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NOMENCLATURE

ar is the approximate added mass of the ith appendage

ajk is the two-dimensional added mass coefficient in the j‘h mode due to the kth motion
agy is the lift coefficient in the horizontal plane
agy is the vertical lift in the vertical plane
A is the wave amplitude
Aj is the added mass coefficient in the jt mode due to the k! motion
(Ajk)A is the contribution of the appendages to Ajk
(Ajk)PF is the potential flow contribution to Ajk -
Ag is the projected area of the ith appendage
AR; is the effective aspect ratio of the ith appendage
ARg is the aspect ratio of a strut
bj is the span of the ith appendage
bjk is the two-dimensional damping coefficient in the j™ mode due to the kth motion
BG is the distance between the center of buoyancy and the center of gravity
Bji is the damping coefficient in the jth mode due to the kth motion
(Bjk)A is the contribution of the appendages to Bjk
(Bjk)BL+CD is the body lift and cross flow drag contributions to Bjx
(B;x)pF is the potential flow ontribution to B;x
j P j
¢; is the mean chord of the ith appendage

Cp, is the cross flow drag coefficient for the ith appendage

Cpuq is the cross flow drag coefficient for the horizontal plane

Cphp and Cpygare the cross flow drag coefficients for the horizontal plane for the port and starboard hulls
Cji is the restoring coefficient in the jth mode due to the kth motion

(Cjk)A is the contribution of the appendages to Cjk

(Cix)BL+CD is the body lift and cross flow drag contributions to Cjk

(Gjk)pF is the potential flow contribution to Cjk

Cly, is the lift curve slope of the ith appendage

CL. is a modification factor to reflect the effect of downwash from one appendage on another

Cpyv is the cross flow drag coefficient for the vertical plane

Cpvp, Cpyg are the cross flow drag coefficients for the vertical plane for the port and starboard hulls
D’'is a diameter

d is the transverse projection of the body

dj is the depth to the maximum beam of the hull or half the draft for strut only sections

dp is a moment arm defined to be equal to d; for fully submerged sections and d/2 for other sections




NOMENCLATURE (Continued)

dy the horizontal diameter of the lower hull

dy is the vertical diameter of the lower hull

Fp is the horizontal force for a body with a moderate drift angle relative to the flow
F; is wave exciting force of the ship in the j'? mode

(Fj)a is the contribution of the appendages to F;

(F;)BL+CD s the body lift and cross flow drag contributions to F;

(Fj)pF is the potential flow contribution to F;

Fy is the vertical force for an inclined body at a moderate angle of incidence relative to the flow
14, Is, Ig are the mass moments of inertia in roll, pitch, and yaw

k is the wave number

KC is the Keulegan-Carpenter number

L is the length of the ship

m' is the mass of the unappended ship nondimensionatized

mg, is the approximate mass of the ith appendage

(mjk)A is the contribution of the appendages to the mass matrix

M is the mass of the displaced volume of the ship

ny and n3 are components of the unit vector normal to the body surface

Sp is the distance from the ship centerline to the strut centerline

t is the horizontal thickness of the strut

T is the period of oscillation

U is the forward speed of the ship

vp, Vs are the relative horizontal velocities for the port and starboard hulls

Vp,, Vs, are the relative horizontal velocities for the ith port and starboard appendages

Vmax is the amplitude of the relative velocity

wp, W are the relative vertical velocities for the port and starboard hulls
Wp, ,Wg are the relative vertical velocities for the ith port and starboard appendages

Xc is the center of lift of a section of the body

zCG is the z coordinate of the ship's center of gravity

vi




NOMENCLATURE (Continued)

o is the cant angle of the appendage relative to the horizon

B is the heading of the ship relative to the wave with § = 180 for head seas
Bk is a frequency parameter

CH is the horizontal velocity of the fluid induced by the incoming wave
CV is the vertical velocity of the fluid induced by the incoming wave
A, be the sweep angle of the quarter chord line of the ith appendage

v is the kinematic viscosity of the fluid

Z:,j is the complex displacement of the ship in the jPmode

p is the mass density of the fluid

0 the complex velocity potential for the incident wave
Ok is the complex velocity potential for forced oscillation in the k" mode

 is the wave frequency

e is the wave frequency of encounter
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ABSTRACT

A mathematical model for predicting the motions of SWATH ships in
waves in the frequency domain is presented. This mathematical model requires
definition of only geometric and mass properties. While the mathematical
model for the vertical plane presented here differs little from the one which has
been used for about a decade, the transverse plane model differs from the
previous model in various ways. Predictions are compared to measured model
experimental responses to regular waves. These results show that the responses
to regular waves are well-predicted for a range of hull forms and conditions.

ADMINISTRATIVE INFORMATION
This work was funded by a range of sponsors over many years. Most recently, the effort was funded by the
Naval Sea System Command (NAVSEA) under the direction of the Carderock Division, Naval Surface Warfare
Center (NSWCCD) SWATH Program Office, Code 1237, under Program Element 64567N, Task Number
AA10357, and Work Unit Number 1-1237-326.

INTRODUCTION

A mathematical model for the motions of a SWATH ship in waves has been developed over a period of
years. As described in reference 1, the mathematical model used for SWATH responses to waves follows the strip
theory of Salvesen, Tuck, and FaltinsenZ. Lee3 applied this theory to twin hull configurations and utilized an
expression presented by Thwaites# to develop a model for the cross flow drag and body lift contributions to the
forces. Hong5 introduced surge into the model. Subsequently, McCreight and Stahl® developed semi-empirical
expressions for the cross flow drag and lift contributions for the vertical plane responses and added the effect of
downwash on the lift of the aft stabilizers. Accurate modeling of the vertical plane motions was the focus of this last
effort; no changes to Lee's? mathematical model for the transverse plane motions were made. Recently, the
mathematical model for transverse plane motions and the appendages has been modified. Damping terms now
couple heave, pitch, and roll.

In this report, the six degrees of freedom mathematical model for the motions of SWATH ships in waves
which is implemented in SWMP94 (SWATH Motions Program, 1994 Version) is described. With this model, only
geometric and mass properties are required in order to predict the six degrees-of-freedom motions of SWATH ships.
Comparisons between model scale experimental results and predictions are presented for vertical and transverse

plane motions for various hull forms.

BACKGROUND
Whereas Lee? and Hong> use the Frank Close Fit Technique’ to evaluate the velocity potentials, the
computer software described and utilized by McCreight! and McCreight and Stahl® includes approximations.

Velocity potentials are not evaluated. Instead, added mass and damping coefficients are approximated using




expressions developed and reported by John Dalzell*. Then, with various assumptions and approximations, the
wave exciting forces and moments are approximated as a function of added mass and damping. A derivation for
approximate heave and pitch exciting forces is given in reference 6, but the derivation for the transverse plane forces
which has been in use is not available.

The approximate approach for the added mass and damping coefficients of SWATH configurations was
developed by Dalzell in the late 1970's. This approach was advantageous because it significantly reduced computer
time (and cost) compared to Frank Close Fit Technique calculations. Consequently, it facilitated evaluation of
numerous hull forms in design studies. The approximations assumed that the cross sections had wall-sided struts
centered over hulls with elliptical cross sections; this corresponded to the configurations of interest at that time.
Subsequent advances in computers diminished the motivation for approximations and a wider variety of cross
sections was considered as the SWATH concept matured. Consequently, the Frank Close Fit Technique7 was
incorporated in the U.S. Navy code and was optionally utilized to calculate the added mass and damping
coefficients. However, since utilization of the velocity pdtentials for the exciting forces and moments required a
reorganization of the program, the wave exciting forces and moments continued to be calculated as functions of the
added mass and damping coefficients.

The computer program which implemented this model is known as the SWATH Motions Program
(SWMP). Predictions from SWMP for the vertical plane agreed well with model scale experimental results for all
headings through moderate speeds, but predictions for the transverse plane responses were not reliable. Fortunately,
for many SWATH configurations, the roll natural period is in a range where little wave energy occurs, resulting in
little roll response. However, the need for a more accurate predictions for the transverse plane was clear.

SWMP94, a recent modification of SWMP, implements the mathematical model which is described in this
report. In SWMP94, exciting forces and moments are a function of velocity potentials which are calculated using
the Frank Close Fit Technique. The mathematical model for the effects of appendages differs somewhat from the
one in SWMP. Expressions to define the lift and drag coefficients for the transverse plane are developed. These
coefficients vary with the geometry of the ship and are determined within the program. Corrections are made to
Lee's3 derivation for the cross flow drag and lift components fér the transverse plane. Also, some of Lee's
simplifications are removed. Consequently, the vertical velocities in the cross flow drag contributions to the forces,

as well as new damping terms, couple the transverse and vertical planes of motion.

MATHEMATICAL MODEL
In modeling the motions of SWATH ships in waves, a right-handed coordinate system which has x positive
forward, z positive up is used. Responses are calculated about the longitudinal center of gravity of the ship at the

ship's centerline at the mean calm waterline. The standard linear equations of motion for a rigid body with harmonic

* Presented by Dalzell in Stevens Institute of Technology reports of limited distribution.
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exciting forces are:
(M+Ag)Es +Byséy +(Ags —Mzgg &4 +Basby + Agglig +Boss = Fae™
(M+Ag3)Es +Basbs + Ca3ls + Agsbs + Bashs + CysEs = Fye 10!
(Ly + Agg)eq +Baaba +Casliy +(As —Mzgg Jbp +Basky + Agghi +Bugh = Fye 1!
(Is + Ass)Es +Bssbs + Cssts + Asaba + Bsabs + Csabg = Fse 70!
(Ig + Agg )b + Beslig + Agabia + Beobn + Agsls + Bgyly = Fee

where M is the mass of the displaced volume of the ship; 14, Is, I are the mass moments of inertia in roll, pitch, and

ot

—iw,t

yaw; zCG is the z coordinate of the ship's center of gravity; and ®g is the wave frequency of encounter where
2
®
®, =0——"UcosP
g

o is the wave frequency, g is the acceleration due to gravity, U is the forward speed of the ship, and P is the heading

of the ship relative to the wave, with f = 180° for head seas. Ajk Bjk, and Cjk are the added mass, damping, and

restoring coefficients in the jth mode due to the kth motion where j or k = 2, 3, 4, 5, and 6 for sway, heave, roll,

pitch, and yaw, respectively. Fj and éj are the wave exciting force and displacement of the ship in the jth mode
where
. —im, t

g = (8 +i8jc Je

The hydrostatic restoring forces are defined by:

Ca3= ngtdx

C35=Cs3= ngxtdx

Cuy= pgjyztdx -MgBG

Css=pg _[ x*tdx ~MgBG
where t is the thickness of the strut and BG is the distance between the center of buoyancy and the center of gravity.

Surge is approximated by:

Mél - Fle—ia)ct

The coefficients Ajk, Bjk, and Cjk and the forces Fj have contributions due to potential flow, cross flow
drag, and lift due to the body and the appendages. That is, in general,

D =(D)pg +(D)gr+pcp +(P)a
where D may be Ajk, Bjk, Cjk or Fj,: and PF, BL, BCD, A stand for potential flow, body lift, body cross flow drag,

appendage, respectively. The formulations for the various components will be given in this report.

Potential Flow Components

The potential flow added mass and damping coefficients and the wave exciting forces for sway, heave, roll,
pitch, and yaw are those presented by Lee3 which result from application of the strip theory of Salvesen, Tuck, and

Faltinsen? to SWATH ships. Potential flow terms are given in Appendix A.




Body Lift and Cross Flow Drag Components

The mathematical model for the body lift and cross flow drag terms which will be presented here is an
extension of the one developed by Lee3. Some errors in Lee's derivation of the cross flow drag and lift terms for the
transverse plane have been corrected. Also, the derivation presented here differs from Lee's in that the relative
vertical velocities include heave, pitch, and roll. Consequently, there is a coupling between the vertical and
transverse planes due to the relative vertical velocity terms, resulting in the introduction of the terms B34, B43, Bas,
and Bs4.

The basic development for the body lift and cross flow drag components is given in Appendix B. Body lift
contributions for the vertical plane were developed in a semi-empirical manner, as summarized in Appendix C. A
more direct approach is used for the transverse plane, as given in Appendix D. An approach for evaluating the cross

flow drag coefficients is given in Appendix E.

Appendage Cross Flow Drag and Lift Components

Development of fin contributions to the coefficients and forces for stabilizing fins is given in reference 3.
This model was used in references 1, 5, and 6. In reference 6, an expression for the lift curve slope of the
appendages, including a modification for the downwash from the forward fin on a coplanar aft fin was introduced.
In unpublished work, Ernest E. Zarnick and Ralph G. Stahl of the David Taylor Model Basin extended Lee's fin
model to the case where the appendages may be canted with respect to the horizon. In the model presented here,
these canted effects have been retained. However, the appendage mass contributions have been separated from the

added mass terms; forward speed terms which had been included have been removed. Expressions for these

components are given in Appendix F.

Total Components

The contributions to the added mass, damping, and restoring coefficients and wave exciting forces as

described above are summed and presented in Appendix G.

COMPARISON BETWEEN EXPERIMENTAL AND NUMERICAL PREDICTIONS

In this section, responses to regular waves which were measured during model scale experiments and those
which were calculated using the mathematical model described in this report are compared in order to check the
validity of the mathematical model. Characteristics of the hullforms for which results are presented are given in
Table 1. The hullforms are listed in the order in which they were tested. The hullforms have a variety of

characteristics. These hull forms were investigated over a long period of time, reflecting a shift from exploration to

fully realized ship designs.




Table 1. Some characteristics of hullforms.

Stretched TAGOS- TAGOS- TAGOS- TAGOS-

6A 6B 6C SSP 81-design 81-heavy 19 23

Displacement, LT 2900 2900 2900 614 3014 3463 3338 5370
LOA, ft 240.0 240.0 240.0 149.1 244.0 2440 23250  279.00
Draft, ft 26.67 26.67 26.67 16.5 22.11 29.20 24.75 26.00
SD, ft 75.0 75.0 75.0 40.0 77.10 77.0 71.00 72.00
Awp, ft 2121.8 21230 19080 72549 21511 21511 26855 43540
LCB, ft 116.3 115.3 1139 7211 122.08 1222 10790  129.90
LCF, ft 113.85  111.06  108.10 80.02  122.67 12277 107.41 130.64
GML, ft 20.0 38.0 45.0 50.52 26.1 38.2 27.80 49.00
GMmT: ft 11.06 10.60 10.94 5.25 8.30 14.1 9.20 8.23
KG, ft 34.0 34.0 34.0 14.11 28.8 253 31.50 33.80
KB, ft 10.6 10.6 10.6 7.25 8.37 10.53 10.30 11.18
kg, ft 55.91 58.79 58.07 40.7 57.0 58.7 41.36 65.90
kg, ft 39.60 39.76 38.91 18.4 40.7 41.7 29.0 38.8
Struts/Hull 1 1 2 2 1 1 1 1
Length at WL, ft 172.3 208.0 197.5 1390  199.48 19948  190.00  230.00
Strut Setback, ft 27.7 7.1 9.4 7.87 16.47 16.47 16.00 19.00
Horiz/Vert Diam. 1.0 1.0 1.0 1.0 1.8 1.8 1.4 1.25
WL to Hull 11.67 11.67 11.67 5.58 9 16.09 8.75 7
WL to midhull 19.17 19.17 19.17 11.15 15.56 22.64 16.75 16.5

A comparison between the experimental and predicted results are given in Figures 1 to 8. The experimental

results for the 6A, 6B, and 6C configurations are presented in Reference 16. The experimental results for the other

configurations are presented in David Taylor Model Basin reports of limited distribution.* Experiments were run for

a range of speeds and headings for the various configurations. Bow and quartering waves were both 45 degrees

from beam seas. The order of the experimental results corresponds to the order in which the experiments occurred.

* The experimental results for the Stretched SSP and the 1981 T-AGOS design were reported by A.

Gersten. The results for the T-AGOS 19 were reported by R. Thomas Waters and David D. Hayden and the

experimental investigation for the T-AGOS 23 was reported by James W. Hickok, Jr. and Ralph Stahl.
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There are differences between the conditions which are assumed in the mathematical model and those
which are possible during experiments. In the mathematical development it is assumed that speed and relative wave
heading are constant. In the experiments it can be difficult to maintain these conditions, particularly in oblique
headings. Models are self-propelled and are tethered to the carriage which moves above the model. Speed and
deflection of control surfaces are controlled manually. While application of advances in electronics have made it
easier to maintain speed and heading, the dominant factor in control of the model is speed. Since lift is proportional
to speed squared, the ability to control a model (or ship) increases significantly with speed.

For some of the configurations, measured roll is presented for head and following waves. In head or
following waves, if the waves are purely two-dimensional and the heading is precise, a symmetric ship will have no
roll response. Consequently, the magnitude of roll in these conditions gives a measure of the extent to which the
intended relative wave heading conditions were not met.

Another difficulty is that under some conditions the model will surge or significantly deviate from its
intended course, resulting in taught tethers. This is particularly challenging at zero speed. One innovation which
was introduced in the more recent tests is used for beam seas at zero speed. In this case, the model is turned 90°
relative to its usual orientation to the carriage, waves are generated from the short bank, and the model is allowed to
drift with the waves while the carriage moves with it. This alleviates the interference of the tethers with the model.

SWATH responses have been shown to be nonlinear!6 with respect to wave amplitude, particularly at low
speed. The mathematical model presented in this report models this behavior with the introduction of the cross flow
drag components and application of equilinearization. When calculations are made, a value for wave amplitude is
needed. In comparing predictions with experimental results it is convenient to specify wave slope (the ratio of wave
height to wave length). In the predictions which are presented here, two values of wave slope are used in order to

bracket the values used in the model experiments. Consequently, there are two curves of predictions on each plot.

CONCLUSIONS

A frequency domain mathematical model for the responses of SWATH ships to regular waves has been
presented. The model requires a description of the hullform geometry and mass characteristics. Expressions have
been developed for explicitly evaluating the various lift and cross flow >drag components. These utilize experimental
results from a range of sources. Correlation with model experimental results is excellent for a variety of hull forms,
across a range of headings and speeds.
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Figure 1 - Comparison of experimental and predicted motion transfer functions
for two different wave slopes for the SWATH 6A.
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for two different wave slopes for the SWATH 6B.
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Figure 3 - Comparison of Experimental and Predicted Motion Transfer Functions
for two different wave slopes for the SWATH 6C.
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Figure 4 - Comparison of experimental and predicted motion transfer functions
for two different wave slopes for the Stretched SSP.
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Figure 5 - Comparison of experimental and predicted motion transfer functions
for two different wave slopes for the 1981 T-AGOS at the design draft.
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Figure 6 - Comparison of experimental and predicted motion transfer functions
for two different wave slopes for the 1981 T-AGOS at the heavy draft.
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APPENDIX A - POTENTIAL FLOW TERMS

In the equations which follow, axy and by are the two-dimensional added mass and damping coefficients.
In the following three equations, integrals are taken around a two-dimensional cross section:

1
agp ———Dbyy =p j‘l’z“zdl
iw, oo

1
as3 _i_o—)—b” =p j¢3n3dl

€ C(x)
1
an ‘Kbm =p IZ¢2n2dl
¢ C(x)

ny and n3 are components of the unit vector normal to the body surface and ¢ is the complex velocity potential for
forced oscillation in the k' mode.

Reference 3 gives the potential flow contributions to the added mass and damping. Integrals are evaluated
from the tail to the nose with the origin at the longitudinal center of gravity. Contributions from both hulls are

included in the integrations.

(Ap)pF = _[azz(x)dx (By)pr = J by (x)dx
(Aps)pr = J.324(X)dx (Byg)pr = _[b24(x)dx
U
(Agg)pF = j Xap (x)dx + ;0‘2—322 (Bag)pF = Iszz (x)dx —UAj,
e
(Az3)pr = J‘a33(x)dx (B33)pr = Ib33(x)dx
U
(A3s)pr = —j xas3(x)dx ——5Bs3 (B3s)pr = —_[ xbs3(x)dx + UAsz3
O‘)e
(Agp)dpr = jaz4(x)dx (B42)pF = jb24(x)dx
(Agq)pr = Iau(x)dx (Baa)pr = IbM(X)dX
U
(Agg)pr = _[X324(X)dx + ?324 (Bag)pr = ij24 (x)dx —UAy,
c
U
(As3)pr = —j xaz3(x)dx + ;)’2‘1333 (Bs3)pr = —j xbs3(x)dx — UAs3
€
2 u? 2 U2
(Ass)pr = J.X agz(x)dx + Z)?An (Bss)pF = IX baz(x)dx + m_§B33
U
(Ag2)pF = Jxazz (x)dx - FBzz (Bg2)pF = _[ xbyy (x)dx + UAp,
€
U
(Aga)pF = JX324 (x)dx— -7 B (Boa)pF = ij24 (x)dx +UAy,
e
(Age) —sza axs LA (Beg) —szb s LB
66 )PF nix+ 7 An 66 )PF 2 p 2
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With symmetry of the ship about the ship's centerline assumed, the contributions to the wave exciting

forces due to potential flow are:
(Fy)pp = —2pgAdeeikx cosp J {inz sin(ky sinB) + i—[nz sin B cos(ky sin ) + n3 sin(ky sin B)]0, }ekzdl
C(x)

(F3)pg = 2pgAJ. dxe<*cosP J {n3 cos(kysinB)+ i%[nz sin Bsin(ky sin B) — n3 cos(ky sin B)]¢3 }ekzdl
C(x)

(Fy)pr = —ZPgAJ.dXCikX cosp

j {i[yn3 —zn, |sin(ky sin ) +%[n2 sin B cos(ky sinB) + n3 sin(ky sin B)]¢)4}ekzdl
C(x)

(Fs)pr = —2pgAJ dxelkxcosP

j {xn3 cos(ky sinp) + i-li |:x - -‘E—:|[n2 sin Bsin(ky sin B) — n3 cos(ky sin B)]¢3 }ekzdl
c) ® i,

(Fe)pr =-2pgA [ dxe™eosP

j {ixnz sin(ky sin )+ %l:x - _—OL)]—:I[nZ sin B cos(ky sinB) + n3 sin(kysin B)]¢2 }ekzdl

1
C(x) e

Approximations for the surge wave exciting force and surge wave exciting force due to pitch are:
(Fy)pr = —2ipgAk cosB | | | eXeHikx c0sB co(ky sin B)dzdydx
1/PF g

(Fs;)pp = 2ipgAk cos BJ_” 2eX2+ikxcosB o6 ky sin B)dzdydx
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APPENDIX B - CROSS FLOW DRAG AND BODY LIFT TERMS

Lift and Cross Flow Drag Vertical Plane Force

From Thwaites?, the vertical force, Fyz, for an inclined body at o, a moderate angle of incidence relative to
the flow, is:

Fz =2 Ay(U2agye+ Cpywiw (B.1)
where p is the mass density of the fluid, Ay is the area projected in the vertical plane, U is the forward speed of the
ship, agy is the lift coefficient, o is the angle of incidence of flow, Cpy is the cross flow drag coefficient and w is

the relative vertical fluid velocity with respect to the body. From Figure B.1 it follows that

sin(a - §5) =%

U
W ==Z
so that, for small angles,
W= U((X - és)

Figure B.1. A sketch of a body moving with respect to the fluid in the
vertical plane.

For an arbitrary point (X,y,z),
w =83 —xEs+y84 —Cy(x.y.2)
where the vertical velocity of the fluid induced by the incoming wave is
; aq>0 —im,t
= —g ¢
Sv=-3,
and ¢g, the complex velocity potential for the incident wave, is defined by

_ _igA  kz+ikxcosP-ikysinpB
o=""5°

where g is the acceleration due to gravity, A is the wave amplitude, @ is the wave frequency, k is the wave number,
B is the heading of the ship relative to the wave and , is the wave encounter frequency. Consequently,
w=Ey—xEs+yEy+ imAekzikxcosp-ikysin ,pg (B.2)

o=Es +(é3 _ X&S + y&“ + imAekz+ikxcosB-ikysinB)/U (B.3)

Equations (B.2) and (B.3) can be substituted in Equation (B.1) to define Fy.
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Lift and Cross Flow Drag Transverse Plane Force

Applying Thwaites'# expression to the transverse plane, the horizontal force Fy for a body with a moderate

drift angle is:
_P 2

FY —EAH U aOHy+CDHv[v| (B4)
where A is the area projected in the horizontal plane, agy is the lift coefficient, yis the angle of incidence of flow,
Cpy is the cross flow drag coefficient, and v is the relative fluid velocity with respect to the body. Referring to
Figure B.2,

: —Yb
sin(—y+&¢)=—"
(=v+&6) U
V==Y¥p

so that, for small angles,

v=-U(y-&)

Figure B.2. A sketch of a body moving with respect to the fluid in the
transverse plane.

For an arbitrary point (x,y,z),
v=E; +x86 - 284 —Cu(x.y,2)

where the horizontal velocity of the fluid induced by the incoming wave is
. a¢0 —im,t
Cu=—¢

dy
Consequently,
v=t, +xtg — 2t + @A sin pe k¥ tikrcosp-ikysin (B.5)
y=tg— (&2 +xEg —zE 4 + @A sin e X °°SB‘“‘Y“"[*) /U (B.6)

Equations (B.5) and B.(6) can be substituted in Equation (B.4) to define Fy.

Lift and Cross Flow Drag Moments

The roll , pitch, and yaw moments (Mx, My, Mz) can be defined as:

My =yFz +zFy B.7)
My =-xFz (B.8)
Mz =xFy (B.9)
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Evaluation of Body Cross Flow Drag and Lift Components

Equations (B.2) and (B.3) are substituted in equation (B.1) and equations (B.5) and (B.6) are substituted in
equation (B.4) and applied along the ship. When terms are collected depending on whether they include velocities,
displacements, or terms related to the incident wave potential, contributions to damping, restoring coefficients, and

wave exciting forces are identified.

In order to evaluate the forces Fy, Fz, Mx, My and My for the entire ship, the terms which are defined in
equations (B.1) to (B.9) are integrated along the port and starboard hulls. For example,

Fy = %I{FZP +Fy, Jdx

This equation is expanded with the lift and drag coefficients assumed to vary longitudinally. Terms

associated with cross flow drag coefficients include terms of the form BIBI, where b is a velocity. These terms are

nonlinear; consequently, in order to be able to solve these terms in the linear domain, equilinearization is applied.
That is, for any harmonic motion given by b =bgcosw,t, B|BI can be approximated in the following manner3:
b[o| = 5 0cbbo
For the port hull F7 is applied at (x, Sp,- d1) and for the starboard hull it is applied at (x, -Sp, -dj) where
Sp is the distance from the ship centerline to the strut centerline, and d; is the distance between the calm waterline
and the maximum beam of the hull or half the draft for sections with no lower hull. The projected area Ay in
equation (B.1) is replaced by integrating dy, the horizontal diameter of the lower hull. When equilinearization is

applied, and terms are grouped, Fz produces the following contributions:

(B33)pL+BCD = PUI agydydx + %%JdH(CDVPIWPH CDvs|"Vs|)dx
(B34)BL+BCD = %%J.SD(’H (Cpvp|we|-Covglwsl)ix

(B35)BL+BCD = —PUI xagydydx — %%IXdH (CDVPIWPI+ CDvs,lwsDdx
(Css)BL+BCD =PU? IaOVdeX

(F3)BL+BCD = —iPUCOAJ. agydy cos(kSp sinB)e ™+ +kxeosByy
—ioA % §§n— J' dH(CDVp]WPIe_ikSD sin Cpvs|ws| oikSo sinﬁ)e-kdl+ikxcosﬁ dx

where agy, Cpyp and Cpyg are the vertical lift, port hull vertical cross flow drag and starboard hull cross flow

drag coefficients. The relative vertical velocities at the port and starboard hulls are:
Wp = &3 - Xé_,s + SD§4 + iO)Ae_kdl +ikx cos B—ikSy, sin B
Ws = &3 -xE5—Sp&y + iAe~kdi+ikcosP+ikSy sinB
Similarly,

Fy = % j [Fy, +Fy Jdx
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is applied at (x, Sp, -d2) and (x, -Sp, -d) for the port and starboard hulls where dj is defined to be equal to dj for
fully submerged sections and is d/2 for other sections, where d is the transverse projection of the body. The

projected area in equation (B.4) is replaced by integrating d. The following contributions result:
p 8
(B22)BL+BCD = _PUJaOHddX + Eg]d(CDHP [Vp|+ Cpug|vs|jax
8
(B24)BL+BCD = —PUIdzaOHddX + %'3;] dd(Cpyp|ve|+ Cpus|vs|x
8
(B26)BL+BCD = _pUJanHddx + %'3; I Xd(CDHP]VP| +Cpyg|vs|jdx
2
(Ca6)pL+BCD =PU jaOHddX
_ . . ~kd, +ikx cosf
(F2 )BL+BCD = pU(DA sin BJ aOHd COS(kSD sin B)C 2 dx
__g_gS_mA sin Bjd(CDHP|VP|e_ikSD sinf CDHSlvsleikSD sinﬁ)e-—kdzﬂkxcosﬁdx
s

where agy and Cpyp and Cpyg are the horizontal lift and horizontal cross flow drag coefficients, and the relative

velocities for the port and starboard hulls are:
vp = §2 + X§6 + d2<t,4 +mA sin Be-—kd2+1kxcos[3—1kSD sinp

Vg = §2 + XE.:6 + d2§4 + A sin Be’—kdzﬂkxcosl}ﬂksD sinp

Utilizing equation (B.8) for My, where xc is defined in Appendix D.

8
(Bs3)BL+BCD = —PijaovdeX - %EJ‘XdH (Covplwe|+ CDvslwsDdx

8

(Bs4)BL+BCDBsa = —%':,";ISDXdH(CDVleP| — Cpys|ws[jdx

8
(Bss)BL+BCD = PU_[ x*agydydx + %%‘J‘ x*dy(Cpvp|we|+ CpygWws[)x
(Css)pL+nCD =—PU” I xagydgdx

F = ipUwA [ xagydy cos(kSp sinp)e <dr*ikecosBgy
(Fs)BL+BCD =1P ovdu D
+imA§-§8;J‘ XdH(CDVPIWPIC-ikSD sin CDV5|WS|eikSD sinB)e-—kd, +ikxcosp

Utilizing equation (B.9) for Mz,

8
(Bg2)BL+BCD = —PUJXcaOHddX + %'?EJ’Xd(CDHPIVPI +Cppg|vs|)dx

p 8
(Bga)BL+BCD = —PUchdzaOHddX +_2'§IXd2d(CDHPlVPI+ Cpas|vs|dx

P8 .2
(Bgg)BL+BCD = -PUJ Xcxagpddx + 7 Fw j X d(CDHp [vp|+ Cpng|vs|dx
(Ces)pr+BCD = PU j Xcaopddx
(Fg)pL+BCD = PUMA sin ﬁj x cagd cos(kSp sin e x4z cosB gx
8 . —ikS, i ikS,, sinf \ —kd, +ik
—%a(ﬂASln BJ‘Xd(CDHPIVPlC X3p Smﬁ 'f‘CDHP|VS|6l Dsmﬂ% 2t XCOSde

For lift terms, the moment arm x¢ has been used. This is based on the concept that since the transverse projection of

the SWATH can be thought of as a wing, the moment associated with lift will not act about the longitudinal center

of gravity, but more nearly the quarter chord of the strut. The definition of xc is given in Appendix D.
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From equation (B.7) for My, with the moment arm for Fy being -d3 and the one for Fz being +Sp, it
follows that:
p 8
(B42)BL+BCD = _PUJdZaOHddX + Egded(cDHp [Vp|+Cpug|vs|jx

8
(B43)BL+BCD = %gJSDdH(CDVHWPI — Cpyg|ws|jdx
(B44)BL+BCD = PUJSZDaovdeX + PUId%aOHddX

8 8
+%§EJ.SZDdH(CDVP|WP|+ CDVSIWSIﬁx + %?szd%d(CDﬂplvPI + CDHSIVS|}iX

8

(B4s)BL+BCD = _%3_n xSpdy (Cpvp|we|- CDvslwstX

8
(B4g)BL+BCD = —PUJ xdpagyddx + %S_KJXdZd(CDHP|VP| + CDHslVSI)dX
(C46)BL+BCD =PU? deaOHddx

(F4 )BL+BCD = —pU(OAJ. SDaOVdH sin(kSD sin B)C—kdl+ikxcosﬁdx

+pUmA sin BJ. dyagyd COS(kSD sin B)e—kdz +ikx cos[5dx
—i%%mAJ SDdH(CDVlePIC—ikSDSinB ~Cpys|wsle™* SinB)e_kd‘“k"“sﬁdx

—%%mA sin BJ‘dzd(CDHP|vP|e-iks,, sinB CDHs|VS|°ikSD sinp )c—kdz+ikxcosﬂdx
Y

In order to evaluate these terms, values for the lift and cross flow drag coefficients must be defined.
Vertical plane body lift components, horizontal plane body lift components, and cross flow drag coefficients are

developed in Appendix C, D, and E, respectively.
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APPENDIX C - VERTICAL PLANE BODY LIFT CONTRIBUTIONS

In Appendix B, the vertical plane cross flow drag and body lift components for the vertical plane include

body lift and cross flow drag coefficients agy. Experimental results indicated that a consistent definition for agy led
to invalid results. Consequently, semi-empirical expressions developed for submarine derivatives® which
correspond to the damping terms were utilized as the basis for the body lift terms. The adaptation of these
expressions to SWATH configurations is described in reference 6.

B3yt =-pL2U(2.43943(ky =y ' — )

(B3s)pL = (Bs3)pr =0.207pLU(ky —ky )m'

(B35)]23L
(Bss)pL = ——=+
5B T (B3 )pL

(C35)pL = U(B33)pL
(Css)pyL, = —0.278pL*U% (ky —ky)m'
where L is the ship length, m' is the displaced volume of the unappended ship divided by pL3 and

1-€2[1, 1+¢ }
g =2 —In—-
07" 2 1-¢
1 1-€2 1+g
=———7In——-
Po g2 2¢° 1-¢
%o
1=
2- Ol
Ky = Bo
2-Bo
For the wave exciting forces, agy should be defined as follows:
any = B33)BL
ov =
pJ‘deX

* Developed by Elizabeth Dempsey of the David Taylor Model Basin and reported in a report of higher

classification.
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APPENDIX D - TRANSVERSE PLANE BODY LIFT COEFFICIENTS

Transverse Plane Body Lift Coefficients

The portion of a SWATH configuration which is below the waterline can be described as being composed
of sections which have both a lower hull and strut, only a submerged lower hull or no lower hull. In the
development below, sections which do not have a strut are assumed to be either nose, tail, or parallel sections. In
defining lift coefficients, a component approach has been taken. Each sectional component is assumed to have a

constant value for the lift coefficients and is taken to be generating a moment about the section's center of pressure.

Nose Section
Utilizing Figure 11 in Hoerner®, page 19-8, the lift coefficient, agy, for a plain round fuselage can be
estimated as:

agy = 0.009Lsgcrion / Dsecrion
where LsgcTION and DSECTION are the length and maximum diameter of the section. The data is for sections with

LsecTION/DSECTION ranging from about 6 to 9. From Reference 8, page 19-17, the center of lift, x, relative to
the nose of the section is:

xc =0.4LsgcTioN

Parallel Section

The lift will be neglected since it is theoretically 0.0, and will be small compared to other contributions.

Tail Section

Based on Reference 8, page 19-2:
a0 = 0.022

From Pitts et al®, Chart 9, the center of pressure of an ogival nose from the maximum diameter of the tail is
approximately,

x¢ =0.55LsgcTion

Strut Section

If the strut section is taken to be a lifting surface, then, from Whicker-Fehlner!0 for a low aspect ratio

control surface in the free stream,
1.8nARg

P =
1.8++/ARZ +4.

For the SWATH configuration, ARg is the aspect ratio of the strut, defined as the average draft divided by the length

of the section. The center of pressure is

x¢ =0.25LggcTION

from the leading edge of the section.
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APPENDIX E - CROSS FLOW DRAG COEFFICIENTS

Cpvp> Cpvs: CpHp: and Cpyg appear in the expressions for the cross flow drag contributions to the

coefficients and forces which are presented in Appendix B. Two sets of data are used to evaluate these coefficients.
The first set of data is for oscillating plates presented by Bearman and Graham!! and is given as a function of the
Keulegan-Carpenter number, KC. A tabulation of these data is given in Table E.1. The second set is for oscillating
cylinders reported by Sarpkayal? which is tabulated in Table E.2. Sarpkaya's data is presented as a function of KC,

and a frequency parameter, B, where

KC = VmaXT
d
D2
Bkc = T

where Vpay is the amplitude of the velocity, T is the period of oscillation, D is the diameter and v is the kinematic
viscosity of the fluid.

The cross flow drag coefficient is assumed to vary along the length of the ship. In applying the data, Vax
is the amplitude of the relative velocity , vp, Vs, Wp, or W5 as appropriate. T is defined using the wave frequency of
encounter. For evaluation of Cpyp and Cpyyg, the data for an oscillating cylinder is used with D being the
horizontal diameter of the lower hull, dg. These data are modified by an expression to reflect the influence of the

strut on the coefficient®.

tdy
Cpy =|1.0—-—
ov =[10-

JCD(Um,T, D,v)
H

where t is the horizontal thickness of the strut, dy is the vertical diameter of the lower hull.
Cpup andCppgare evaluated using either the plate or the cylinder data. For sections where a strut is
present, the plate data is used with the local draft used for D. For sections without a strut, the oscillating cylinder is

used with D defined as dy.

Table E.1. Cross flow drag coefficient, Cp as a function of the Keulegan Carpenter number, KC, for flat plates,
based on data presented in reference 11.

KC Cp
20| 675
30| 5.75
40| 5.15
50 4.5
7.5 3.90
100] 3.40
150] 295
20.0] 2.80
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Table E.2. Drag coefficients as a Function of Keulegan Carpenter number and a frequency parameter, based on data

presented in reference 12.

Bkc
KC 497 1107 1985 3123 5260
3.0 1.64 140 134 113 085
50 180 165 155 122 095
100 | 220 195 170 145  1.00
125 | 240 205 190 130 090
150 | 220 200 165 .10 085
200 | 200 170 120 090 075
300 | 170 140 100 070  0.60
600 [ 150 105 070 055 0.0
1500 | 120 090 050 048 042




APPENDIX F - APPENDAGE CONTRIBUTIONS

The contributions of the appendage to the added mass, damping, and restoring coefficients and wave

exciting forces are given in this appendix. Summations are taken over all appendages.
Let c; and b; be the mean chord and span of the appendage; let A; be the sweep angle of the quarter chord
line; let x¢ , yr . 2f, be the coordinates of the point on the appendage which is the intersection of the quarter chord

and the mean span; let 0, be the cant angle of the appendage relative to the horizon. Assuming an elliptical cross

section, the area and added mass can be defined as:

Ag =cib;
T
a, =E4—CiAfi

Cp, is evaluated using the data given in Appendix E for oscillating plates. While alternate values for the

lift curve slope, Cpq ,can be specified, the default expression for stabilizers and rudder is:

1.8TAR:
CLg, = - Cre

' 2
1.8+ cosA; AE‘ +4.0
cos” A

If Cic = 1, this is the expression developed by Whicker and Fehlner!0 and utilized by Dempsey for
submarines.!3 AR; is the effective aspect ratio of the appendage, which is based on the tip to tip span of a pair of

appendages. For SWATHs, unlike submarines, appendages are not used in pairs. However, comparison with
experimental results showed that evaluation of Cy, assuming a pair of fins while evaluating the lift based on the

actual stabilizer worked well for SWATHs.® Cp is a modification factor® to reflect the effect of downwash from
one appendage on another in the same plane - that is, of one stabilizer on another. Therefore, Cp ¢ equals 1.0 except

when the appendage is aft of a coplanar appendage. Data presented by L]oyd14 was corrected for boundary layer
effects and tabulated by Cox and Lloyd.15 CL is given in Table F.1.

Table F.1 Ratio of lift on aft fin to lift on forward fin for various fin separations and oscillation frequency-to-speed
ratios (from references 14 and 15).

wb/U
x/b 0.00 0.04 0.08 0.12 0.16 0.20
10 0.412 0.544 0.643 0.824 1.076 1.221
15 0.462 0.638 0.846 1.046 1.180 1.109
20 0.529 0.732 1.000 1.151 1.110 0.971
25 0.614 0.816 1.099 1.132 1.101 0.897
30 0.706 0.853 1.118 1.006 0.912 0.853
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22

(Apa = Zafi sin” oy
(Agg)p = —2 ag, sin Oti(zfi sino; +ys, cosai)

.2
(Al = foiafi sin” o

2
(A33)p = Zafi cos” o

2
(A3zs)a =-2Xfiafi cos” oy
(Ag)a =—2af; sin oti(zfi sin oy +Yi, cos(xi)
2
(Agg)a = ) ag |zg sinoy +yg oSO,
44/A fl fl 1 yf, 1
(Aag)a = _Exfiafi Sin ai(zfi sin oy +¥r, COS(Xi)
2
(As3)a = —2 X¢ ag, COS” O
(Ass)a = Y x}ap cos® o
55)A £.ar, i

. 2
(Ag2)a = z:xfiafi sin” oy
(Agg)a = —z Xt ag, sin oci(zfi sino +yg, cosai)
(Ags)a = ZX% a, sin o

)

(B)a = %UZAfiCL% sin” oy

(B24)A = _%UZAfiCLai Sil’l(x.i(Zf_l sinoci +yfi COS(Xi)

(Byg)a = %UZ xg Af Cro, sin? o

wp, I)

(B3s)a = —%Uz xg, A, CL, cos? o —%%z X, Ag, cOS ai(CDs., |wSi |+ Cp,, |Wpi D

8
(B33)A = %UzAfiCLui 0082 o +%3_71‘,2Afi COSs O (CDSi ‘Wsi |+CDpi

(Bgp)a = —%UZ Ag Cpg, sin oci(zfi sinol; +yg, cosai)

. 2
(Baga = -g—UZAfiCLmi (zfi sinoy +yg, cosoci)

(Bag)a = —%Uz xf Ag CLg, sino (zfi sina; +yg, cos ai)

(B53 )A B _—g—UZXfiAfiCLui Cosz % ‘%%zxﬂAﬂ cosai(CDSi lwsi |+CDpi 'Wpi |)

hé D

=L 2 2.+ P8 %2 (
(BSS)A = 2 szfiAficLui cos™ o + 2 3n E:Xfil\fi COSQL; CDSi lwsi |+CDpi
(Bg2)a = %Uz xf, Af, CLg, sin? o;
(Bgg)a = —%UZ xfiAfiCu,Li sin ai(Zfi sinoy +yg, cosoci)

(Bes)a = %Uz x%iAfiCmi sin® o




where

(C26 )A = %UzzxfiAfiCLui sinz (o5
(C3s)a = %UZZAﬂCLui cos? o

(CSS)A = —'E'UZZXfiAfiCLai COS2 (05

(Cye)a = ——§U22‘Aficmi sin ai(Zfi sino; +y, cosoci)

(Ces)a = %Uz D Xt Ag,Cp, sin® o

(Fy)a = -g—AUcoz Ag Cpg, sing; [cos o sin(kyfi sin B) —sinBsinoy cos(kyfi sin B)]eszi +kx,, cosf

(F3)p =—i % AUmZ Ag Cpg, cosay [cos o cos(kyfi sin B) +sinPsino sin(kyfi sin ﬁ)]eszi Hikx, cosp

.p 8 ik(x _cosB+y isin[i) ik(x ,cosP-y,, sin|3) ~kz,,
—IEE;E.A(DZ Afi cos (Xi(CDSi IWSi |e ! ! + CDpi ini le ! f € f

Fpa = —%AU(DZ Af Cpg, (zfi sinQ; +yy, CoS (xi)
[cos o sin(kyfi sin B) —sinPsing; cos(kyfi sin B)]ekz‘* ik, cosp

(Fs)p = i%AU(DZ xg,Ag, CLg, COSO; [cos o cos(kyfi sin [3) +sinPsin o sin(kyfi sin [})]eszi +ikx,; cosp

ik{x,. cosP+y,. sin ik(x,. cosp-y,. sin —kz,.
oK cosBeyg sinB) | o wo l (x;, cosB- B))e

Pi

.p 8
+IE§-;t-AmzxfiAfi COS(X.i(CDSi Wsi

(Fg)a = %AU(DZ xg Ag CLg, sinQy [cos o sin(kyfi sin B) —sinPsino cos(kyfi sin ﬁ)]eszi +ikx,, cosp

: : . . —kz, +ik(x,, cosp-y,, sinff
WPi=&3_xfi§5+Yfi§4+lme ok asinf)

2 . . . —kzg +ik{x, cosP+yy, sinf
ws, =83 —xg &5 —yr B tive (x sinf)

In the derivation it has been assumed that the appendages have been included in the mass and inertias of the

ship and that the origin of the coordinate system is at the appended ship's longitudinal center of gravity. In general,

the effect of the fin on the mass matrix will be small. However, in the early design phase the mass properties of a

ship is estimated and under some circumstances the appendages may be relatively important. In that case, the mass

of the appendages can be estimated by:

T
IIlfi = pTAfiti

The contributions of the fins to the mass matrix can be estimated by:

(mp)a = mei
(mpq)a = —z zg Mg,
(myg)p = foimfi
(m33)a = Emfi
(m3s5)A =—2,Xfimfi
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(mg)p = —Z Zg My,
(mgg)p = Z(Z%; +§, )mf.l
(myg)a = —Exfa z¢,mg,
(ms3)p = "E,Mimfi
(mss5)a = Z(X%i + Z%i )mfi
(mg)p = fo,mfi '
(meg)a = —E Xg Zg Mg,

(mgg)a = z‘mfi (X%i +§, )




APPENDIX G - TOTAL COEFFICIENTS AND FORCES

As noted in the main text of this report, the added mass, damping, and restoring coefficients and wave
exciting forces and moments are modeled with potential flow, body lift, body cross flow drag, appendage lift and

appendage cross flow drag components. Details of the development of these components are given in Appendices
A, B, C,D, E and F. Expressions for the evaluation of the various lift (agH, agv, CLy, ) and cross flow drag (Cpu-

Cpv, CDF ) coefficients are given in the appendices. Relative vertical velocities are defined by:

vp =&, +xEg + dyE 4 +Asin Be—kd2+1kxcosB—1kSD sinf3

vg = ;;2 + X§6 + d2§4 + mA sin Be—kdz+1kxcosB+1kSD sinf

wp =&; —xEs + SpEs + imAe”kdl“"lkwaB_lkSD sinp

wg = §3 _ ng _ SD§4 + i(OAe_kd1+lkx cosP+ikSp sin

. . . . —kzi+ikxicosB—yisinB
wp, =83 —x¢ Es +yp g +ive (xe 1 sinp)

: : : . —kz, +ik(x,, cosP+yy, sinf
WSi =§3—xfi§5—yfi§4+1me f ( ! f )

The totals of the components are listed below.
Agyy = J.azz(x)dx + zafi sin? a;
Ay = ja24(x)dx - Zafi singy (Zfi sino; +yf, cosai)
Ay = Ixan (x)dx + —UZ-J.bzz (x)dx + zxf‘ ag sin? oy
me ¥ 1
Agz = Ia33(x)dx + Ein cos? ol
Ass = —j xa33(x)dx — Ez—'l.bg(x)dx - fo ag, cos? o
me 1 1
Ap = J.a24(x)dx - Zafi sin oy (zfi sinoy +yg cosq; )
2
Ay = J’a44(x)dx + Zafi (zfi sino; +y, cosozi)
8] . .
Ay = jxa24 (x)dx + —Z—Ib24(x)dx - 2 Xg ag sinoy (Zf_ sina; +yg cos ai)
me 1 1 H 1
Asy = -J. xa33(x)dx + Ez" J b3z (x)dx — 2 X¢ ag CosZ O
me 1 H
U? 2
Ass = Ix2a33 (x)dx + -—TJ.a33 (x)dx + Z x? ag cos® o
mc 1 1
Agy = Ixazz (x)dx - —%—J.bzz (x)dx+ ZXfA ag sin® o
me 1 1

Agas =J‘xa24(x)dx—£2jb24(x)dx —ZXf_af sinai(zf, sinoy +yg. cosoci)
me 1 1 1 1

U’ .
Age = J.xzazzdx + Fj az, (x)dx + E x%iafi sin? oy
€
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B,, = Jbzz(x)dx + %UZ At Clg, sin® o
~pU [ agprddx-+2 = [ o(Comp e+ Comg vs|lx
By, = j bog (X)dx -%UZ At Cro, sinot(zg, sinoy +yr, cosay
~pU [ dyagnddx+ £ [ drd(Cpmplvel+ Comslvs[jax
Bog = ben(x)dx - U_[ 8y (X)dx + %UZ x¢, Ar, CLo, sin®
~pU [ aguddx + £ [ xd(Cpmplvpl+ Conslvs|ix
Bys = [ by (x)dx+ BUY AqCr, cos” oy + %%ZAf‘ cos0;(Cp, |ws, |+Cp, W, |
—pLZU(z. 43943 (ky —ky)m' —m’ ) + %%jdﬂ (Covp|we|+Cpyglws|jix
B3y = %%ISDdH(CDVPIWP[ —CDvs|W5|)dX |
Bys = j xbs (x)dx + U j a53(x)dx
_%UZ x¢,Aq,Cr, cos?a; - %%zxfiAfi cos04(Cp, W, |+ C, [wp )
+0.207pL3U(k, — k; )m' —%% xdpr (Cpy p[Wp|+ Cpysws|jix
By, = j bog (x)dx —%UZ At Cro, sinog(zg, sinog +y;, cosay )
—pU _[ d,agyddx +-§-% _[ d2d(Cppp|ve|+ Cpug|vs|dx
By = %%J.SDdH(CDVPIWPl — Cpyg|ws|)x
Bus = [ bag()dx+ EUY Aq Cug, (21, sinos +yy, cosey y
+pU [ Shagydndx-+pU [ d3aguddx
+g§8;js%)dﬁ(cmp|wp|+ Cpv|ws|)ix +%3% | 434 (Complve|+ Cpnglvs|lx
Bys = _%%IXSDdH(CDVP|WP] ~Cpygws|jdx
Byg = _[ xbog (x)dx — U J' a4 (x)dx —%Uz x¢, At CLo, sinot (z, siney +y;, coso;)
_pU J xdyagpddx +g—3§;jxd2d(CDHP|vP|+ Cpng|vs|x
B = -j xbss(x)dx = U J ag3(x)dx
_guz xg,Ar,Cr, cos? o = %%Z x¢, Ag, cos oci(CDSi [we, [+ Co, %5, )
+0.207p13U(k, — k; )m' —%%deH(CDVP|wP|+ Cpv|ws|)ix

8
By = —%gJ‘SDXdH(CDVPIWPl_ CDVslwsl)d"
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2
Bss = J.xzb33 (x)dx + -U—zj baz(x)dx
me

+-§—UZ x%i Af, CLui cos? o+ -2—3—5;— ZX% Ag, cOsQ, (CDSi ’wsi ] + CDp-‘ lwpi ’)

(0.207(kp ~ky)m)*

8
—pL*U +P2 j 24(C +C
2439(ky k) —m 23m9 a(Covplel+ Covslrsljs

By, = j xboy (x)dx + U J' azz(x)dx+%uzxfiAficmi sin? o
8
_pUJ.XCaOHddX+%“ﬁde(CDleviﬂ+CDHS|VS|>1X
By, = ij24(x)dx+UJ- a5 (x)dx—%Uz xt, At CLo, sinot(zq, sinct; +yg, coso )
p 8
_pUJ.xCd?_aOHddx +§§;J‘Xd2d(CDHPIVP|+CDHSIVS])jx
2 U’ p 2 .2
B66 ='[X b22dX+—7J.b22(X)dX+—UZXf'Af_CLa_ sin” O
me 2 i i i

8 (.2
_pUJ‘ XCanHddX +%§‘EI X d(CDHP|VP| + CDHS"’SIPX
Cyg = pU? J agyddx + %UZ > x¢ A, Cp, sinq;
Ciz= ngtdx
Cas = pg [xtdx +2U2Y A; € cos? a; —pL2U?(2.4394(k, —k; )m' —m'
35 =P 5 £,“L,, i 27X
Cyy = pgj y2tdx -MgBG
C46 = —%UZZAfiCLai sin (Xi(Zfi sin o; + e, cos (Xi)+ pUzjdzaOHddx
C53 = ng xtdx
Css = pe [ x%dx ~MeBG -2 U2y x; Ap € cos? ; —0.278pLU% (k, — ky)m'
55 =P8 2 £,04, %L, i 2K
C66 = %Uzzx%aAﬂCLu- Sil’lj2 o+ pUZJ.xCaOHddx

With symmetry of the ship about the ship's centerline assumed, the contributions to the wave exciting

forces due to potential flow are:

F, = —2pgAJ.dxeik"°°SB I {inz sin(ky sin ) + -(%[nz sin B cos(ky sinB)+ n3 sin(ky sin B)]¢2 }ekzdl
C(x)

+—g—AUmz Ag CLg, sing; [cos 04 sin(kyfi sin B) —sinBsinoy cos(ky f, sin ﬁ)}szi +ikx, cosp

+pU(DA sin BJ.aOHd COS(kSD sin ﬁ)e"kdz +ikx cos [}dx

_%58_ oA sin BJ‘ de—kd2+ikxcosB(CDHP|vP|e—ikSD sin CDHsleIeikSD sinﬁ)dx
T
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Fs= 2pgAIdxeikx cosp J. {n3 cos(kysinf)+ i%;—-[nz sin Bsin(ky sin ) — n3 cos(kysin B)]¢3 }ekzdl
C(x)

il AUmz At Cpg, cosq; [cos 04 cos(ky g, sin [3) +sin Psin sin(kyfi sin ﬁ)]c

2
.p 8 ik(x , cosP+y isin[}) ik(x L cosB-y,, sinB) ~kz,,
_15§;AmZAfi cosoci[CDsi |wSi ]e ! f , le ! ! e '

kz; +ikx,, cosf

+ CDp' W

—ipUmA j agydy cos(kSp sinB)e k4 +ikxosBgy

_imA%SS—J.dH (CDVP |WP|e--ikSD sinf CDVs|WSleikSD sinf }:—kd1 +ikx cosp g
T
F,= _2pgAdeeikxcosB
_[ {i[yn3 —zn, |sin(ky sinB) +£[n2 sin B cos(ky sin B) + n3 sin(ky sin [3)]q)4 }ekzdl
C(x)
»%AUQ)E A¢ Crg, (zfi sin; +yf, cos oti)
[cos o sin(ky f, sin [3) —sinPsinoy cos(kyfi sin B)]eszi il cos
—pUmAj Spagydy sin(kSp sin B)e <0 +ikxcosBay
: . —kd, +ikx cosB
+pUwAsinP | dyagyd cos(kSp sinp)e ™ dx

—i%%mAI Spdyg (CDVplele—ikSD sinp _ CDvs|WsleikS° sinﬁ)e—-kd,ﬂkxcosﬁdx
_%_3% oA sin BJ.d2d(CDHp|VP|e_ikSD sinB CDHslVS|eikSD sinb)e—kdz+ikxcos{5dx

Fg= —2pgAJ. dxefkxcosp

I {xn3 cos(kysinB)+i %I:x - —i—g—-:|[n2 sinBsin(ky sinB) - n3 cos(ky sin B)]¢3 }ekzdl

C(x) ¢

+i %AUa)z xg, Af,CpLg, COSQ; [cos o; cos(kyfi sin B) +sinPsing; sin(kyfi sin B)]eszi +ikx,, cosp

.p 8
+153— A(Dz Xfi Afi COs Q4

T
(CDSi |Wsi

+ipU(oAj xagydpy cos(kSp sin)e <tk cosBgx

|eik(x(i cosP+yy, sin B) ik(x,i cosB—y,, sin B) Je—-kzri

+ CDPi |Wpi |C

+imA%%J.XdH(CDVPIWP‘e—ikSD sinf CDVsIWSIeikSD sinﬁ)e—kd,ﬁkxcosﬁdx
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Fg =—2pgA [ dxe* P

j {ixnz sin(kysinp)+ £|:x - g }[nz sin B cos(ky sinB)+ n3 sin(kysin B)]¢2 }ekzdl
i
C(x) ¢

+%AU(02 xg, Af CLg, SinQ; [cos o sin(kyfi sin B) —sinPsinoy cos(kyfi sin B)]ﬂkz" ik, cosp

+pUwA sin Bj xcaond cos(kSp sin B)ekd: +ilkxcos gy

—E—g—mA sin BJ' Xd(CDHP|VP|e_ikSD sinf CDHPIVS|eikSD sinB)e—kd2+ikxcos[5dx
23rn

F; = -2ipgAkcos BJ. I J. ekeikxcosp cos(ky sin B)dzdydx

Fs; =2ipgAkcos B”J gekzHikxoosp cos(ky sinB)dzdydx
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