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Abstract: A mathematical model for the tacking maneuver of a sailing yacht is presented as an extension of research by the same authors. The authors have proposed the equations of motion for the tacking maneuver expressed in the horizontal body axis system. The calculation method was applied to a 34-foot sailing cruiser and the simulated result showed good agreement with the measured data from full-scale tests; however, the modeling of aerodynamic force variation during tacking was insufficient due to lack of information about the sail forces. In this report, the authors performed full-scale measurement of sail forces during tacking maneuvers using a sail dynamometer boat Fujin. The Fujin is a 34-foot sailing cruiser which has a measurement system to obtain simultaneously sail forces, sail shapes, and boat attitude. Based on the results of full-scale measurements, a new model of aerodynamic force variation for the tacking maneuver was proposed. The equations of motion were also simplified to more easily perform the numerical simulation. Using this calculation method, the tacking simulations were performed and compared with the measured data from three full-scale boats. The simulated results showed good agreement with the measured data. This simulation method provides an effective means for assessment of tacking performance of general sailing yachts. Keywords: aerodynamics, hydrodynamics, maneuvering, motions, performance assessment, performance prediction, sails.



NOMENCLATURE B D Fn GM



Ixx, yy, zz Jxx, yy, zz K, N L lR m mx, y, z SA



breadth at design waterline design draft (including fin keel) Froude number metacentric height of boat moments of inertia of boat about xb-, yb- and zb-axis in general body axis system added moments of inertia about xb-, yb- and zb-axis in general body axis system moments about x- and z-axis in horizontal body axis system length on design waterline distance between quarter-chord point of rudder and C.G. of boat mass of boat added masses of boat along xb-, yb- and zb-axis in general body axis system sail area (actual total sail area)
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U, V UA VB xCG xGCE X, Y zGCE αR β γA γR δ ρ ρa φ ψ



velocity components of boat along x- and y-axis in horizontal body axis system apparent wind speed (AWS) boat velocity x-coordinate of C.G. of boat x-coordinate of geometric centre of effort of sail force components along x- and y-axis in horizontal body axis system z-coordinate of geometric centre of effort of sail effective attack angle of rudder leeway angle apparent wind angle (AWA) decreasing ratio of inflow angle for rudder rudder angle density of water density of air heel angle or roll angle heading angle



Coordinate system G – x, y, z coordinate of horizontal body axis system G – xb, yb, zb coordinate of general body axis system od – xd, yd, zd coordinate of sail dynamometer axis system



INTRODUCTION Tacking of a sailing yacht is a quick maneuvering motion accompanied by large rolling angle changes in a short period of time. To analyze this type of large amplitude motion, a mathematical model for the simulation was presented by the same authors (Masuyama et. al. 1993; 1995). In these previous reports the authors employed equations of motion expressed by the horizontal body axis system introduced by Hamamoto et. al. (1988; 1992). In this coordinate system, the maneuvering motion of the boat and aero/hydrodynamic forces acting on it can be expressed easily. Both added mass and added moment of inertia, which are referenced to the body axes fixed on the boat, can be obtained using the coordinate transformation. The calculation method was applied to a 34-foot sailing cruiser and a 100-foot Japanese traditional tall ship Naniwa-maru (Masuyama et. al. 2003). The simulated results showed good agreement with the measured data obtained during full-scale tests. Keuning et al. (2005) extended our model to be able to apply the calculation method to a large variety of yachts using their extensive database of Delft Systematic Yacht Hull Series (DSYHS). In this previous research, however, the modelling of aerodynamic force variation during tacking was insufficient due to a lack of information about the sail forces. To clarify the sail force variation during tacking, the authors (2008b) previously measured the forces using a sail dynamometer boat Fujin and proposed a new model of aerodynamic force variation. In this paper, which is an extension of the previous report, the equations of motion are simplified to more easily execute the tacking simulation, and the numerical simulations are performed and compared with the measured data for three fullscale boats, Fujin, Fair V, and Sea Dragon.
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DIRECT MEASUREMENT OF SAIL FORCE USING FUJIN Sail Dynamometer Boat Fujin The sail performance was measured using the sail dynamometer boat Fujin. The Fujin was originally built for conducting tests on sails by the authors for the Japanese America’s Cup entry in 1994. The design of the Fujin is based on the YR-10.3m class, which is an International Measurement System (IMS) ocean racer designed by Yamaha Motor Co. Ltd. In this boat, load cells and CCD cameras were installed to simultaneously measure the sail forces and shapes. At the same time, the sailing conditions of the boat (e.g., boat speed, heel angle, wind speed, and wind angle) are measured. Figure 1 shows the sail plan and general arrangement of the dynamometer frame of the Fujin as well as the coordinate system of the sail dynamometer. It should be noted that the origin of the sail dynamometer system is not on the Center of Gravity (C.G.) of the boat but located at the aft face of the mast (xd-direction) and the height of the deck level (zd-direction). The measurement system installed in the Fujin and the relationships between sail shapes and performance were reported by Masuyama and Fukasawa (1997a; 1997b). Recently, the measured sail shapes were reanalyzed and tabulated for use as input data for the numerical calculation. This sail shape database, in association with the results of latest RANS-based CFD, was also reported by Masuyama et al. (2007; 2009). Steady Sail Performance for Upwind Condition The aerodynamic coefficients and the coordinates of the center of effort of the sails for the close-hauled condition are defined as: ′ X Sd =



xCE



X Sd



1 ρ aU A 2 S A 2 N = Sd , YSd



,



′ YSd =



zCE



YSd



1 ρ aU A 2 S A 2 K = − Sd , YSd



,



(1)



where XSd and YSd are the force components along the xd and yd axes of the sail dynamometer system respectively, and KSd and NSd are the moments around the xd and zd axes. xCE and zCE are the xd and zd coordinates of the center of effort of the sails (CE). It should be noted that the xd and yd axes are fixed on the boat and therefore inclined with pitch and heel angles. This means the measured side force YSd is not in the horizontal plane but is normal to the mast. Figure 2 shows the measured aerodynamic coefficients and the coordinates of CE as a function of apparent wind angle (γA) for the mainsail and 130% jib configuration shown in Figure 1. The aerodynamic forces acting on the mast and rigging are included in the measured XSd and YSd forces. The solid symbols indicate the results of starboard tack and the open symbols indicate the port tack. In Figure 2(a) the side force coefficient Y'Sd is expressed as positive for both port and starboard tacks. The measurements vary widely, especially in the Y'Sd data, because they are based on measurements taken with the sails trimmed in different ways.
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Figure 1. Sail plan and arrangement of sail dynamometer frame of Fujin.
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Figure 2. Sail performance variation for mainsail and 130% jib configuration as a function of apparent wind angle (γA).



The apparent wind speed (UA) and apparent wind angle (γA) were measured by an anemometer attached to the bow unit. The bow unit, which was attached to the bow pulpit, includes a post that can rotate freely to maintain its vertical attitude when the boat heels in order to measure the wind data in the horizontal plane. Since the measured side force YSd acts normal to the mast, the values of YSd do not vary with heel angle like the horizontal plane component, but are affected by decreases in both the effective attack angle and the dynamic pressure on the sails as shown in Appendix 2. This decreasing ratio is approximated by a function of cos φ. However, the heel angles during measurement were less than 20 degrees, and therefore the difference with the upright condition was less than 6%. For this reason, the measured data in Figure 2 are indicated without heel angle correction. Under this assumption, the basic sail force curves used in the tacking simulation in the upright condition, X'S0 and Y'S0, are shown as solid and dotted curves, which refer to the present results and as well as other wind tunnel test results (Masuyama and Tatano 1982).
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Figure 2(b) shows the variation of the CE coordinates of the sails. The xd- and zdcoordinates of the geometric center of effort (xGCE and zGCE) are 0.63 m aft and 4.80 m above the origin of sail dynamometer system, which are indicated by dashed lines in the figure. The geometric center of effort is calculated as the center of actual sail area of the mainsail and jib (mast area is not included). The measured coordinates of xCE are near xGCE and move forward with increasing Apparent Wind Angle (AWA) toward the origin. However, the coordinate of xCE coincides with the xGCE for the closest angle to the wind. In the experiments with the Fujin using other sail configurations, such as the mainsail with a 75% jib and mainsail alone, the coordinates of xCE also coincided with the xGCE of each sail plan in the upwind condition. Therefore, for the tacking simulation, the coordinate of xGCE is used as the point of application of YSd force for various sail configurations. There is a wide scatter in the experimental values for zCE. This is thought to be because the measured heel moment contains a large component from the mass of the dynamometer frame and rigging (659kg). This moment should be subtracted from the measurement, taking into account the measured heel angle. If there is a slight error in the position of the center of gravity of the dynamometer frame, or in the measured heel angle, the error in the calculated moment will be large. Some bias in the values of zCE between port and starboard tacks might be caused by the slight discrepancy in alignment between the xd axis of the dynamometer frame and the center line of the hull. However, although the measured data are scattered, the coordinates of zCE coincides with zGCE for the tacking simulation. Using these results, the heel moment KSd and yaw moment NSd for the tacking simulation are obtained by multiplying the YSd force by the coordinates of zGGCE and xGGCE, respectively, where the superscript of G means the coordinate from the center of gravity of the boat.



Sail Force Variation During Tacking Figure 3 shows two examples of the measured data in the time domain for X'Sd, Y'Sd, K'Sd and N'Sd during tacking for 20 seconds, beginning five seconds before the initiation of tacking and ending 15 seconds after. Figure 3(a) shows tacking from starboard to port tack, and Figure 3(b) shows tacking from port to starboard tack. The scatter in the data at the crossing points of the curves is caused by the crew action on the dynamometer frame in releasing and trimming the jib sheet. In the measured data, the inertia forces and moments due to the mass of the dynamometer frame are included. These effects appear clearly at the beginning and end of the tacking maneuver but are not as significant during the middle stage. Hence the measured data are modified only by subtracting the forces and moments due to the gravitational force acting on the dynamometer frame based on the measured heel angle at every moment. The evaluation of the effect of the inertia forces and moments on the measured data is discussed in Appendix 1. Figure 4 shows the variation of sail force coefficients during tacking as a function of the heading angle of the boat ψ, where ψ = 0º means heading in the true wind direction. During tacking, the jib sheet was released just before the jib was backwinded on the new tack in order to minimize luffing of the jib and loss of wind power. The curves show the results of 10 tacking cases from starboard to port tack. It should be noted again that forces and moments are shown using the sail dynamometer coordinate system. The variations start from the close-hauled condition of starboard tack until the boat is on port tack (i.e., from ψ = -45º to 45º). The corresponding AWA, from γA= 30º to -30º, are also indicated in the second abscissa in the figure. Figure 4(a) shows the variation of X'Sd. When the boat
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heads directly into the wind, X'Sd becomes about -0.1, (i.e., drag force coefficient). Figures 4(b) to 4(d) show the forces and moments become zero not at ψ=0º, but around ψ=10º, which indicates a delay in the variation of forces and moments compared to the change of heading angle. This could be caused by the sail filling with wind due to the yawing motion from the former tack to ψ =10º on the new tack when the jib sheet was released.



Figure 3. Examples of measured sail force coefficients in the time domain during tacking.



Figure 4. Variation of sail force coefficients during tacking as a function of heading angle of boat (tacking from starboard to port tack).
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Figure 5 shows the same variation for the case of port tack to starboard tack. In this case, Y'Sd, K'Sd and N'Sd become zero at around ψ= -10º, and the variation of forces and moments are almost symmetrical to Figure 4. Therefore, the bias in the zero crossing point of the forces and moments in the tacking maneuver is symmetrical.



Figure 5. Variation of sail force coefficients during tacking as a function of heading angle of boat (tacking from port to starboard tack).



Model of Sail Force Variation for Tacking Simulation The equations of motion for tacking simulation are expressed in the horizontal body axis system, which is discussed in the next section. In this axis system, the sail forces used in the calculation are expressed in horizontal components, and the moments are expressed around the C.G. of the boat, rather than the origin of the sail dynamometer system. These components are defined as XS, YS, KS and NS as:
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1 ρ aU A 2 S A 2 1 2 2 YS = Y 'S 0 cos ϕ ⋅ ρ aU A S A 2 G 3 z  1 2 K S = − Y 'S 0  GCE  cos ϕ ⋅ ρ aU A S A 2  S  2  A G G   3  zGCE    xGCE   sin ϕ  cos 2 ϕ ⋅ 1 ρ aU A 2 S A 2   N S = Y 'S 0 + X 'S 0  S   S  2 A   A    X S = X 'S 0 cos 2 ϕ ⋅



(2)



The derivation of these formulas, including effect of heel angle, φ, are described in Appendix 2. The basic sail performance curves of X's0 and Y's0 in Figure 2 show the steady state values and do not express the dynamic variation due to tacking. Therefore, the model of sail force variation for the tacking simulation is defined as bold lines in Figure 6, referring to the measured data in Figures 4 and 5. Figure 6(a) shows the case of tacking from starboard to port tack. The abscissa indicates apparent wind angle (γA). In the model, the basic sail performance curves of X's0 and Y's0 are divided into three stages. Stage A is the range of γA that is greater than 20º. In this region, the coefficients vary with γA according to the basic curves. Stage B is the range of γA= 20º to -10º. In this region, the coefficients are assumed to vary linearly along the lines determined from the results of Figures 4(a) and 4(b). Stage C is the range of γA= -10º to -30º. In this region, the basic pattern of the coefficients is expressed as basic performance curves. However, it may take several seconds to recover to the basic curves due to the delay in trimming the sails for the new tack. Therefore, the coefficients are assumed to increase from the lowest values to the basic curve values with time. The recovery time was chosen from 5 to 10 seconds by taking the simulated heel angle corresponding to the measured heel angle. Figure 6(b) shows the case of tacking from port to starboard tack, where the variation pattern proceeds in the opposite direction. In the numerical calculation, the rolling effects on the sail were considered as a variation of apparent wind angle, γA, and speed, UA, due to the motion at the center of effort of the sail. The sail forces and moments expressed in equation (2) are used for the equations of motion in the following section.
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EQUATIONS OF MOTION FOR TACKING SIMULATION To express the large amplitude motion such as a tacking maneuver of a sailing yacht, we used motion equations expressed in the horizontal body axis system introduced by Hamamoto et al. (1988; 1992). It should be noted that this coordinate system is different than the system for the sail dynamometer. The origin of the coordinate system is on the C.G. of the boat as shown in Figure 7. The x-axis lies along the centerline of the boat on the still-water plane and is positive forward. The y-axis is positive to starboard in the still water plane, and the z-axis is positive downwards. In this coordinate system, the maneuvering motion of the boat and aero/hydro-dynamic forces acting on it can be expressed in the horizontal plane even though the boat heels. Both added mass and added moment of inertia, which are referenced to the body axes fixed to the boat, can be obtained by a coordinate transformation. The authors previously presented the equations of motion expressed in four simultaneous differential equations but excluded pitching and heaving motions (Masuyama et al. 1993; 1995). The distance between center of gravity and center of added mass of the boat, xG, was taken into account. For a sailing yacht with a fin keel, the value of xG is small because the fin keel has a large mass and lateral projected area, which affect both the centers of gravity and added mass. Therefore, to create an easier simulation procedure, it is assumed that the center of added mass of the hull coincides with the center of gravity of the boat (i.e., xG =0). In this case, the forces and moments expressed in the general body axis system are formulated from the Euler-Lamb equations of motion (Lamb, 1932). These equations are transformed into those expressed in the horizontal body axis system, assuming the pitch angle, θ, is equal to zero, as shown in the Appendix 3. The equations of motion expressed in the horizontal body axis system for the motions of surge, sway, roll and yaw are derived as follows. The left sides are formulas (A-23) in Appendix 3 and the right sides are fluid dynamic forces acting on the hull and sail with reference to the horizontal body axes.



Figure 7. Definition of coordinate system and forces and moments, (+)-ve is indicated direction.
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surge:



(m + mx ) U& − (m + m y cos 2 ϕ + mz sin 2 ϕ ) Vψ&



(3)



= X 0 + X H + X Vψ& Vψ& + X R + X S sway:



(m + my cos2 ϕ + mz sin2 ϕ) V& + (m + mx ) Uψ& + 2(mz − my ) sinϕ cosϕ ⋅ Vϕ&



(4)



= YH + Yϕ& ϕ& + Yψ&ψ& + YR + YS roll:



(I xx + J xx )ϕ&& − {( I yy + J yy ) − (I zz + J zz )}sinϕ cosϕ ⋅ψ& 2



(5)



= K H + Kϕ& ϕ& + K R + K S − mgGM sinϕ yaw:



{ (I



yy



}



+ J yy ) sin2 ϕ + (I zz + J zz ) cos2 ϕ ψ&& + 2{(I yy + J yy ) − (I zz + J zz )}sinϕ cosϕ ⋅ψ& ϕ&



(6)



= N H + Nψ&ψ& + N R + N S These equations are the same as equations (1) through (4) in reference of Masuyama et al. (1995), except the term xG was eliminated. In equation (3), X0 is the hull resistance in the upright condition, which is calculated from model tests or the DSYHS database (Keuning and Sonnenberg 1999). The previous traditional expressions (Masuyama et al., 1995) are adopted to describe the hydrodynamic forces acting on the hull. The steady forces on the canoe body and fin keel are described using hydrodynamic derivatives as follows:



1 ′ V ′2 + X ϕϕ ′ ϕ 2 + X VVVV ′ V ′4 ) ( ρ VB2 L D) X H = ( X VV 2 1 ′ ϕ V ′2ϕ + YVVV ′ V ′3 ) ( ρ VB2 L D) YH = (YV′ V ′ + Yϕ′ ϕ + YV′ϕϕ V ′ϕ 2 + YVV 2 1 ′ ϕ V ′2ϕ + KVVV ′ V ′3 ) ( ρ VB2 L D 2 ) K H = ( KV′ V ′ + Kϕ′ ϕ + KV′ϕϕ V ′ϕ 2 + KVV 2 1 ′ ϕ V ′2ϕ + NVVV ′ V ′3 ) ( ρ VB2 L2 D) N H = ( NV′ V ′ + N ′ϕ ϕ + NV′ϕϕ V ′ϕ 2 + NVV 2



(7)



where, V' is defined as:



V′ = −
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Equations (7), in which higher order terms are eliminated, are a simplification of equations (5) in reference of Masuyama et al. (1995). The hydrodynamic forces and moments on the rudder are expressed as:



1 X R = C Xδ sin α R sin δ ( ρ VB2 L D) 2 1 YR = CYδ sin α R cos δ cosϕ ( ρ VB2 L D) 2 1 K R = C Kδ sin α R cos δ ( ρ VB2 L D 2 ) 2 1 N R = C Nδ sin α R cos δ cosϕ ( ρ VB2 L2 D) 2



(8)



where CXδ to CNδ are coefficients determined by rudder angle tests. The effective attack angle of the rudder, αR, is given by



αR = δ −γ



R



⋅ β − tan



−1



 l Rψ&     U 



(9)



where γR is the decreasing ratio of inflow angle, which is caused mainly by the downwash from the fin keel. The third term indicates the inflow angle due to the turning motion of the boat, where the lR is the horizontal distance between the quarter-chord of rudder and the C.G. of the boat. For tacking maneuvers, the turning radius is relatively small and hence the inflow angle at the rudder position becomes greater than 30 degrees. This means that the rudder is outside of the downwash of the fin keel and that a decrease in inflow angle might not occur. Therefore γR is not multiplied here by the third term of equation (9).



HYDRODYNAMIC FORCES ACTING ON HULL Principal Dimensions of Boats for Tacking Simulation Tacking simulation was performed for three boats, Fujin, Fair V and Sea Dragon. The Fair V is a 10.4 m LOA sailing cruiser designed by Masuyama. The principal dimensions of the Fair V and a comparison of its tacking performance between measured and simulated tests have been previously described (Masuyama et al. 1993; 1995). However, the sail plan and shape of the fin keel were modified after the previous experiments. Therefore, the measurement of tacking maneuvring was repeated by the authors. The Sea Dragon is a 6.4 m LOA small sailing cruiser built in Japan. Using this boat, the authors also conducted many rolling and tacking tests (Masuyama et al. 2008a). Figure 8 shows the sail plan and principal dimensions of Fair V and Sea Dragon.
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(a) Fair V



(b) Sea Dragon



Figure 8. Sail plans of Fair V and Sea Dragon.



Hydrodynamic Derivatives and Coefficients The hydrodynamic derivatives of the hull and rudder were obtained from model tests. In order to apply the derivatives for Equations (7) and (8), oblique towing tests and rudder angle tests were performed. The analysis procedure from the measured data to the hydrodynamic derivatives is described in a previous paper (Masuyama et al. 1995). The results of the rudder angle tests and oblique towing tests for the Fujin are shown in Figures 9 and 10, respectively. Because of the restrictions of the experimental facility, heel moment, K, was not measured. Hence, the K moment around the LWL level was evaluated by multiplying the Y force by 43% of the fin keel draft according to Keuning et al. (2003). Table 1 shows the hydrodynamic derivatives of the hull and coefficients of the rudder that were obtained. The calculated results from equations (7) and (8) using these hydrodynamic derivatives and coefficients are indicated as curves. It should be noted that the N moment is expressed around midships. The decreasing ratio of inflow angle, γR, was also measured by rudder angle tests under oblique towing conditions for the Fujin, modified Fair V, and Sea Dragon. The results showed agreement with the data of the original Fair V (Masuyama et al. 1995).
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Figure 9. Variation of hydrodynamic coefficients of rudder with rudder angle δ for Fujin.
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Figure 10. Variation of hydrodynamic coefficients of hull with leeway angle β for Fujin (without rudder forces).
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Hydrodynamic derivatives of the hull due to yawing motion, such as XVψ& , Yψ& , and N ψ& , are calculated using the following equations from Masuyama et al. (1995):



1 X Vψ& = m′y (C m − 1) ρL2 D 2



(10)



where Cm is assumed to be 0.3 by Hasegawa (1980).



Yψ& =



Nψ& =



π  2d m  1



1   ρVB L2 D − 2a0 (h − h0 ) ρVB AF c 4 L 2 2



(



)



2 2d m  2d m 1 1 − 0.54  ρVB L3 D − 2a0 h − h ρVB AF c  L  L 2 2



(11) (12)



where,



h = (h0 + hwb ) 2 In equations (11) and (12), the first term is the contribution from the canoe body, which is expressed by an empirical formula (Inoue et al. 1981). The second term is the contribution from the fin keel, which is calculated by lifting surface theory (Etkin 1972). Here, AF, a 0 , and c are the lateral projected area, lift curve slope, and mean chord length of the fin keel, respectively. The terms h, h0, and hwb are the distances from the C.G. of the boat to the leading edge of the fin keel, the axis of rotation for vanishing lift force, and the aerodynamic center of the fin keel, expressed by the percentage of the mean chord length, c . The contribution from the rudder is already considered in the third term of equation (9). The derivative due to rolling, Y ϕ& , was calculated by considering the change in attack angle of both the fin keel and the rudder caused by the rolling angular velocity ϕ& as:



Yϕ& =



D 1 ρ VB a0 ∫ c z dz 0 2



(13)



where c is chord length of the fin keel or rudder at z coordinate. The contribution of the canoe body was neglected. The damping coefficient for rolling , K ϕ& , was obtained by a rolling test of the full-scale boat. A logarithmic decrement, σ, and coefficient, α0, are defined as:
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ϕ (t )



  , ϕ (t + T 2 )



σ = ln 



α0 =



2σ T



(14)



where φ is roll angle and T is roll period. From the rolling test of Fair V and Sea Dragon with mainsail, the value of α0 was evaluated as 0.42 and 0.53, respectively (Masuyama et al. 1995 and 2008a). The damping effect of the sails was very large, so these tests were also performed under running conditions to clarify the effect of velocity without sails. In this case the value of α increased linearly with the boat velocity. From these results, the value of α for these boats is formulated using Froude number as:



α = α 0 + 0.4 Fn



(15)



Using the coefficient α, the damping coefficient for rolling, K ϕ& , is given by



K ϕ& = − 2α (I xx + J xx )



(16)



where the value of Ixx +Jxx are also obtained from the rolling test using following relation:



T  I xx + J xx = mg ⋅ GM    2π 



2



(17)



The hydrodynamic derivatives and coefficients of these boats are shown in Table 1.
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Table 1. Principal dimensions, hydrodynamic derivatives, added masses and added moments of inertia of Fujin, Fair V and Sea Dragon. Boat Name Class



Fujin YR 10.3



Fair V KIT 34



Sea Dragon ―



LOA [m] LWL (L) [m] BMAX [m] BWL (B) [m] Draft (Canoe body) [m] Draft (Fin keel) (D) [m] Displacement* [kg] [m] GM xCG (from Midship) [m] lR (from C.G.) [m]



10.35 8.80 3.37 2.64 0.44 2.02 4410 1.45 －0.60 4.40



10.39 8.55 3.04 2.42 0.41 1.96 3780 1.31 －0.10 4.22



6.45 5.30 2.48 1.87 0.28 1.30 1370 0.93 0.0 3.06



2



33.2 26.1 0.67 －6.13



30.2 29.5 0.87 －6.20



12.6 11.6 0.39 －4.15



Sail area(Mainsail) [m ] 2 Sail area(Jib) [m ] G x GCE (from C.G.) [m] G z GCE (from C.G.) [m] mx [kg] My (Hull, Sail) [kg] mz [kg] 2 Ixx [kg･m ] 2 Iyy [kg･m ] 2 Izz [kg･m ] 2 Jxx (Hull, Sail) [kg･m ] 2 Jyy [kg･m ] 2 Jzz [kg･m ] X’VV X’φφ X’VVVV X’Vψ．



160 2130, 280 12000 17700 33100 17200 7200, 8100 42400 6700



140 2410, 280 10400 12500 22600 11300 8600, 8100 34600 7600



50 740, 120 3600 1400 2600 1300 900, 1200 4300 1000



3.38×10－ 3 1.40×10－ －1.84 2 －1.91×10－



1



3.37×10－ 4 －9.83×10－ －1.88 2 －2.35×10－



1



2.66×10－ 3 －7.16×10－ －1.21 2 －2.82×10－



1



－5.98×10－ 3 7.39×10－ －1 6.04×10 1 －3.94×10－ 3.20 1 2.42×10－



1



－5.85×10－ 3 －8.94×10－ 1.25 1 －3.94×10－ 1.95 1 2.77×10－



2



－1.88×10－



1



1



Y’φ．



－5.35×10－ 3 －5.89×10－ －1 7.37×10 1 －5.53×10－ 3.07 1 2.19×10－



Y’ψ．



－4.01×10－



K’V K’φ K’Vφφ K’VVφ K’VVV



2.80×10－ 3 3.36×10－ －1 －4.07×10 1 2.24×10－ －1.38 1 －3.53×10－



1



2.99×10－ 3 －3.60×10－ －1 －3.03×10 2 9.45×10－ －1.30 1 －3.57×10－



1



2.82×10－ 3 4.41×10－ －1 －5.86×10 1 1.39×10－ －1.04 1 －3.69×10－



2



2



N’ψ．



－3.23×10－ 2 －1.52×10－ －4 2.71×10 2 －9.06×10－ 2 －2.98×10－ －3 －5.89×10



－2.73×10－ 2 －1.49×10－ －3 8.53×10 2 －6.14×10－ 2 1.87×10－ －3 －5.21×10



－4.82×10－ 2 －1.45×10－ －2 4.13×10 2 －8.97×10－ 2 －9.02×10－ －3 －6.43×10



CXδ CYδ CKδ CNδ



－3.79×10－ 1 －1.80×10－ －2 9.76×10 2 9.74×10－



2



－6.21×10－ 1 －1.78×10－ －2 9.32×10 2 9.10×10－



2



－4.83×10－ 1 －1.52×10－ －2 9.32×10 1 1.01×10－



Y’V Y’φ Y’Vφφ Y’VVφ Y’VVV



K’φ． N’V N’φ N’Vφφ N’VVφ N’VVV



3



1.53×10－



2 1



2



2



* Including crew weight
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Added Masses and Added Moment of Inertias Added mass of the hull along x-axis, mx, was assumed to be the same as the value of a spheroid (Newman 1977). Since the frequency of swaying and yawing motion is low, my and Jzz are calculated with the double model expressed by the Lewis form coefficient, C1 and C3, as:



π



my =



J zz =



π 2



2



ρ ∫ D 2 C y (x ) dx L



ρ ∫ x 2 D 2 C y (x ) dx



(18)



(19)



L



where,



C y (x ) =



(1 − C1 ) 2 + 3C 3



2



(1 − C1 + C 3 ) 2



Values of mz and Jyy are also calculated as:



mz =



J yy =



π



ρ ∫ B 2 C z ( x ) dx



(20)



ρ ∫ x 2 B 2 C z ( x ) dx



(21)



8



π 8



L



L



where,



C z (x ) =



(1 + C1 ) 2 + 3C 3 (1 + C1 + C3 ) 2



2



The value of Jxx, including mainsail, was obtained from the rolling test with mainsail using Equation (17). The added masses of the fin keel, rudder and sail along the y-axis were calculated assuming they were ellipsoid planes with the same lateral areas. The added moment of inertias of the fin keel and rudder around the z-axis were evaluated as:
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J zz (k ,r ) = m y (k ,r ) ⋅ x(2C .G .→k ,r ) where



x(C.G.→k ,r )



(22)



means the distance from the C.G. of the boat to the center of lateral area



of the fin keel or rudder. Added masses and moments of inertias of the fin keel and rudder were included in the values of my and Jzz of the hull. The values of these added masses and moments are also shown in Table 1 with inertia forces and moments of these boats. COMPARISON BETWEEN MEASURED AND SIMULATED RESULTS The Runge-Kutta method was employed to calculate the equations of motion. The rolling and yawing motions were calculated around the C.G. of the boat. Input data for the simulation consisted of the true wind velocity and the measured time history of the rudder angle during the tacking maneuver at increments of 0.1 seconds. Results of Fujin Figure 11 shows the comparison between measured and simulated results of Fujin. Figure 11(1) shows tacking from starboard to port tack, and 11(2) shows tacking from port to starboard tack. The sail force variations in Figures 3(a) and 3(b) correspond to these cases, respectively. The indicated results were recorded for 35 seconds, beginning 5 seconds before the start of tacking. Figure 11(1)(a) shows the boat trajectories. Solid circles indicate the positions of measured C.G. of the boat at each second, while open circles indicate the simulated positions. The illustrations of the small boat symbol indicate the heading angle ψ every three seconds. The wind blows from the right side of the figure and the grid spacing is taken as 15 meters. Figure 11(1)(b) shows the time histories of rudder angle δ, heading angle ψ, heel angle φ, and boat velocity VB. The solid lines are measured data and the dotted lines are simulated data. In Figures 11(1)(b) and 11(2)(b), the patterns of rudder angle variation can be considered as standard for tacking maneuvers. As shown, tacking with a yawing motion of 90 degrees is completed in 7 to 8 seconds. The boat velocity decreases about 30%, and the boat takes about 15 seconds to recover to the previous velocity after the yawing motion is completed. The measured time histories of ψ and φ indicate the delay of the zero crossing point of φ compared with ψ. This might be caused by the sail filling with wind due to the yawing motion until around ψ= 10º on the opposite tack as shown in Figures 4 and 5. The simulated time histories show a slight delay when compared to the measured data. In particular, the delay of the simulated heel angle is relatively large. This might be caused by the over-estimation of the damping coefficient for rolling, K φ& . For this point further investigation might be necessary. However, the simulated results of velocity decrement show agreement with the measured results. This suggests that the model of sail force variation proposed in this report is adequate for the tacking simulation. In Figures 11(1)(a) and 11(2)(a), although the simulated trajectories show slightly larger turning radiuses than the measured trajectories, the simulated results show agreement with the measured values overall. Results of Fair V Figure 12 shows the comparison between measured and simulated results of Fair V. The contents of these figures are identical to Figure 11. In these cases, the rudder angle
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variations in the first stage are relatively small. These cause a delay in the yawing motion of the boat. Hence it takes more than 10 seconds to complete the tacking maneuver. On the other hand, the simulated results show a prompt response to the rudder angle variation. Therefore the simulated time histories vary slightly earlier compared with the measured histories. By the same reasoning, the simulated trajectories in Figures 12(1)(a) and 12(2)(a) show smaller turning radiuses than the measured trajectories. Results of Sea Dragon Figure 13 shows the comparison between measured and simulated results of Sea Dragon. This boat has a relatively small fin keel and old, inefficient sails. The closest measured angle to the wind is therefore large and the tacking angle becomes about 100 degrees. The simulated trajectories show agreement with the measured trajectories, but there is a slightly smaller minimum angle to the wind than the measured values due to the better sail coefficients used in the calculation. Unfortunately, the measured and simulated time histories of the heel angle do not agree well because this boat is severely affected by crew movements on the deck due to the light displacement. The patterns of rudder angle variation are almost identical to Figures 11(1)(b) and 11(2)(b). However, the simulated time histories of ψ vary relatively earlier than the measured histories. This also might be caused by the light displacement of the boat. Overall, although the timing of boat motion indicated in the simulated time histories shows a slight discrepancy, the tendency and amount of variation of the boat motion indicate good agreement with the measured data, including the decrement of boat velocity.
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Figure 11. Measured and simulated results of tacking maneuver of Fujin.
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Figure 12. Measured and simulated results of tacking maneuver of Fair V.
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Figure 13. Measured and simulated results of tacking maneuver of Sea Dragon.
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APPENDIX 1 Cancellation of Inertia Forces and Moments due to Mass of the Dynamometer Frame Inertia forces and moments due to mass of the dynamometer frame are cancelled with the following procedure. Using the finite difference scheme, the angular velocity ϕ& k and angular acceleration ϕ&& k are obtained from the time history of roll angle as:



ϕ&k = ϕ&&k =



ϕ k +1 − ϕ k −1



(A-1)



2h



ϕ k +1 − 2ϕ k + ϕ k −1



(A-2)



h2



where h is time step interval and φk is roll angle at k-th step. In order to confirm this cancelling procedure, a rolling test of the Fujin was performed. Figure A-1 (a) shows the time histories of the measured roll angle, and calculated angular velocity and angular acceleration by formulas (A-1) and (A-2). The measured time step interval is 0.1 second (h=0.1 sec). Figure A-1 (b) shows the time histories of the YSd forces. The result without cancellations is shown in solid line, the result with cancellation of the gravity force alone is dotted line, and the result with cancellation of both gravity force and inertia force is the alternating long and short dash line. Here, the inertia force Yinertia is calculated as:



Yinertia = ϕ&&∫ rdm = z DG Mϕ&& = 1310 ϕ&&



[N ]



(A-3)



where zDG is the distance between C.G. of the boat and C.G. of the dynamometer frame (1.98 m) and M is mass of the frame (659 kg). Figure A-1 (c) shows the same time histories of the KSd moments. Since the KSd moment is expressed around the origin of the sail dynamometer coordinate system, the inertia moment Kinertia is calculated as:



K inertia = ϕ&&∫ r (r − z 0 )dm = ϕ&&∫ r 2 dm − ϕ&& z 0 ∫ rdm = R 2 Mϕ&& − z 0 z DG Mϕ&& = 8740 ϕ&&



[N ⋅ m]



(A-4)



where z0 is the distance between C.G. of the boat and the origin of sail dynamometer coordinate system (1.22 m), and R is the radius of gyration of the dynamometer frame around xd axis (3.96 m). The cancelled results of YSd force and KSd moment show successful elimination of the contribution of the mass of the dynamometer frame due to both the gravitational force and the inertial force on the measured data. Therefore, this cancelling procedure is considered to be adequate.
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Figure A-1. Time histories of rolling test of Fujin showing cancelling procedure of inertia forces and moments due to mass of dynamometer frame.



To determine the effect of inertial force on the data of a tacking maneuver, the same procedure was applied to the measured data in Figure 3. Figure A-2 shows the results of cancellation on the YSd force and KSd moment. The solid lines are the same as those in Figure 3, which show the cancelled effect of gravity, and the dotted lines represent the results of cancelled inertial forces. The cancelled results appear clearly at the starting and finishing stages of the tacking maneuver, but are not as significant at the middle stage. Therefore the measured data are shown only subtracting the forces and moments due to the gravity force acting on the dynamometer frame.



Copyright SNAME 2011



26



Journal of Sailboat Technology, Article 2011-01. ISSN 1548-6559



start of tacking



1.5



1.0



1.0



0.5



0.5



Y' S d , K' S d



Y' S d , K' s d



start of tacking



1.5



0.0 -0.5 -1.0



Y' S d



-1.5 -5



0



5



10



elapsed time (a) Tacking from starboard tack to port tack



K' S d



0.0 -0.5



Canceled gravity force effect alone Canceled gravity force and inertia force effect



K' S d



Y' S d



-1.0 15



[sec]



-1.5 -5



Canceled gravity force effect alone Canceled gravity force and inertia force effect



0



5



10



elapsed time (b) Tacking from port tack to starboard tack



15



[sec]



Figure A-2. Results of cancellation of inertia force on YSd and inertia moment on KSd from the measured time histories during tacking.



APPENDIX 2 Variation of Sail Force Coefficient with Heel Angle The equations of motion for tacking simulation are expressed in the horizontal body axis system. The sail forces and moments should be expressed in their horizontal components. In the upright condition, the aerodynamic coefficients X'S0 and Y'S0 are expressed using lift coefficient L'S0 and drag coefficient D'S0 as:



X S′ 0 = LS′ 0 sin γ A − DS′ 0 cos γ A YS′0 = − LS′ 0 cos γ A − DS′ 0 sin γ A



(A-5)



where the subscript of 0 means value at the upright condition. In the heeled condition, the effect of heel on the aerodynamic forces is produced by the reduction of both the apparent wind angle and apparent wind speed as given by Kerwin (1978) and Campbell (1997). The apparent wind angle in the heeled condition γAφ is expressed as follows using apparent wind angle γA and apparent wind speed UA:



 U A sin γ A ⋅ cos ϕ U A cos γ A 



γ A ϕ = tan −1 



  = tan −1 (tan γ A ⋅ cos ϕ ) 



(A-6)



The apparent wind speed in the heeled condition UAφ is also expressed as:



U Aϕ =



(U A cos γ A )2 + (U A sin γ A ⋅ cos ϕ )2
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(A-7)



27



Journal of Sailboat Technology, Article 2011-01. ISSN 1548-6559



For the close-hauled condition, the sail may not stall due to the small attack angle. Therefore, the lift force will decrease proportionally to the reduction of both the apparent wind angle and the dynamic pressure of flow (i.e., the square of the apparent wind speed). Hence the decreasing ratio of lift force by the heel angle φ can be described as:



 γ Aϕ   γA



 U Aϕ   U A



 tan −1 (tan γ A ⋅ cos ϕ )  2  =   1 − (sin γ A ⋅ sin ϕ ) γA    2



{



}



(A-8)



The vector of lift force inclines with heel angle and rotates in the normal plane to the apparent wind axis. Since the angle between the apparent wind axis and the boat center line (heeling axis) is γA, the rotating angle of the lift force vector φ’ in the normal plane to the apparent wind axis is given by:



ϕ ′ = sin −1 (cos γ A ⋅ sin ϕ )



(A-9)



Therefore, the decreasing ratio of horizontal component of the lift force is expressed as:  γ Aϕ   γA



 U Aϕ   U A



 tan −1 (tan γ A ⋅ cos ϕ )  2 −1  cos ϕ ′ =   1 − (sin γ A ⋅ sin ϕ ) ⋅ cos sin (cos γ A ⋅ sin ϕ ) γ A    2



{



}



{



}



(A-10)



Expanding equation (A-10) in a power series and assuming that γA is small, results in



 γ Aϕ   γA



 U Aϕ   U A



2



 1 1  cos ϕ ′ ≈  cos 2 ϕ + sin 2 ϕ  cos ϕ = cos ϕ + cos 3 ϕ 2 2   



(



)



(A-11)



Equation (A-11) can further be expanded in terms of φ, and results in



 γ Aϕ   γA



 U Aϕ   U A



2



  cos ϕ ′ ≈ 1 − ϕ 2 



(A-12)



Equation (A-12) is incidentally equal to the first two terms of the power series for the cos2φ function. Hence the curve of cos2φ was compared with the calculated results of equation (A-10) for three γA cases (Figure A-3). The calculated results show agreement with the curve of cos2φ in spite of the large γA. Therefore, we adopted the formula of cos2φ to express the decreasing ratio of the horizontal component of the lift force in place of equation (A-10).
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Decreasing ratio of lift force
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Figure A-3. Comparison between the curve of cos2φ and the calculated results of equation (A-10).



Finally, when the lift coefficient represents the variation of the lift force including the contribution of dynamic pressure of apparent wind speed, the horizontal component of lift coefficient in the heeled condition L'S is described as:



LS′ = LS′ 0 cos 2 ϕ



(A-13)



The main part of the drag is caused by the induced drag, which is in proportion to the square of the lift force. The reduction of lift force expressed by equation (A-8) is also approximated by cos φ. The vector of the drag force is in line with the apparent wind axis and does not incline by the heel angle. Therefore the horizontal component of the drag coefficient D'S is described as:



DS′ = DS′ 0 cos 2 ϕ



(A-14)



From these results, the aerodynamic coefficients in the horizontal components X'S and Y'S are then expressed as follows using the coefficients at the upright condition L'S0 and D'S0:
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X S′ = LS′ sin γ A − DS′ cos γ A = LS′ 0 cos 2 ϕ sin γ A − DS′ 0 cos 2 ϕ cos γ A = X S′ 0 cos 2 ϕ YS′ = − LS′ cos γ A − DS′ sin γ A = − LS′ 0 cos 2 ϕ cos γ A − DS′ 0 cos 2 ϕ sin γ A



(A-15)



= YS′0 cos 2 ϕ The moment KS is generated mainly by the YS force. However, KS is affected by the component normal to the mast. Hence,



 zG K S′ = − YS′  GCE  S  A



  G  cos ϕ = −YS′0  zGCE   S   A



  cos ϕ  



(A-16)



where zGGCE is z-coordinate of the geometric center of effort of the sail from the C.G. of the boat and negative upwards. The moment NS is also generated mainly by the YS force. However, it is well known that the NS is also affected by the heel angle φ due to the application point of the thrust force XS moving outboard to lee side. Therefore N'S can be written, including the effect of X'S0, as:   xG N S′ = Y 'S 0  GCE  S   A



 zG   + X 'S 0  GCE   S A  



   sin ϕ  cos 2 ϕ   



(A-17)



where xGGCE is x-coordinate of the geometric center of effort of the sail from the C.G. of the boat.



APPENDIX 3 Transformation of Forces and Moments from General Body Axis System to Horizontal Body Axis System Let the velocities and angular velocities expressed in the general body axis system (G-xb, yb, zb), which is fixed on the boat axes, be u, v, w and p, q, r. The forces and moments expressed in this axis system are formulated from the Euler-Lamb’s equations of motion (Lamb 1932) as:
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X b = (m + mx ) u& − (m + m y ) rv + (m + mz ) qw



Yb = (m + m y ) v& − (m + mz ) pw + (m + mx ) ru



Z b = (m + mz ) w& − (m + mx ) qu + (m + m y ) pv



K b = (I xx + J xx ) p& − (m y − mz ) wv − {(I yy + J yy ) − (I zz + J zz )} qr



(A-18)



M b = (I yy + J yy ) q& − (mz − mx ) uw − {(I zz + J zz ) − (I xx + J xx )} rp N b = (I zz + J zz ) r& − (mx − m y ) uv − {(I xx + J xx ) − (I yy + J yy )} pq



where Xb to Nb on left side are forces and moments expressed in the general body axis system. For the sake of simplicity, it is assumed that the center of added mass of the hull coincides with the C.G. of the boat, and the principal axes of inertia of the added mass also coincide with those of the boat. Then we willl consider the horizontal body axis system (G-x, y, z), which originates on the C.G. of the boat. The x-axis lies along the center line of the boat on the still-water plane and is positive forward. The y-axis is positive to starboard in the still-water plane. The zaxis is positive down as shown in Figure A-4. The Euler angles, ψ, θ, φ, are used for the translation from the earth fixed axis system into the general body axis system. To express the tacking motion of the boat in calm water, we assume the pitch angle, θ, is equal to zero. In this case, the angles around x-, y-, z-axis of the horizontal body axis system, Ψ, Θ, Φ, are described as:



Ψ =ψ ,



Θ = θ = 0,



Φ =ϕ



The xb-axis also coincides with the x-axis. Therefore, the components of the vector expressed in the horizontal body axis system are transformed into those expressed in the general body axis system as:



0 0  x  xb  1  y  = 0 cosϕ sin ϕ   y   b     zb  0 − sin ϕ cosϕ   z 
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Figure A-4. Relation between general body axis system and horizontal body axis system.



The velocities and angular velocities expressed in the general body axis system in equation (A-18) are formulated by ones expressed in the horizontal body axis system such as U, V, W, and ϕ& , θ& , ψ& , using equation (A-19) as:



u =U v = V cosϕ + W sin ϕ = V cos ϕ w = −V sin ϕ + W cos ϕ = −V sin ϕ u& = U&



(Q W = 0) (Q W = 0)



v& = V cosϕ − Vϕ& sin ϕ w& = −V& sin ϕ − Vϕ& cos ϕ



p = ϕ& q = θ& cos ϕ + ψ& sin ϕ = ψ& sin ϕ r = −θ& sin ϕ + ψ& cos ϕ = ψ& cosϕ p& = ϕ&& q& = ψ&& sin ϕ + ψ&ϕ& cos ϕ r& = ψ&& cos ϕ − ψ&ϕ& sin ϕ
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Substituting equations (A-20) into (A-18), we find the following relationships:



(



)



X b = (m + mx ) U& − m + m y cos 2 ϕ + mz sin 2 ϕ Vψ& Y = (m + m ) ( V& cos ϕ − Vϕ& sin ϕ ) b



y



+ (m + mz ) Vϕ& sin ϕ + (m + mx ) Uψ& cos ϕ Z b = (m + mz ) (− V& sin ϕ − Vϕ& cos ϕ ) − (m + mx ) Uψ& sin ϕ + (m + m y ) Vϕ& cos ϕ



K b = (I xx + J xx ) ϕ&& − (m y − mz ) (− V sin ϕ ) V cos ϕ



− {(I yy + J yy ) − (I zz + J zz )} (ψ& sin ϕ )ψ& cos ϕ



(A-21)



M b = (I yy + J yy ) (ψ&& sin ϕ + ψ&ϕ& cos ϕ ) − (mz − mx ) U (− V sin ϕ ) − {(I zz + J zz ) − (I xx + J xx )}ϕ&ψ& cos ϕ N b = (I zz + J zz ) (ψ&& cos ϕ − ψ&ϕ& sin ϕ ) − (mx − m y ) UV cos ϕ − {(I xx + J xx ) − (I yy + J yy )}ϕ&ψ& sin ϕ



The forces and moments expressed in equation (A-21) are transformed to the horizontal body axis system using the inverted matrix of equation (A-19) as:



X = Xb Y = Yb cos ϕ − Z b sin ϕ Z = Yb sin ϕ + Z b cos ϕ K = Kb



(A-22)



M = M b cos ϕ − Nb sin ϕ N = M b sin ϕ + Nb cos ϕ Substituting equations (A-21) into (A-22), we find the forces and moments expressed in the horizontal body axis system using the velocities and angular velocities expressed in the same coordinate system. To calculate the motion of the tacking maneuver in calm water, we adopt four equations about surge, sway, roll and yaw as follows:
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X = (m + mx ) U& − (m + my cos2 ϕ + mz sin 2 ϕ ) Vψ& Y = (m + my cos2 ϕ + mz sin 2 ϕ ) V& + (m + mx ) Uψ& + 2(mz − my ) sin ϕ cos ϕ ⋅ Vϕ& K = ( I xx + J xx )ϕ&& − {( I yy + J yy ) − ( I zz + J zz )}sin ϕ cos ϕ ⋅ψ& 2 + (my − mz ) sin ϕ cos ϕ ⋅ V



(A-23)



2



{



}



N = ( I yy + J yy ) sin 2 ϕ + ( I zz + J zz ) cos2 ϕ ψ&&



+ 2{( I yy + J yy ) − ( I zz + J zz )}sin ϕ cos ϕ ⋅ψ& ϕ& − (mx − my cos2 ϕ − mz sin 2 ϕ ) UV



The third terms in both the K and N moment equations indicate the Munk Moments. When the hydrodynamic derivatives of the hull are obtained from the oblique towing test using scaled model, these Munk Moments are included in the measured data. For example, when the φ is assumed to be small and U is constant, the Munk moment in the K moment equation is expressed as:



(m



y



− mz ) ⋅ ϕ V 2



and in N moment equation is expressed as:



− (m x − m y )U ⋅ V + m zU ⋅ ϕ 2 V These terms are functions of φV2, V and φ2V. As noted mentioned the magnitudes of these components are included in the measured hydrodynamic derivatives of K'VVφ, N'V and N'Vφφ, respectively. Therefore, for the equations of motion, these third terms are eliminated from the left side of equations (5) and (6).
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