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Abstract

:

Among the 6 degrees of freedom (6-DoF), excessive roll motion is the most dangerous cause of ships capsizing. However, when analyzing the maneuverability of surface ships, the roll components have usually been ignored. It is widely known that the influence of roll moment becomes significant for surface ships with low GM (metacentric height) and high speed. This paper examines the pure roll test for several surface ships to assess the roll-related hydrodynamic derivatives of added mass and damping in maneuvering. The objective ships are the KRISO Container Ship (KCS), David Taylor Model Basin (DTMB), Office of Naval Research Tumblehome (ONRT), and Delft 372 catamaran, where the DTMB and ONRT ships are equipped with complementary bilge keels as damping devices and have a small GM, which the Delft 372 catamaran does not have. The flow during pure roll is analyzed by the Computational Fluid Dynamics (CFD) simulation method that allows the complex flow around ships to be captured, especially when the bilge keel and skeg are considered. The results indicate that the roll moment is greatest in the catamaran. Since the roll moments of the DTMB and ONRT are larger than that of the KCS, bilge keels and surface shape also contribute to increasing roll damping moment. In addition, a comparison of the damping derivatives due to roll rate with results obtained from another method indicates that CFD simulation is capable of accurately predicting the roll-related derivatives, which is difficult to perform by the experiment method.
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1. Introduction


Research related to the maneuvering of the surface ship has been continuously conducted. The roll moment of a ship has been a prime concern due to being the most dangerous among the 6-DoF, which has the possible consequences of instability and ship capsize. In general, the roll moment has usually been ignored when analyzing the maneuverability of the ship with low GM and high-speed ships, such as the KCS, DTMB, and ONRT, according to Hajivand et al. [1], Liu et al. [2], Franceschi et al. [3], and Li et al. [4]. However, it is widely known that the effect of the roll moment becomes significant for surface ships with small GM and high speed. Therefore, some researchers have investigated the effect of roll coupling on ship maneuverability. Kim et al. [5] executed the captive model test that included the roll moment in several tests relative to roll, such as the static heel, combined drift-heel, combined turning-heel, and free roll decay for the KCS model to obtain hydrodynamic derivatives. The maneuvering simulation considering the roll effect was conducted for the 4-DoF motion. The comparison of simulation among 3-DoF, 4-DoF, and the free-running test indicated that the 4-DoF simulation was more accurate than the 3-DoF one. Yoshimura [6] clarified the following principles structure regarding the effect of the roll motion on ship maneuverability. That is, the roll angle became larger by lower GM and a higher Froude number, and the derivatives of    Y φ    and    N φ    were the key parameter that strongly affected the course-keeping and turning abilities of the ship. Furthermore, the rudder-to-yaw response equation was introduced in this study. Yasukawa and Yoshimura [7] experimented with the oblique towing test and circular motion test with various heel angles for a container ship, pure car carrier, and ferry to obtain hydrodynamic derivatives relative to sway velocity, roll angle, and yaw rate, to analyze the roll-coupling effect. The simplified formulae were proposed for the course stability criterion and steady turning index. By analysis of the course stability criterion, it was concluded that the course stability was worse with increasing forward speed or decreasing GM, whereas the turning performance improved, and the response time until reaching the steady turning increased. Fukui et al. [8] suggested the 4-DoF mathematical model for maneuvering simulation. The effect of roll angle for the KCS and passenger ferry was estimated by the captive model test by setting several roll angles to obtain hydrodynamic derivatives. The proposed mathematical model was validated by comparing the simulation with the free-running test at various GMs and forward speeds. As a result, the turning circle became greater with large GM. Yasukawa et al. [9] proposed a practical maneuvering simulation method considering the roll-coupling effect by adding the motion equation of roll in the 3D-MMG (Maneuvering Modeling Group) model. The roll moment was estimated by multiplying the hull lateral force by the vertical acting point. The empirical formulae of roll-related derivatives and vertical acting points of the lateral force were introduced using the experiment data of four ship models. The validation of the simulation method with free running was implemented for several ships at various GMs, and indicated sufficient accuracy to predict the turning motion considering the roll-coupling effect.



From the literature review just presented, the roll-coupling effect was investigated by roll derivatives with respect to roll angle, which were obtained from the captive model test at various roll angles. The roll derivatives with respect to roll rate and roll acceleration that should be determined in the dynamic test such as the pure roll test have not previously been calculated for a surface ship, due to complex device requirements. Nevertheless, an experimental pure roll test was performed for the underwater vehicle by Kim et al. [10] using an apparatus device. Consequently, roll-added mass and roll damping relative to roll rate were calculated for the underwater vehicle. Additionally, roll damping relative to the roll rate of the submerged body was measured from the pure roll test using Corning motion test equipment by Park et al. [11]. Those devices are difficult to apply to a surface ship.



Another method to estimate the roll derivatives due to roll rate is to apply the system identification (SI) technique. However, this requires data from sea trial tests or free-running model tests. Yoon et al. [12,13] proposed a simpler method to identify the model structure of the hydrodynamic roll moment and its parameter using the data from the turning circle and 20°/20° zig-zag tests. Jeon et al. [14] introduced the process of identifying the dynamic models of a combatant in intact and damaged condition, based on the measured data from free-running model tests. The hydrodynamic derivatives constituting 4-DoF were determined through system identification.



In this study, the pure roll simulation is executed for different surface ship types that have a small GM, such as the KCS, DTMB, and ONRT, and a high-speed ship, the Delft 372 catamaran. Although the Delft 372 catamaran has a large GM, it operates at high speed, so the roll moment has a significant change; thus, roll moment is a concern in this ship. Nowadays, numerous investigations of the roll motion on these ships are being conducted, especially the DTMB and ONRT, which are appended with bilge keel and skeg. Khekit et al. [15] and Gokce et al. [16] studied the free roll decay for the DTMB using the CFD simulation method. Meanwhile, the ONRT ship’s dynamic instability events and maneuverability were studied with a 4-DoF equation of motion including roll moment by Sadat-Hosseini et al. [17], Araki et al. [18], and Sanada et al. [19]. A commercial CFD code of STAR CCM+ is applied to simulate the pure roll test for different surface ships with given dimensionless angular velocities. The simulation method is verified by conducting the grid and time-step convergence uncertainty analysis. The force and moment of different surface ships indicate the roll moment is greatest in the catamaran. Additionally, the roll moment of the DTMB and ONRT is greater than that of the KCS, due to the bilge keel attached to the DTMB and ONRT. By taking advantage of the CFD method, the flow field as free surface pattern, the pressure distribution, and the vortices field are analyzed during pure roll simulation. Then, roll-related derivatives in pure roll simulation are estimated. A comparison of derivatives due to roll rate demonstrates that the pure roll simulation brings acceptable results. Roll-related derivatives are used to complete the roll equation of motion for 4-DoF maneuverability.




2. Test Overview


2.1. Coordinate System


Figure 1 shows the two kinds of coordinate systems used in this study. The earth-fixed coordinate system (O-xyz), where the O-xy plane coincides with the still-water surface and the z-axis points vertically downward, was used. The body-fixed coordinate system (  o -  x b   y b   z b   ) was also employed to define the external forces acting on the ship. For the horizontal plane (  o -  x 0   y 0   ) located at the still-water surface, the    x 0   -axis points toward the bow while the    y 0   -axis points toward starboard. The origin (o) is located at the intersection of midship, centerline, and draft. Considering the vertical plane (  o -  y 0   z 0   ) for roll motion, which is placed at the midship section, the    z 0   -axis points downward vertically.




2.2. Pure Roll Simulation


Pure roll simulation consists of cyclic oscillation of the model by rotation around the x-axis in the y-z plane and a constant speed along the x-axis. Considering the model is passing a sine path, the roll angle ( ϕ ), rate ( p ), and acceleration (  p ˙  ) of pure roll motion are as follows:


    ϕ =  ϕ 0  sin  (  ω t  )      p =  ϕ ˙  =  ϕ 0  ω cos  (  ω t  )       p ˙  =  ϕ ¨  = −  ϕ 0   ω 2  sin  (  ω t  )     



(1)




where    ϕ 0    and  ω  are the roll angle displacement for the sinusoidal motion and circular frequency of the pure roll motion, respectively. Figure 2 shows an example of sinusoidal motion of pure roll, which describes the relationship between roll angle, rate, and acceleration in Equation (1). The amplitude of roll rate is shifted 90° in phase compared to the roll angle, while the amplitude of the roll acceleration is the same phase as the roll angle, but in the opposite direction.



Equation (2) shows an equation of motion for roll moment mentioned by Jeon et al. [14]. Here,    z  H D     is the vertical position where the force acts, and    Y  H D     is the sway hydrodynamic force.


   I x   p ˙  − m  z G   (   v ˙  + u r  )  =  K  H D   =  K  v ˙    v ˙  +  K  p ˙    p ˙  +  K  r ˙    r ˙  +  K p  p −  z  H D    Y  H D    



(2)







Equation (2) is simplified by taking derivative in pure roll test such that   v = ϕ = r = 0  . Similarly, the sway force and yaw moment in pure roll simulation are also established as expressed in Equation (3):


     Y H  =  Y  p ˙    p ˙  +  Y p  p      K H  =  K  p ˙    p ˙  +  K p  p      N H  =  N  p ˙    p ˙  +  N p  p    



(3)




where the non-dimensional of sway force (Y′), roll moment (K′), and yaw moment (N′) and motion variables are calculated based on the water density (ρ), forward speed (U), roll angle amplitude (   ϕ 0   ), roll frequency ( ω ), and length perpendicular (Lpp) as written in Equations (4) and (5):


       Y ′  =    F Y    0.5 ρ  U 2   L  p p  2    ;      K ′  =    M X    0.5 ρ  U 2   L  p p  3    ;      N ′  =    M Z    0.5 ρ  U 2   L  p p  3         



(4)






       p ′  =   p L  U  =    ϕ 0  ω L  U  ;       p ˙  ′  =    p ′  ω L  U       



(5)







Substituting  p  and   p ˙   from Equation (1) into Equation (3), the following equations are written:


     Y H  =  Y  p ˙   ( −  ϕ 0   ω 2  sin ω t ) +  Y p   (   ϕ 0  ω cos ω t  )       K H  =  K  p ˙   ( −  ϕ 0   ω 2  sin ω t ) +  K p   (   ϕ 0  ω cos ω t  )       N H  =  N  p ˙   ( −  ϕ 0   ω 2  sin ω t ) +  N p   (   ϕ 0  ω cos ω t  )     



(6)







The hydrodynamic force and moment measured in pure roll motion can be decomposed by Fourier analysis into the in-phase and out-of-phase components, as in Equation (7). The subscript “in” indicates the in-phase component, which determines the force and moment due to angular acceleration; meanwhile, the subscript “out” refers to the out-of-phase component, which determines the force and moment due to angular velocity. In these, the in-phase component is to obtain the added mass derivative, and the out-of-phase component is to take the damping derivatives.


     Y H  =  Y  i n   sin ω t +  Y  o u t   cos ω t      K H  =  K  i n   sin ω t +  K  o u t   cos ω t      N H  =  N  i n   sin ω t +  N  o u t   cos ω t    



(7)







The coefficients of the sine and cosine functions in Equation (7) with Equation (6) are considered to be equal, respectively. Based on the least squares method, the roll-added mass and damping derivatives can be calculated in Equations (8) and (9).


       Y  p ˙   =    Y  i n     −  ϕ 0   ω 2    ;      K  p ˙   =    K  i n     −  ϕ 0   ω 2    ;      N  p ˙   =    N  i n     −  ϕ 0   ω 2         



(8)






       Y p  =    Y  o u t      ϕ 0  ω   ;      K p  =    K  o u t      ϕ 0  ω   ;      N p  =    N  o u t      ϕ 0  ω        



(9)








2.3. Ship Models


The roll effect was demonstrated to be significant for surface ships with small GM. Therefore, the four surface ships selected for pure roll simulation were the KCS, DTMB, ONRT, and Delft 372 catamaran, which represent the ship types recently concerned with roll effect. The ships with small GM are KCS, DTMB, and ONRT. KCS was designed by Korea Research Institute of Ships and Ocean Engineering (KRISO) and appended with a propeller and a suspended rudder. The DTMB is known as a preliminary design of the surface combatant introduced in the marine field in 1980 [15,16]. It is an unconventional modern benchmark hull form equipped with two bilge keels, twin propellers, and twin rudders. Similarly, the ONRT is also a preliminary design of a modern surface combatant [17,18,19] and is appended with skeg, twin-bilge keels, twin propellers, and twin rudders. The Delft 372 catamaran consists of two demi-hulls that were originally designed at the TU-Delft by Veer (1998) [20]; it is a large GM ship, but it operates at high speed, so the roll moment also shows significant change. In addition, due to its use for passengers, the roll moment of the catamaran is of concern. The pure roll simulation is performed in the bare hull condition without propeller and rudder, and with bilge keels for the DTMB, with skeg and bilge keel for the ONRT. Figure 3 shows the geometry of the model ships. Table 1 lists more detail on ship models.



The pure roll simulation was performed for different surface ships with their design speed. Different dimensionless roll angular velocities and roll angle amplitude were given as input parameters of the pure roll simulation. Table 2 depicts the test condition of the pure roll.





3. Numerical Model


3.1. Governing Equation


To model the incompressible flow around the ship, an Unsteady Reynolds-Averaged Navier–Stokes (URANS) approach was applied to solve the governing equation. This includes the mass and momentum conservation equation solved by utilizing the commercial CFD code of STAR CCM+. The average continuity and momentum equations were expressed as follows:


    ∂   u ¯  i    ∂  x i    = 0  



(10)






    ∂   u ¯  i    ∂ t   +   u ¯  j    ∂   u ¯  i    ∂  x j    =  f i  −  1 ρ    ∂  p ¯    ∂  x i    +  1 ρ   ∂  ∂  x j     (  μ   ∂   u ¯  j    ∂  x j    − ρ     u ′  i    u ′  j   ¯   )   



(11)




where    u  i , j     (i, j = 1, 2, 3) are the averaged velocity vector,    x  i , j     (i, j = 1, 2, 3) are the Cartesian coordinates,   ρ     u ′  i    u ′  j   ¯    is the Reynolds stress,   p ¯   is the average pressure, and  μ  is the viscosity coefficient of fluid.




3.2. CFD Simulation


The computation region of the simulation was generated to be sufficiently large to avoid backflow. According to the ITTC recommended procedures [21], the dimension size of the domain was: −5.0Lpp < x < 2.5Lpp, −2.5Lpp < y < 2.5Lpp, −2.5Lpp < z < 1.5Lpp. The physical condition was set respectively for the inlet, sides, top, and bottom of the domain, which were defined as the velocity inlet, while the outlet was set as the pressure outlet. No-slip wall condition was applied on the ship hull. Additionally, a cylindrical cover surrounded the ship as an overset region to execute the pure roll motion. Grid generation applied an automatic meshing generator that used the Cartesian cut-cell method for volume and surface grids. A trimmed cell generated the volume grids, which were mainly composed of hexahedral cells. A surface remesher was applied to generate a high-quality mesh of the surface. The ship hull surface was overlaid with 10 layers of prismatic cells with a growth rate of 1.5 to resolve the surface boundary layer by applying the prism layer mesher. The non-dimensional wall distance y+ value on the ship hull was maintained lower than 1 for all simulations. The grid refinement was generated surrounding the ship hull and free surfaces using volumetric controls to improve the calculation accuracy and capture a proper wave elevation. Figure 4 shows an overview of the computational mesh, boundary condition, and boundary domain.



To complete the URANS equation, the k-ω SST (Shear Stress Transport) turbulence mode was achieved, which is the most popular model applied in the field of marine maneuvering. The implicit unsteady method was employed throughout all simulations. The Volume of Fluid (VoF) method was used for the Eulerian multiphase to simulate the deformed free surface, so that the flow field characteristics around the ship could be captured. The velocity and pressure were analyzed using the Semi-implicit method for the pressure-linked equation (SIMPLE) algorithm. The diffusion and convection terms of the URANS equations were discretized based on second-order accuracy.




3.3. Numerical Uncertainty Analysis


Before proceeding with the simulation, the convergence study was conducted to verify the present study using the numerical uncertainty method. Figure 5 shows the calculation process of uncertainty estimation proposed in the ITTC recommended procedures [22]. The numerical uncertainty study was applied to the KCS model for the pure roll simulation with   p ′   of 1.2. The computational solutions were in-phase and out-of-phase of the sway force (Y′), roll moment (K′), and yaw moment (N′) during pure roll simulation.



We set    S  i , 1    ,    S  i , 2    , and    S  i , 3    , respectively as computational solutions of the fine, medium, and coarse. The refinement ratio (   r i   ) of fine, medium, and coarse was proposed to be    2    according to ITTC [22]. The changes in solution between two successive values were calculated as medium-fine (   ε  i , 21   =  S  i , 2   −  S  i , 1    ) and coarse-medium (   ε  i , 32   =  S  i , 3   −  S  i , 2    ). Then, the convergence ratio (   R i   ) which indicates the convergence tendency, was defined as follows:


   R i  =    ε  i , 21      ε  i , 32      



(12)







There are three convergence conditions that are judged based on    R i   :




	(i)

	
Monotonic convergence (MC): 0 <    R i    < 1;




	(ii)

	
Oscillatory convergence (OC):    R i    < 0;




	(iii)

	
Divergence (Div):    R i    > 1.









When oscillatory convergence is achieved, uncertainties are evaluated based on oscillation maxima (   S  i , U    ) and minima (   S  i , L    ) as follows:


   U i  = 0.5  (   S  i , U   −  S  i , L    )   



(13)







When monotonic convergence is achieved, the generalized Richardson extrapolation (RE) method is applied to estimate numerical error (   δ  R E , i  *   ) and order of accuracy (   p i   ). Then, the uncertainty error (   U i   ) is estimated based on    δ  R E , i  *    and safety factor (   F S   ) as Equation (16).


   δ  R E , i  *  =    ε  i , 21      r i   p i    − 1    



(14)






   p i  =  1  ln (  r i  )   ln  |     ε  i , 32      ε  i , 21      |   



(15)






   U i  =  F S   |   δ  R  E i     |   



(16)







There are two methods to determine the safety factor: the safety factor method, and the correction factor method. The correction factor (CF) method is applied for monotonic convergence that is proposed under the asymptotic assumption. The correction factor is calculated in Equation (17), which describes how close the numerical solution is to the asymptotic range. The    p  i , e s t     is the theoretical accuracy, which is proposed to be 2.0 [22]. The safety factor (   F S   ) was calculated for each asymptote in Equation (18). For the safety factor (SF) method, the safety factor was proposed to be 1.25 by Roache [23]. This is also called the grid convergence index (GCI). It is applied for both monotonic and oscillatory convergences.


   C i  =    r  21    p i    − 1    r  21    p  i , e s t     − 1    



(17)






   F S  =  {       2  |  1 −  C i   |   + 1 ,           C i  < 1         |  1 −  C i   |   ,         C i  ≈ 1        |   C i   |  +  |  1 −  C i   |  ,      C i  > 1          



(18)







In addition, the extrapolated relative error (   ϕ  i , e x t   21    ) is presented as the expected solution of convergence. The extrapolated relative error is calculated in Equation (19):


   ϕ  e x t   21   =    r  21  p   S  i , 1   −  S  i , 2      r  21    p i    − 1    



(19)




here,    e  i , a   21     is the approximate relative error, which is calculated in Equation (20):


   e  i , a   21   =  |     S 1  −  S 2     S 1     |   



(20)







The uncertainty cannot be estimated in divergence.



The convergence study consists of grid convergence and time-step convergence. For the grid convergence study, the grid refinement ratio (   r G   ) of    2    was proposed, according to ITTC [22]. The    r G    was to be kept constant by reducing and increasing the cell size on the grid refinement region, free surface, and ship hull. Three mesh sizes of fine, medium, and coarse were generated with grid cells of approximately (8.7, 6.2, and 4.4) M, respectively. For time-step convergence, the size of the grid was medium, and the time-step of 0.005 s was calculated based on the formula   ( 0.001 ~ 0.0025 )  L  p p   / U   according to ITTC [21]. Then, coarse and fine time-steps were determined to be (0.007 s and 0.0035) s, respectively, based on a refinement ratio of    2   . Figure 6 and Figure 7 show the time histories of force and moments during pure roll motion with different grid cells and time-steps. Slight discrepancies in the time series of force and moments were observed, but the overall one was largely consistent. The time-step has a more noticeable effect on the convergence study compared with the grid cells, due to a greater difference in the roll moment of the coarse time-step.



Table 3 and Table 4 list the grid and time-step uncertainty results. The grid and time-step uncertainty are less than 5%, which indicates that the numerical simulation shows good convergence. To this end, the present simulation method considers the medium grid and time-step of 0.005 s.



Figure 8 shows an example of the comparison of force and moments between CFD simulation and Fourier analysis in Equation (7) for the KCS with the medium grid and time-step of 0.005 s. The Fourier analysis is used to determine in-phase and out-of-phase force and moments that are computational solutions used in numerical uncertainty analysis. It could be observed that the Fourier analysis method is in perfect agreement with the CFD simulation in the roll and yaw moments. Although the response of sway force in the CFD simulation is not smooth as the sinusoidal function perfectly, the Fourier analysis matches well with the CFD simulation.





4. Results and Discussion


Numerical simulation was used to carry out the pure roll simulation for different types of surface ships of the KCS, DTMB, ONRT, and Deft 372 catamaran at their design speed. Hydrodynamic force and moment were taken for three periods after a stable Kelvin wave was generated. Figure 9, Figure 10, Figure 11 and Figure 12 present the time histories of hydrodynamic force and moment during pure roll simulation of the KCS, DTMB, ONRT, and Delft 372 catamaran at different dimensionless roll angular velocities, respectively. It can be observed in all ships that as the dimensionless roll rate is increased, the amplitude of force and moment increase. Even though it was the pure roll test, the yaw moment was observed to be greater than the roll moment, except for the Delft 372 catamaran. This was demonstrated by Sadat-Hossenini [14] for the ONRT when the yaw moment was larger than the roll moment in the static heel test. The roll moment of the catamaran is greater than the yaw moment, due to the entire demi-hull performing a mission of forcing water when the ship heels to the side, while for a single hull, the starboard or port side performs that mission. Moreover, the length-to-beam (L/B) ratio of the Delft 372 catamaran is small to be 3.2, which is also a reason to explain this problem. On the other hand, Figure 13 compares the amplitude force and moment of the different surface ships. Because the roll moment of the KCS, DTMB, and ONRT is much smaller than that of the Delft 372 catamaran, Figure 13d is plotted to observe clearly the difference in roll moment among single hulls. The comparison indicates that the force and moment are greatest in the Delft 372 catamaran, due to the entire demi-hull being forced to water when the ship heels to the side. For three single hulls, the roll moment of the ONRT and DTMB is observed to be greater than the KCS in Figure 13d, because the bilge keel is a passive anti-roll device appended on the ORNT and DTMB. However, the roll and yaw moment of the DTMB is insignificantly larger than that of KCS, due to the slender body of the DTMB. In addition, a skeg equipped on the ONRT is a cause of the roll moment of the ONRT being larger than that of the DTMB. The yaw moment of different ships tends to be similar to the roll moment, while the sway force of the DTMB is significantly smaller than the KCS, and is seen to be nearly equal between the KCS and ONRT. This demonstrates that not only do the appendages of the bilge keel and skeg contribute to increasing the roll moment, but the surface shape also affects the change of the roll moment.



Figure 14 displays the Kelvin wave pattern generated around the surface ships during pure roll simulation. The wave pattern was generated to be different due to discrepancies in the surface shape, forward speed, and frequency of pure roll. Figure 15 depicts the dynamic pressure distribution on the bottom of the ships in one period of pure roll simulation. The low-pressure distribution is observed at the side that is inclined, while the other side reaches the greater pressure distribution at that time. For example, when the ship heels to the starboard side (t/T = 1/4), the pressure distribution on the starboard is low, while the port side shows higher pressure, and vice versa. The low-pressure distribution at the inclined side is expanded to the middle of the bottom when the period time of t/T reaches 0 and 2/4.



Figure 16 and Figure 17 show the axial vortices around the bilge keel for one period of the DTMB and ONRT at the midship section. The bilge keel is attached to the ship hull as a passive anti-roll device to create extra damping, which leads to diminished roll motion and an increased period of motion due to increasing roll moment. Therefore, during the pure roll simulation, a vortex shedding is generated, which is the main physical phenomenon that affects the flow velocity around the ship. The vortices’ filament curls near the ends of the bilge keel, presenting the three-dimensional effect of the flow that can be seen. Moreover, the large and strong vortices are generated at t/T equal to 2/8 and 6/8, where full-grown positive and negative vortices are shed from the bilge keel when the roll angle reaches the peak. Here is also a place to generate the vortex interference that changes the magnitude of the vortices from strong to weaker, and vice versa. This is observed for both DTMB and ONRT. Figure 18 depicts the axial vortices around the skeg for one period at x/Lpp = −0.381 of ONRT. The vortices are generated near the ends of the skeg. This demonstrates that the skeg also contributes to reducing the roll motion and increasing the roll moment. Therefore, the roll moment of ONRT is greater than that of DTMB as shown in Figure 13.



The hydrodynamic force and moment of pure roll simulation are distinguished into in-phase and out-of-phase components by Fourier analysis, where the in-phase component determines the added mass due to angular acceleration, while the out-of-phase component determines the damping derivative due to angular velocity. Figure 19 and Figure 20 show the results of the in-phase component and out-of-phase component of different ships, respectively. The in-phase due to roll acceleration and out-of-phase due to roll rate are observed to be linear. Similar to the tendency in hydrodynamic force and moment, the in-phase and out-of-phase of the Delft 372 catamaran are greatest, in which the roll moment shows a significant discrepancy to be 9.6 times in in-phase and 11 times in out-of-phase compared with the ONRT at a dimensionless angular velocity of 1.2. The roll moment of the DTMB is smaller than the KCS at in-phase, but greater than at out-of-phase. For sway force, the in-phase and out-of-phase of the DTMB are the smallest. Although the amplitude of sway force is nearly the same between the KCS and ONRT, the in-phase of the ONRT is shown to be slightly greater than that for the KCS, while out-of-phase shows a smaller amount. For the yaw moment, the in-phase of the DTMB is greater than that of the KCS and ONRT; meanwhile, it is smaller than that of the out-of-phase of the KCS and ONRT in out-of-phase. This demonstrates that both in-phase and out-of-phase have a significant effect on the amplitude of the roll moment. After fitting the in-phase and out-of-phase by linear regression, the roll-related derivatives in pure roll simulation for each ship are calculated based on Equations (5) and (6), respectively. Table 5 lists the roll-related derivatives in pure roll simulation that are then estimated. These derivatives will be used to complement the equation of roll moment in the 4-DOF equation of motion.



Table 6 compares the derivatives obtained from pure roll simulation and system identification performed by Yoon et al. [12] for the container ship and Jeon et al. [14] for the ONRT. The present results show a similar tendency to the derivatives due to roll rate, especially in the container ship, where the present derivatives are in good agreement with the system identification results. Comparing the estimated derivatives due to roll rate indicates that the pure roll simulation yields acceptable results.




5. Conclusions


In this paper, the roll-related derivatives, which were roll-added mass and roll damping due to roll rate, were estimated through pure roll simulation for different surface ships using the CFD simulation method.



The KCS, DTMB, ONRT, and Delft 372 catamaran were selected in this study because they have the characteristics that roll moment becomes dominant, as designed with small GM in the KCS, DTMB, ONRT, and high-speed catamaran. In particular, the passive anti-roll device as bilge keel was appended on the DTMB, and both bilge keel and skeg devices were equipped on the ONRT.



The CFD simulation method was verified by performing the uncertainty analysis of the grid and time-step based on the Richardson Extrapolation method. Generally, the uncertainty error shows less than 5% for both grid and time-step, which indicated that the present method shows good convergence. Therefore, the present numerical simulation was acceptable to execute the pure roll simulation.



Hydrodynamic force and moment throughout pure roll simulation were taken three periods after the wave was generated in stable condition. The force and moment of the Delft 372 catamaran were observed to be greatest, due to the entire demi-hull being forced to water when the ship heels. The roll moment of the ONRT and DTMB was larger than that of the KCS, because they were appended with the bilge keel. Additionally, the skeg was attached on the ONRT, which is the reason the roll moment was larger than for the DTMB. Furthermore, the roll moment of the DTMB was insignificantly larger than that of the KCS, due to the slender shape of the DTMB. Therefore, it demonstrates that not only do the appendages of the bilge keel and skeg contribute to increasing the roll moment, but the surface shape also affects the change of roll moment.



Based on the advantages of the CFD method, the flow field as wave pattern, pressure distribution, and axial vortices around the surface ships were analyzed during pure roll simulation. Low-pressure distribution was observed at the inclined side, while the other side reached greater pressure. In addition, the low-pressure distribution was expanded to the middle of the bottom when the period time t/T reached 0 and 2/4. On the other hand, axial vortices flow was generated near the ends of the bilge keel in the DTMB and ORNT. The full-grown vortices shedding from the bilge keel were observed when the roll angle reached the peak. The generation of vortices demonstrated that bilge keel and skeg contribute to reducing roll motion and increasing roll moment. Flow analysis proved that the obtained force and moment were reasonable.



The hydrodynamic force and moment of pure roll simulation were then distinguished into in-phase and out-of-phase components based on Fourier analysis for different dimensionless angular velocities. Using linear regression to fit the in-phase and out-of-phase, the roll-added mass and damping derivative in the pure roll simulation were estimated. A comparison of the damping derivatives due to roll rate with results obtained from the system identification technique demonstrated that the pure roll simulation using the CFD method brought acceptable results. Pure roll simulation can be applied to determine roll-related derivatives in the early design stage. Those derivatives were used to complete the roll equation of motion for 4-DoF maneuverability.
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Nomenclature




	Symbol
	Unit
	Description



	B
	m
	Breadth of ship



	   F n   
	-
	Froude number



	   G  M T    
	m
	Transverse metacentric height



	K
	Nm
	Roll moment



	KG
	m
	Height center of gravity above keel



	    L  p p     
	m
	Ship length between perpendiculars



	N
	Nm
	Yaw moment



	  p  
	rad/s
	Roll rate



	   p ˙   
	rad/s2
	Roll acceleration



	   p ′   
	-
	Nondimensionless roll rate



	  r  
	rad/s
	Yaw rate



	  T  
	m
	Draft



	  U  
	m/s
	Ship speed



	  u  
	m/s
	Surge velocity



	  v  
	m/s
	Sway velocity



	  w  
	m/s
	Heave velocity



	X
	N
	Surge force



	Y
	N
	Sway force



	Z
	N
	Heave force



	  β  
	deg.
	Drift angle



	  ρ  
	kg/m3
	Water density



	  ϕ  
	deg.
	Roll angle



	  ψ  
	deg.
	Heading angle



	  ω  
	rad/s
	Frequency



	  Δ  
	kgf
	Displacement weight
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Figure 1. Coordinate system. 
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Figure 2. Example of the sinusoidal motion of pure roll: roll angle, rate, and acceleration. 
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Figure 3. Ship models and body plan: (a) KCS; (b) DTMB; (c) ONRT; and (d) Delft 372 catamaran. 
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Figure 4. An overview of the computational mesh and boundaries. 
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Figure 5. Calculation process of uncertainty estimation. 
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Figure 6. Time histories of force/moment with different grid cells for KCS with p′ = 1.2. 
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Figure 7. Time histories of force/moment with different time-steps for KCS with p′ = 1.2. 
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Figure 8. Comparison of force/moment of CFD simulation and Fourier analysis for KCS with medium grid and time-step of 0.005 s. 
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Figure 9. Time histories of force/moment during the pure roll simulation of KCS. 
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Figure 10. Time histories of force/moment during the pure roll simulation of DTMB. 
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Figure 11. Time histories of force/moment during the pure roll simulation of ONRT. 
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Figure 12. Time histories of force/moment during pure roll simulation of Delft 372 catamaran. 
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Figure 13. Comparison of amplitude force/moment of different ship types with p′ = 1.2: (a) Sway force; (b) Yaw moment; (c) Roll moment; (d) Roll moment of KCS, DTMB, and ONRT. 
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Figure 14. Kelvin wave pattern generated around surface ships during pure roll simulation: (a) KCS; (b) DTMB; (c) ONRT; (d) Delft 372 catamaran. 
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Figure 15. Dynamic pressure distribution of the surface ships for one period during pure roll simulation: (a) KCS; (b) DTMB; (c) ONRT; (d) Delft 372 catamaran. 
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Figure 16. Axial vorticity around the bilge keel of DTMB for one period. 
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Figure 17. Axial vorticity around the bilge keel of ONRT for one period. 
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Figure 18. Axial vorticity around the skeg for one period at the x/Lpp = −0.381 section of ONRT. 
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Figure 19. Comparison of the in-phase component for the different surface ships: (a) Sway force; (b) Yaw moment; (c) Roll moment; (d) Roll moment of KCS, DTMB, and ONRT. 
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Figure 20. Comparison of the out-of-phase component for the different surface ships: (a) Sway force; (b) Yaw moment; (c) Roll moment; (d) Roll moment of KCS, DTMB, and ONRT. 
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Table 1. Main dimension of ship models.
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	Item (Unit)
	KCS
	DTMB
	ONRT
	Delft 372 Cat.





	Scale ratio
	1/52.667
	1/35.480
	1/48.935
	1/27.571



	Lpp (m)
	4.367
	4.002
	3.147
	3.627



	B (m)
	0.611
	0.537
	0.384
	1.137



	T (m)
	0.205
	0.173
	0.112
	0.181



	Δ (kgf)
	365.0
	193.3
	72.6
	154.0



	KG (m)
	0.138
	0.213
	0.162
	0.411



	GMT (m)
	0.011
	0.055
	0.042
	1.791



	U (m/s)
	1.701
	2.588
	1.111
	2.685



	Fn (-)
	0.260
	0.413
	0.200
	0.450
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Table 2. Test conditions.
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Motion Variable

	
KCS

	
DTMB

	
ONRT

	
Delft 372 Cat.






	
Speed (m/s)

	
1.701

	
2.588

	
1.111

	
2.685




	
p′ (-)

	
0.2, 0.4, 0.6, 0.8, 1.0, 1.2




	
   ϕ 0    (°)

	
0.5, 1.0, 1.5, 2.0, 2.5, 3.0
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Table 3. Grid uncertainty results of pure roll simulation for KCS with p′ = 1.2.
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	Mesh Convergence
	Yin
	Yout
	Kin
	Kout
	Nin
	Nout





	Solution    S  G , 1    
	3.17 × 10−4
	−4.35 × 10−4
	4.13 × 10−5
	−1.24 × 10−5
	−9.93 × 10−5
	1.61 × 10−4



	Solution    S  G , 2    
	3.04 × 10−4
	−4.27 × 10−4
	4.20 × 10−5
	−1.19 × 10−5
	−1.01 × 10−4
	1.72 × 10−4



	Solution    S  G , 3    
	2.78 × 10−4
	−4.10 × 10−4
	4.30 × 10−5
	−1.07 × 10−5
	−9.84 × 10−5
	1.67 × 10−4



	Convergence ratio (   R G   )
	0.47
	0.45
	0.72
	0.41
	−0.64
	−2.47



	Convergence tendency
	MC
	MC
	MC
	MC
	OC
	OC



	    p G    
	2.16
	2.31
	0.96
	2.21
	1.30
	2.60



	   ϕ  G , e x t   21     (  %  S  G 1    )
	1.29
	1.53
	0.20
	0.96
	2.52
	2.36



	Oscillatory uncertainty    U i    (  %  S  G 1    )
	-
	-
	-
	-
	1.26
	3.6



	CF-based uncertainty    U i    (  %  S  G 1    )
	1.41
	0.78
	0.23
	1.48
	-
	-



	SF-based uncertainty    U i    (  %  S  G 1    )
	1.38
	0.91
	0.18
	1.00
	2.84
	4.02










[image: Table] 





Table 4. Time step uncertainty results of pure roll simulation for KCS with p′ = 1.2.
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	Mesh Convergence
	Yin
	Yout
	Kin
	Kout
	Nin
	Nout





	Solution    S  T , 1    
	3.09 × 10−4
	−4.2 × 10−4
	3.70 × 10−5
	−1.13 × 10−5
	−1.06 × 10−4
	1.76 × 10−4



	Solution    S  T , 2    
	3.04 × 10−4
	−4.27 × 10−4
	4.20 × 10−5
	−1.19 × 10−5
	−1.01 × 10−4
	1.72 × 10−4



	Solution    S  T , 3    
	3.15 × 10−4
	−4.32 × 10−4
	3.88 × 10−5
	−1.31 × 10−5
	−1.10 × 10−4
	1.67 × 10−4



	Convergence ratio (   R T   )
	−0.44
	0.81
	−1.57
	0.51
	−0.58
	0.80



	Convergence tendency
	OC
	MC
	OC
	MC
	OC
	MC



	    p T    
	2.35
	0.61
	1.30
	1.93
	1.59
	0.63



	   ϕ  e x t   21     (  %  S  T 1    )
	3.05
	3.24
	3.94
	2.93
	1.87
	1.34



	Oscillatory uncertainty    U i    (  %  S  T 1    )
	2.35
	-
	2.50
	-
	2.60
	-



	CF-based uncertainty    U i    (  %  S  T 1    )
	-
	2.33
	-
	1.94
	-
	1.56



	SF-based uncertainty    U i    (  %  S  T 1    )
	1.84
	4.45
	2.43
	1.56
	2.64
	1.94
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Table 5. Hydrodynamic derivatives estimated from the pure roll simulation.
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	HD Derivatives
	KCS
	DTMB
	ONRT
	Delft 372





	    Y  p ˙     
	−7.53 × 10−5
	−1.44 × 10−5
	−9.83 × 10−5
	−3.22 × 10−5



	    K  p ˙     
	−1.03 × 10−5
	−2.22 × 10−6
	−2.34 × 10−5
	−4.82 × 10−5



	    N  p ˙     
	2.62 × 10−5
	1.75 × 10−5
	6.05 × 10−5
	1.80 × 10−5



	    Y p    
	−9.22 × 10−4
	−2.81 × 10−4
	−7.19 × 10−4
	−1.46 × 10−3



	    K p    
	−2.64 × 10−5
	−4.30 × 10−5
	−1.41 × 10−4
	−6.75 × 10−4



	    N p    
	3.21 × 10−4
	4.47 × 10−5
	3.43 × 10−4
	3.43 × 10−4
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Table 6. Comparison of the roll-related derivatives.






Table 6. Comparison of the roll-related derivatives.





	
HD Derivatives

	
Container Ship

	
ONRT




	
Present

(KCS)

	
Yoon et al. (2004) [12]

	
Present

	
Jeon et al. (2022) [14]






	
Yp

	
−9.22 × 10−4

	
−8.67 × 10−4

	
-

	
-




	
Kp

	
−2.64 × 10−5

	
−2.85 × 10−5

	
−1.41 × 10−4

	
−6.60 × 10−4

















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 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 (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
axto’ o

Z ouo ;nx\n\/\/\/
a0’ 2010
CE e T e e e B - e

O iy o






media/file4.png
¢' ¢ (deg., rad/s?)

¢§ (rad/s)





media/file39.jpg
6x10* 0x10°)

5x10°) -5x10°)

4x10° -1x10°

7 7
2 3x10* TE-1x10%)
= z

2¢10° -2x10°

1x10°} -2x10°

o i
Ll 0= T0 15 20 25 30
>
(@) (b)
8x10* 1x10°)
ersuea_Reg [
e S of ome 2 o

L T b
T T 6x10°]
£ 4x10°] .
x B X 4x10°)

2x10 / 50

0 5 10 15 20 25 30 ity

P
(c)






media/file43.png
0x10°
__-4x10™F
I
=
o
> -4
-8x10*}F
KCS O
DTMB 0 =——- N
ONRT — AN
Delft 372 A —m———— N A
-1x107 bt ' .
0 0.4 0.8 1.2

-1x10™}F
D
£ -2x107}
o
P
Measured Reg. Ax
-3x10%F kes o :
DTMB 0 ==—- b
ONRT S —
Delft372 A  ——.——
-4X1 0-4 " 1 1
0 04 0.8 1.2





media/file18.png
6x10™

4x10" |

—~ 2x10™

> 2x10°
-4x10™

6x10°L

_, Simulation ——-- Fourier analysis

= 0x10°}

_ Simulation —=-- Fourier analysis

6x10°
ax10°f
~ 2x10°}
=~ 0x10°
< 2x10°}
4x10°

_6X1Of3 I N | N | L | N I L |

. Simulation ——-- Fourier analysis

3x10

2x10™ -
__1x10* /\ f

\
SO AN S N A\
= / \

1x10*f
_2X1O'4-_ \/ _ \/ \//

_3x10-4 i L L ; ] A | . | . |





media/file21.jpg





media/file44.png
Kout (—)

0x10°

-2x10™

-4x10™

-6x10™

-8x10™

A\_
~
p— \n
)N
~
\4
~
A\
\-
- N
A
\0
~
\-
Measured Reg. A

- KCS o ' NG

DTMB o —-=-—- Sh
[ ONRT O -

Delft372 A  —-—'—-—

] . ] .

0 0.4 0.8 1.2

(c)






media/file26.png
Y' ()

2x107

1x107
0x10°
Ax10°H

-2x10°°
0

p'=0.2
p'=04====p'=08 -

6x10™*






media/file28.png
2x107°
1%107°

0x10°

Y' ()

-1x107°

-2x10°°

1x10°
8x10™
4x10™
0x10°
-4x10™
-8x10™
-1x107

K" (-)

KCS

i
.',. ‘.\.
| 5 | " |
0.5 1.9 2 2.5 3
tvT (-)
(a)
'_ : \.. . -.‘_ !.'\..
YT
;_ P , . .'. .
N .
| | L | 2 |
0 0.5 1.5 2 2.5 3
tvT (-)

6x10
4x10™

__2x10*E

-2x10™

4x10™
6x10™
0

1x10™

8x10°F

4x107°

K" (-)

-1x10™
0

DTMB ==-=-= ONRT

-_— e e -

~ 0x10°
z e

Ox10°H:
4x107°
-8x107°






media/file10.png
}9|3N0 ainssald

}9|3N0 aInssald

Top- velocity inlet

‘m

Overset grid region

Grid refinement re_’_ﬁon 2

Grid refinement region 1

Boundary domain

jusuiaulial adelins aal4

Bottom- velocity inlet

39|ul K3120|97

Delft 372 catamaran

Side- velocity inlet

Side- velocity inlet

1a1ul A3d0j97






media/file11.jpg
Refinement factor 7, = V2
Computational solution S,1,5¢2.5.

I

Solution change £.zr.¢iz:
Apparent order of accuracy p,

Convergence ratio £,

<ol V<R <1] Jr. > 1

o] [ [
Osclatory uncertainty | [ Eror estmator 5,
0= 05(5,0 = S) Extrapolated quantty 07k
Safety Factor (5F) method Conection Factr (CF) method
F=125 (Correction coeffcient €)
PETY E— Y  — T
| = | Cr=iai+n-al
T

Uncertinty
Ui = Foldin]






media/file36.png
L/

t/T=3/8

t/T =6/8

-50.0

-40.0

-30.0

-20.0

t/T=1/8
L
[
‘ t/T = 4/8
“
f t/T = 7/8
¢
Vorticityl[i] (/s)
-10.0 0.000

0.0

t/T=2/8
.
, /
'- t/T = 5/8
,"/'
8
t/T = 8/8
\
& €

20.0 30.0 40.0 50.0

._\.





media/file15.jpg
EUSRS S I LA T M e

o pes
x| 2w

Z ool gz oo
awio

L s s R R
i) i ey






nav.xhtml


  jmse-10-01702


  
    		
      jmse-10-01702
    


  




  





media/file2.png
Y,v Vb

v
<
-





media/file23.jpg
a0
axto]
_ 20
£ ool
s

awto’

20107
oo

o





media/file24.png
p'=0.2
pP'=04====p'=08~ -~ p'=12===-

3x10™
2x10™
__ 1x10™
I 0
~ 0x10
Z )
~1x10™
-2x10™
_3x10-4 I s - 1 N 1 . ' 1 N 1






media/file29.jpg
om0 antr B e owx aam  em ase LT ase aso






media/file1.jpg





media/file12.png
Refinement factor r; = /2
Computational solution S;4,S; 5, S; 3

1

Solution change ¢; 54, €; 32
Apparent order of accuracy p;

!

| Convergence ratio R; |

Ri<01 0<R; <1 lRi>1
Oscillatory Monotonic :
Divergence
convergence convergence

l

Oscillatory uncertainty
Ui - O.S(Si,U - Si,L)

Error estimator &, ;
Extrapolated quantity ¢

21
i,ext

l

Safety Factor (SF) method

|

Correction Factor (CF) method

Fs = 1.25 (Correction coefficient C;)
¢ <1 ] C -1 V¢ >1
F=211-cl+1 || F=n-¢ || m=lal+n-cl

]

Uncertainty
Ui = Fs|Sgg |






media/file9.jpg
9o ainssaid

oo sinsoig

Top- velocity inlet

Overset grid egion
(1 efnement regon 1

1o aporon

bl

6id rfiement region 2

Bottom- velocity inket

D 372 catamaran

Side- veloaty inet

i
|-

Side- velocty inet

1o aporon

|






media/file38.png
"

t/T = 3/8
L)
t/T = 6/8

-50.0

t/T = 4/8

Vorticityl[i] (/s)
0.000

10.0

t/T = 8/8

L

40.0 50.0





media/file17.jpg
e
Z oo
2210
ps

e L R T R L

o o






media/file30.png
P «"I e
=" =7 3
Vi 7

B
10

l [\ T
g
_&’

e~
N

Position[Z] (m)

-0.012 0.012 0.036 0.060

¢
Position[Z] (m)
-0.030 -0.017 -0.0040 0.0090 0.022 0.035

(c)

b, R
D NN\ D
(e TS o
e SRR

W,

B

R =
) l}@ ﬁli{ i

44

~ = LU e
17 - jV' 7 k;—‘—“(/-[ =

Wty A AQ_,'_ _. -

/' / Zfl‘;,’v,v? . lv/

(o

57,

5
#.
e e =
/ gy
4 =

0.060 0.10

(b)

‘ ;% l:’;’/’ /
Position[Z] (m)
-0.070 -0.042 -0.014 0.014 0.042 0.070

(d)





media/file35.jpg
,
e {
; 4
L






media/file27.jpg





media/file3.jpg
$. § (deg., radis?)

§ (radis)






media/file42.jpg
Kout (-)

0x10°

-2x10°
4x10°
4 Messrea “
SBK10 -4x10°| oo RN
Ry 04 08 T2 g 04 08 12
P 4

(d)





media/file22.png
Y' ()

p'=0.2 p'=0.6~—-— p'=1.0===-
pP'=04=-===p'=08-  — p'=12==c=-

3x10™ 3x10™

2x10*| 2x10°|

1x10%| _ 1x10%|

ox10°} ~ 0x10°

-1x104’ -1x10™

2x10*F -2x10™

3x10°L -3x10™ PR NP R R

0 0O 05 1 15 2 25 3






media/file19.jpg
00

e

Z oo
2001
00

oo
e
2]
Z oo
s

et






media/file40.png
6x10™

I Measured Reg.
5X10-4'g$|\sna 8 ————— 9
| ONRT o e et e
4x1 0_4 | Delft372 A ———
‘;3x1o -
> -
2x10™F
110}
0x10° bttt
0 5 10 15 20 25 30
N
P
(a)
8x10™ A
- Measured Reg. /’
L KCS o) : '
DTMB 0  —=———
4L onrT T |
6x107F Dotsrz A —oee
T A
~ 4x10°F
g_ /_/A
_ £
2x107F
£
0x10°

0x10°
-5x10°}
“1x10™F
| b
= -1x10"}F
Z L
-2X10-4' ~ Measured Reg. N ~
. KCS O N
2x10*} oNrT 6 oon -
L Delft 372 A ————
Y P PR TP RPN TP
X0 TS T 15 20 25 30
. f
P
(b)
1x10™
i Measured Reg.
810k ome 0| L. R
ONRT —_— Va
—~6x10°F
£ [
X 4x10°}F
2x10°F
0x10°






media/file33.jpg
10688 oo 00 100 00 _s00





media/file32.png
pdynamic (Pa)

-600.0 -360.0 -120.0 120.0 360.0 600.0
(a)
-~ t/T — o

g "

YT =1/4

o |

— — ———————
t/T =2/4
. |
-l =
. - = t/T = 3/4
=)
pdynamic (Pa)
-500.0 -340.0 -180.0 -20.00 140.0 300.0

(c)

pdynamic (Pa)
-2500.0 -1500.0 -500.00 500.00 1500.0 2500.0
(b)
T =0 YT =1/4
— S
t/T = 2/4 t/T = 3/4
pdynamic (Pa)
-1200.0 -720.00 -240.00 240.00 720.00 1200.0
(d)






media/file14.png
Y' ()

Grid_coarse Grid_medium ——-—-— Grid_fine —-—-—
8x10™ 4x10™
4x10™ 2x10™
I —~ k
0x10° =~ 0x10°
- Z !
-4x10™ -2x10™
_8X10-4 ! A 1 l L | A i | . _4X10—4 - L N | L | . L | .
0.5 1 15 2 25 3 0 05 1 15 2 25 3

UT () T ()





media/file41.jpg
0x10°

0x10°)
-1x10°
_4x10°) -
T <
. 5-2x10°
E =
-8x10°
-3x10°
110 “x19 04 08






media/file37.jpg
e

R





media/file6.jpg





media/file16.png
Y'(-)

8x10™

4x10™

0x10°

-4x10™

-8x10™

Time step_coarse

Time step_medium ——=—=- Time step_fine = —-—

N* (-)

4x10™

2x10™

0x10°

-2x10™






media/file20.png





media/file5.jpg
(@KCs






media/file7.png
(a) KCS





media/file31.jpg





media/file25.jpg





media/file0.png





media/file8.png
(b) DTMB

*ﬁﬂ

(c) ONRT

(d) Delft 372 catamaran






media/file34.png
.\

t/T=0 / “ /T = 1/8

t/T = 3/8 / \ t/T = 4/8

L3

t/T = 6/8 / \ t/T =7/8

Vorticity[i] (/s)
0.0

-50.0 -40.0 -30.0 -20.0 -10.0 0.000

/ \ /T =2/8

L

B ...

i@ ...

v .

20.0 30.0 40.0 50.0






