems that for α = 135 deg, the numerical prediction is slightly lower than the experimental results, while for α = 150 deg, the numerical prediction is slightly higher than the experimental data.



Figure 6 shows the experimental results for S-Cb84 at Fr = 0.05 in beam waves and stern oblique waves, together with the numerical results for the other tested ships for the same testing condition. For α = 90 deg, the numerical prediction is slightly higher than the experimental results. The maximum non-dimensional mean sway force is observed at λ/LPP ≈ 0.6. For α = 30 deg, the numerical prediction is lower than the experimental results, which may be related to insufficiency of the ensuing slender body theory when dealing with a ship sailing in stern oblique waves and at low frequency of encounter.



Figure 7, Figure 8 and Figure 9 present a comparison between the experimental and numerical results for the mean sway force of S-Cb84 and a bulk carrier in beam waves, bow waves and stern oblique waves, at Fr = 0.10. It is observed that in bow and beam waves, the numerical results agree very well with experimental results. However, at this moderate speed, the numerical method significantly underpredicts the mean sway force for both ships in stern quartering waves, which indicates the limitations for the applied method (slender body theory) to account for the forward speed effect at lower frequency of encounter.




5. Development of a Semi-Empirical Formula for the Side Drift Force of Full Type Ships at Low Speeds


Examining both the experimental and numerical results in Figure 2, Figure 3, Figure 4, Figure 5, Figure 6, Figure 7, Figure 8 and Figure 9, we may detect a strong recurring functional pattern for the concerned mean sway force of the tested full ships at low speeds. This encourages us to attempt the development of an empirical formula to approximate the mean sway force in waves, as we did for the mean surge force or added resistance [40,41,42].



We start from the zero speed case, namely, to consider the mean sway force on the VLCCb’ in beam waves. As shown in Figure 10, the black curve shows the numerical results predicted by NEWDRIFT and it agrees reasonably well with the experimental results. Assuming that the total mean sway force consists of a reflection induced part and a motion induced part, and the diffraction part can be approximated by:


     F ¯   Y ,   R     =  1 2   ρ g   ζ A  2   BB F  ( α )   R ( α )  2   ( 1 −   e  − 2 kT    )   



(7)




where ρ is density of water, g the gravitational acceleration, ζA the incident wave amplitude, B the beam of a ship, BF(α) is the bluntness coefficient of a ship in oblique waves and it is defined at zero speed as follows:


   B F   ( α )  =  1 B    ∫  C    sin 2   (  θ − α  )  d l  



(8)




and R(α) is the generalized reflection coefficient given by Evans and Morris [43]. Liu [44] elaborated Equation (7) in detail.



The red curve in Figure 11 shows the mean sway force exerting on the VLCCb’ approximated by Equation (7). Then, the shown dashed blue curve represents the difference between the total mean sway force calculated by NEWDRIFT and the approximate diffraction part of the side drift force, thus, the missing motion induced part. If the dashed blue curve can be properly represented by a formula, then an empirical formula can be formed.



In a previous study [42], it was demonstrated that the component of the mean surge force due to motion effect    X  AW , M      can be approximated as follows:


   X  AW , M    = 4 ρ g  ζ A    2     B 2     L  p p      a 1   a 2   a 3    ω ¯    b 1     e     b 1     d 1     (  1 −   ω ¯    d 1     )     



(9)







At zero speed, the mean surge force and the mean sway force are equivalent physical quantities. Thus, the mean sway force can be approximated similarly, though the various form coefficients will need some tuning. Indeed, the following formula is deduced after some trial-and-error procedures:


    F ¯   Y , M   = ρ g  ζ A    2   L  p p    a 1    ω ¯    b 1     e     b 1     d 1     (  1 −   ω ¯    d 1     )     



(10)




with


   ω ¯  = 2.142    k  y y    3       L  p p    λ     [   (  − 1.377 F  r 2  + 1.157 F r    )   |  cos α  |  +   0.618  (  13 + cos 2 α  )    14    ]   










   a 1  = 0.3  |  sin α  |   










   b 1  =  {      11.0    for     ω ¯  < 1       − 8.5   elsewhere        










   d 1  =  {      566    (     L  p p    C B   B   )    − 2.66      for     ω ¯  < 1       − 566    (     L  p p    B   )    − 2.66     elsewhere        








where λ is the length of the incident wave,    C B    the block coefficient of the ship, and    k  y y     the non-dimensional radius of gyration of pitch.



Figure 12 shows the preliminary results of the approximated mean sway force of the VLCCb’ based on Equations (7) and (10) (sum of reflection and motion contributions):


    F ¯  Y  =   F ¯   Y , R   +   F ¯   Y , M    



(11)







The results based on Equation (11) are herein denoted as “Total drift force, empirical prediction”. Obviously, the obtained results agree very well with the experimental results. It should be noted that the    a 1    coefficient is presented in a rather simplified form at the moment. It can be further tuned by introducing the effect of the main ship particulars, such as,   C B   ,   k  y y    ,   B T   , Fr, etc., so that the formula can be more versatile. This will require, however, more experimental and/or numerical data, as well as details of the test hull forms.



Figure 13 shows the prediction of the mean sway force of the same ship in waves at zero speeds in waves of arbitrary headings by the proposed empirical method in comparison with experimental results.



Figure 14 shows the prediction of the mean sway force for two other full ships in waves at low speeds by the proposed empirical method and model experimental values. Examining the results of VLCCb at two speeds, it is noted that the empirical results agree fairly well with the experimental data and that the forward speed effect is also properly predicted. The empirical prediction of the mean sway force for Esso Osaka at Fr = 0.055 in regular waves of λ/LPP = 0.3 also shows an excellent agreement with experimental data.



Figure 15 shows the experimental and empirical prediction of the mean sway force of a bulk carrier at a higher speed (Fr = 0.1) in waves of various directions. A reasonable agreement has been observed for all three wave headings. For head waves, the empirical prediction appears to be a bit higher than the experimental results in short waves. As stated, more validation and calibration of the formula can be carried out when more data is available.




6. Summary and Conclusions


In this study, we first analyze a series of published experimental data of the mean sway wave induced forces (side drift) for six full ships at low speeds and various wave headings. A strong recurring pattern was observed in the presented results. In relatively short waves, namely λ/LPP < 0.3, a spreading of the experimental data is observed. This is because the measured values are rather small, while it is also very challenging to generate stable waves of very small lengths. For this reason, in tank tests, the generated waves are rather steep for small wavelengths, which in turn, leads to complicated nonlinear wave–structure interaction phenomena and further exaggerates the scatter. The influence of steepness on the concerned quantity needs further systematic investigation.



In a second step of the presented study, a 3D panel method based on the in-house software NEWDRIFT is further validated by comparing the numerical results for the second order mean sway force in waves at low speeds with the corresponding experimental data for the tested set of six full type ships. It is noted that the mean sway force is most significant in relatively short waves, with the peak being observed at λ/LPP ≈ 0.5–0.6. For λ/LPP > 1.0, the quantities are rather small. This feature is different from that of mean surge force, or the added resistance, which exhibits its non-dimensional maxima, when wavelength is comparable to ship length (close to the heave/pitch motion resonance). Overall, NEWDRIFT delivers satisfactory predictions for the mean sway force, as for the other drift force and moment components.



Finally, we proceed to the development of an empirical formula to approximate the mean sway force using only the main ship particulars and wave parameters, which will enable a wide application in various tasks. Preliminary validation results show that the empirical formula can capture satisfactorily the mean sway force acting on full type ships, at both zero and non-zero, low speeds. In future work, we plan to further develop the proposed empirical formula so that it can deal with various ship types, forward speeds and wave conditions.
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Figure 1. Panelization of the underwater hull of S-Cb84 model for 3D panel code NEWDRIFT. 
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Figure 2. Mean sway force of six ships in regular beam waves at zero speed. 
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Figure 3. Mean sway force of several ships in regular bow waves at zero speed. 
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Figure 4. Mean sway force of several ships in regular stern waves at zero speed. 
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Figure 5. Mean sway force of two ships in regular bow waves at low speeds. 
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Figure 6. Mean sway force of various ships in regular beam and stern oblique waves at low speeds. 
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Figure 7. Mean sway force in regular beam waves, Fr = 0.10. 
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Figure 8. Mean sway force in regular bow quartering waves, Fr = 0.10. 
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Figure 9. Mean sway force in regular stern oblique waves, Fr = 0.10. 
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Figure 10. Coordinate system in calculating drift force due to reflection. 
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Figure 11. Various components of the mean sway force of a ship in regular beam waves, Fr = 0.0. 
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Figure 12. Empirical prediction of the mean sway force of a ship in regular head waves, Fr = 0.0. 
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Figure 13. Empirical prediction of the mean sway force of a ship in waves, Fr = 0.0. 
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Figure 14. Prediction of the mean sway force by proposed empirical formula for two full type ships in regular waves at low speeds. 
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Figure 15. Empirical prediction of the mean sway force of a bulk carrier in waves, Fr = 0.10. 
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Table 1. Main particulars, associated coefficients and ratios, and testing conditions of several full ships.






Table 1. Main particulars, associated coefficients and ratios, and testing conditions of several full ships.





	Item
	Unit
	VLCCa
	VLCCb
	KVLCC2
	S-Cb84
	Bulk Carrier
	Esso Osaka





	Model Length
	m
	3.14
	2.97
	4.00
	3.10
	2.91
	4.00



	L/B
	-
	5.08
	5.52
	5.52
	5.52
	5.70
	6.13



	B/T
	-
	3.05
	3.01
	2.79
	2.79
	2.70
	2.44



	L/T
	-
	15.49
	16.62
	15.40
	15.40
	15.39
	14.96



	CB
	-
	0.81
	0.81
	0.81
	0.84
	0.83
	0.83



	Speed, Fr
	-
	0.0–0.2
	0–0.069
	0.0
	0.0–0.05–0.10
	0.0–0.10
	0.0–0.055



	Motion
	-
	restrained
	free
	free
	free
	free
	restrained



	Reference
	-
	[28]
	[29,30]
	[32,33]
	[35]
	[34]
	[27]











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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