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ABSTRACT

Various computer-oriented numerical schemes are
availatle to evaluate the velocity potentials for
inviscid fluid flow past submerged objects. The use cf
a surface distribution of sources of uniform strength
cver ranels representing the object'!s surface requires
a relatively fine grid to oktain accurate results. A
new variation of this scheme using distributed sources
of linearly varying strengths over triangular panels
appears tc reduce the number of panels needed for gcod
results, thereby reducing computer time and storage
requirements. In the present study, this technique is
applied tc the problem of determining £iuid forces and
dynamic response resulting from interaction between an
arbitrarily shaped object and surface.waves.
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I. INTRODUCTION

Ocean waves interacting with large marine structures
prcduce substantial hydrodynamic forces. These forces are
experienced ty floating objects such as ships or moored
platforms as well as submerged bodies near the free surface,
such- as sukmarines at periscope depth or bottom acunted

caissons in shallow water.

It 1is desirable from an engineering standpoint to be
able to determine the wave forces and resulting dynanic
response for any large ocean structure uander d=sign. Until
recently, however, such determinations were not possible in
the general «case. Application of the well-known Mcrison
equaticn to calculate wave forces is limited to cases in
which structure dimensions are small <ccmpared to wave
length, as in the case of a small diameter pile.

The wusual analytical approach in dealing witk the
hydrodynamic interaction of large bodies with waves is based
on a mathematical modeling of the fluid flow using potential
flcw thecry, which assumes the £fluid to Lte inviscié and
irrotaticnal. While such an assumption is unrealistic for
steady flcw past bluff bodies (because of boundary layer
separaticn effects), experiments indicate that it yields
valid results for the case of unsteady flow past an cbject
as produced by surface waves provided wave amplitude is
small compared to the <characteristic dimensions c¢f the
cbject.

Numerical schemes based on the use of the Green's

function (cr source distribution) method which utilize

e




high-speed <ccmputer <capabilities have had considerable
success in <solving rfroblems of wave/body interactions.
Garrison, et. al. ([Refs. 1-5] have developed numerical
procedures for «calculation of wave interaction with large,
three-dimensicnal, £fixed and floating bodies. These
procedures, which represent the immersed surface by a grid
of distributed source panels of uniform strengths, have
proven to be powerful in practical applicaticn as
deaonstrated in Refs. 6-9.

The most severe limitaticn of the above mentioned
prccedures is the rather large amount of computer (C.P.U.)
time regquired to obtain an accurate solution . Thus, any
imgprovements to the method which would imprcve convergsnce

of the scluticn would be 0of considerable value.

A natural extension of the technique based on a wuniform
distribution cf sources over each grid panel is to allcw the
source strength to vary linearly over the extent «c¢f each
panel. Since this is not convenient when using gquadrilateral
panels, it is appropriate to divide the source surface into
a grid of trianguiar panels. The lineariy varying source
strength may then te represented in terms of the values of

the source strength at the ccrners of the triangles.

Webster [Ref. 10] has developed such a schem2 for the
case of uniform fiow o0f an unbounded fluid past a
three-dimensicnal body. The body was represented by use of
the three-dirensional source potential of the form 1/R where
R denotes tke distance from the source. In the present study
this general method is extended to the protlem of
representing a body of arbitrary shape located in fluid of

finite depth in the presence of a free surface.

e ol



The tasic approach used in solving the rroblem of wave
interaction with large floating objects is to decompcse it
into comgcnent parts which are more siamply analyzed, andé
then superimpcse the results to yield the overall solution.
A group cf bcundary-value problems are generated in terms of
velocity potential; one problem is solved for each of tae
six possikle degrees of freedom of body moticm, and one for
the scattering of the incident wave by <the Lbody. The
solutions are then formulated in terms of the Green's
function. The resulting integral equation is then cocnvertad
to a system of 1linear -equations which are subssquently
sclved by ccaputer.




II. FORMULATION QF THE WAVE INTERACTION PRQBLEN

A. RESTRICTIONS AND ASSUHPTIONS

All cf tie usual simplifying assumptions incorporatad in
linear gravity wave theory are adopted in the present study.
In summary, these are:

a The <flow 1is considered to be incoapressibie,
irrotaticnal, and inviscid.

s The wave aampliitude to wave length ratic is
small.

. The pressure is uniform above the fres surface,
and the density is uniform throughout the fluigd.

s The bottom boundary is —represented by a
horizcntal, impermeatcle plane.

- The velocity-squared term in Bernoulli's
equation is neglected.

s The waves are regular and periodic.

In addition, it is assumed that
. The object has a smooth, rigid, and imgpermeabdle
surface.

‘- The wave amplitude 1is small compared to the
object's dimensions.

B. PROBLEM CESCRIPTION

The general description of the problem is shown in Fig.

10




1, in which twc cccrdinate systems are defined. The inertial
coordinate system, positioned at the mean free surface, has
directions defined by x, y and 2z, while the <coordinate
system fositioned on the object has directicns indicated by
x', y' and z'. The origin of the body coordinates is taken
to be at the center of gravity of the body, and the bcdy is
sutmerged an artitrary distance, d, below the amean free
surface. The incident wave is assumed to propagate in the

direction defined by the angle ¥ indicated in Fig. 1.

The analysis of the flcating object located in a train
of regular waves is decomposed into seven prcblems which are
uncoupled and can be solved independently and superimposed

to cbtain the complete solution.

The first six problems are identical in <ferm, and
consist cf determining the f£luid forces due +o oscillation
of the object in the six degrees of freedom, in an ctherwise
still fluid. The six modes of oscilliation are all considered
to take place with angular frequency, @ =2%®/T, which matches
the frequency cf the incident waves. These harmonic mctions
Of the ocject may Lbe expressed as

= 1
X, = Re [X) e S TG S e

o o] o

in which Xk=a9‘ when k=4, 5, 6, and where 6. denotes the
K K

angular displacement about the x', y' and zt axes,

respectively. The subscripts k=1, 2, 3 correspond tc surge,
heave, and sway modes of wmotion, respectively, while the
subscripts k=4, 5, 6 correspond to the rotational modes of
roll, yaw, and pitch, respectively, as depicted in Fig. 2.

o
The parameter X denotes the complex amplitude of the linear
K

11




)
modes of mection, while the term a.ek. denotes the complex

amplicude of the rotational degrees of freedcn.

The seventh problem to be considered is the interaction
of waves with <the object held fixed in position. This
interaction c¢f an incident wave with the fixed body results
in "scattered" waves which radiate from the body. From the
sclution of this problem the excitation forces and mcments

acting on the body are determined.
C. EZQUATICNS OF MOTION

For a flcatinc cody with linear elastic ccnstraints <the
egquation of motion for the six degrees of freedom is giver

in Ref. 1 as

6 ; )(0 5
=3 _‘ o ol ". . . = . ( .
JZ;‘\ [))(mij fM-\;‘) L))NU+-(K‘J+K“ ]#_[Cl]e { (2)
Ue 2.0 6
where V= 0’2/3 , and O =2T/T denotes the freguency of the
incident wave and resulting motion. (In Eg. 2 and all

equations which follow, the use of the lower cases letter, 1,
as a sutscript denotes an ind=x. Appearance of 1 elsewhere
in an equaticn denotes the imaginary number i= -1 ) The
surface elevation of the incident wave at the origin is

given by

91 - G)ZOCOS (ot) (3)

o
in which 7 is a real number denoting the haif-amplitude of




the 1incident wave. All phase angles are referred to the
wave crest with positive values indicating lag.

In E3J. 2, m_  denotes the dimensionless body mass tensor
1]

and is defined by
my =m,,=msz; = m/ra’ (42)
fitgg = gy = Py SR S s 2T, 5 50 i

in which m denotes the mass orf the body, P denotes the fluid
density and a denotes the characteristic leangth scale cf the
body. Similarly,

S S 2 '
mq_—I,”/ﬁa o Plos =L fFa®, WSk, /Pa® 9

a

= - 5 = - s (4d)
Mys 2 Moy Ly 5 [P2%y My =rmy <=2, /Pa

= e (d4e)
Moy =Mes = l;?'/caﬂj'

where the mcoents of inertia are defined typically as

= - | (5a)
I#s’ ‘Z;‘i ’./ o 4 drm

¥ m
Lo 2 Zs = y'z'dm =

in which the integration extends over the complete mass of
tne body denoted by m.

The excitation force and moment coefficients are defined

13
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as

. ' §; :
€ = E‘"““’?; 2. s 2,8 (6)
ga 7°
i8; .
¢. = Fumax)e'’s Jj=4,56 (7

J
LPga*pe° #
where 8Jdenotes the phase shift of the force with respect to
the crest c¢f the incident wave. A positive value of §.
denotes a lag. The term F (max), (j=1, 2, ...6), denotes
2l

the wmaximum value of the force (j=1, 2, 3) and moment (j=4,
5, 6) acting cn the bod}.
In the <case of the forces (and moments) due to tae

motion cf the body, it is wmore <common tc describe the
hydrodynamic force in terms of the adied mass tensor, M

1]
and damping tensor N . These parameters are defined as
1]
4 Fi{max 18 : E
Mi; -iN;; = 5 ) et £=4,2,35 St 2.6 D
13 ] 490-2‘13)(, ) )
J
. s & VS o : . g
-Mi; = iN: = i E.‘S‘J IS8, 5,6 J24,R...6 i
"3 1 pdzaqx J J
J
where F  (max) denotes the amplitude of the force or azcment
i3

in the i-th direction resulting from the motion of the

flcating tcdy in the j-th degree of freedon.

The fcrces defined in Eqs. 6-9 are given 1in terms of
surface integrals cf the hydrodynamic fpressure as

F,'J'(t)'—‘"]fs P; hids ) l',.;=l,2,...é N

14




F[<t>=-ff; P°7 ’1‘ ds ) "3/)2a.-é S

where F_ denctes the i-th component of wave excitaticn force
i

or moment and P _ denotes the i-th comfponent of force or
1)
mcment arising from the j-th component of becdy motion. The

. functicns h  are defined as
i

ht =Ny (12a)
h,= ny (12b)
h3 =h, (12¢)
hy= (dey)n, -z n, (12d)
h, = ZH‘,‘-x P (122)

(12£)

he = Xny =(d+y) n,

in which n , n and n denote the three ccmponents of the
X y z

outward urit normal vector on the surface of the body.

The parameters Pj' (j=1, 2, ...6), denote the ©pressure
on the immersed surface associated with motion in the six

degrees cf freedom and Po7 denotes the pressure associated

|
|
|
|
|
g




with the incident wave (0) and scattering (7) cf the

incident wave. Finally, in Egq. 2 the dimensicnless

coefficients K Z_ denote the hydrostatic restoration fcrce
1]

(or moment) tensor and are defined as

S
4 it 12 .
Koy = 2% ( (y'z'n,-z'%n,)ds (13c)
s
g - 4t boy 134
Kye= Ky = anﬁs)(z n, ds (A=)
Kae = Kcz'—’-Z':—? f X'ny ds i
s
- i
Keo = & g (x'y'ny- x'%ny) ds (13£)
S

where A denctes the waterline area.
W

Mooring 1line reactions depend, in general, on ta2
mocring line configuration, weight, shape (catenary),
hydrodynamic and elastic G[properties. dowever, it is
generally permissible to disregard dynamic effects and
approximate the reacticns by a linear relationship with the
six components of body displacements as indicated by Eg. 2.

The term K'  in Eg. 2 represents the dimensionless force
1]

(cxr moment) produced in the (negative) i-direction by a unit

displacement cf the body in the Jj-direction. Given the

mocring 1line configuration and elastic froperties, tae

16
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Spring constant tensor can be evaluated.

D. REPRESENTATION BY VELOCITY POTENTIALS

The fluid motion in each of the seven flow situations
previously describad can be represented by a velocity
potential. Specification of the velocity potential of a
flcw completely describes the flow, since fluid velocities

at any pcint are obtainable through the relation

fz'(x,y,z,t>=qu(x,y,z,t) (14)

where J(x,y,2,t) represeants the velocity vector, d(x,y,2,t)
regresents the time dependent velocity potential, and

v® denotes the gradient of the potential. Thus, for the
six modes of oscillation of the body 3in still water, the

fluid velccity vector is given by

q (x,%,2,£) =78 (x,y,2,t) = Re [V¢k(x, Y, 2) e (15)
K k=1,2...6

in which ¢k(x,y,z) denotes the coamplex space dependent part

of the total potential induced by the k-th @mcde of
oscillaticn. The velocity potential associated with tae
seventh problem, waves interacting with the fixed body, 1is
actuaily composed of two components. One component is the
potential due to the linear 1incident wave, the space

dependent part of waich is given by

¢ - —lc! ‘Z° cosh k(mg) eiﬂzxcosb’rkzsinﬂ(ié)
o a Cosh kh

17




in which ﬂ°=H/2 denotes wave amplitude (half-amplitude) and
k=2X/L denotes wave number.

The =seccnd component of the wave interaction potential
is due to the presence of waves whose characteristics have
been altered by interacting with the object. This rpotential
is referred to as the scattering potential and is denoted by
the subscript (7). The total potential for the moticon cf the
body in reqular waves is expressed tarough the superposition

®(xy,z,t) = é Qk(x,y,z,t) (17

E. THE ECUNLCARY-VALUE PROBLEY

Each cf tke velocity potentials ( <¢ s Kk=1,2...7} must
K
satisfy the <continuity equation, which in the <case of

irrctaticnal flow takes the form

V2¢k(x,y,z): 0 , K=0,1..9 (13)

In additicn, the pctentials must also satisfy the kinematic
bottom bcundary condition

?%K(x,-h,z)=o , K=0,v...7 (19)

where h denotes the mean water depth, as well as the
linearized dynamic and kinematic £free surface Dboundary

conditions expressed by

18




(20)
)

2¢ 2
ﬁ—y.k<x,°)2)-% ¢k(x,0)z.):0 k:O)\ao:7
where g denotes the acceleration of gravity.

While the free surface and bottom boundary conditioas
are exactly the same for all of the gpotentials, the
kinematic bcundary condition applied on the surface of the
obkject 1is different for each case. This boundary ccondition
results frcm the assumption that the surface of the chject
is rigid and impermeable; it simply imposes the condition
that there be no normal component of fluid velocity relative
to the surface at any point on the surface, and is expressed
mathematically as follows:

For oscillation of the body in the still fluid,

%% =9, = -6 X’ n, (21a)
2 - g, - ik ny 1
%?1'3 :33:-i0'X;nZ (21¢)
‘%%o :guz—LGGQQE(dfy)nz‘+Zr\y] (214)
:g;:fzgi=*i0'3;[2nx‘xnzl o
%‘?\‘:86: —&..0’62 Exny'(d*ﬂnx] (212)

where n , n and n denote the x, y and z components Oof the
X Y z

unit outward normal vector on the immersed surface which is




defined in its mean position by S(x,y,2z)=0.

Por wave interaction with the fixed body,

29, _ 2 =¥ - (a?2°k t{kxcos¥ +kz sinY)
n 3 m & cosK(Kh)e

o[:r\y sinh Tk (hey)] + L (n cos¥4n, siny) cosh Lk(hey)]] (=2

in which ¥ denotes the angle between the incident wave
propagaticn direction and the x'-axis. Equations 21 and 22
are applied only on the immersed surface as defined by
S(x,y,2)=0.

20




III. SQLUTION Of THE BOUNDARY-VALUEZ ERQOBLZM

—— e ——— MRS St ———= = ===

A. GREEN'S FUNCTION SOLUTION

In using Green's function repressentation of the velocity
potential, <ach of the seven unknown potentials is
considered to be induced by £fluid sources whica are
distributed over the surface of the beody 1in a continuous
mannerc. The strength of the source at any location cn the
body surface is a function of position and is dsnoted ty
f(g,ﬁ,;), where (€,ﬁ); ) indicates a point on the immers=ad
surface. (Figure 3 illustrates the concept of the continuous
source distribution.) The velocity potential associated with
each of the kcundary value problems is +then given by the

surface integral

¢k(x,v,1) =f( £ 67,9 Glx.7,2,6,2,9) ds (23)
S Ket,2...7
where G(X,Y,2; §,7,5 ) is referred to as the Green's
function. Its value depends upon the location of the point
($,7,7 ) on the source surface, and the point (X,y,z) in the
fluid field. The Green's function for the present case,
which satisfies the bottom and free surface boundary

conditions, is given by
G=lr + /R + &* (24)
in wnich

21




R=,\/(§—x)" +(ﬁ-y)"'+(~‘;-z)£ (25a)

R'=/(5-07 + (y rahe 7 Hs-2* (2ae)

The G* term is given by Ref. 3 as
" (- o]
G (xy,2;5,2,9) = 2RV. f
(o)

(i +v) e cash [u (nom)] cosh Lu (ysh)] T, Lur) du
A SInh (Uh) - ¥coshihdh)

# (27 (k2<y?) cosh Tk(psh)] cosh [k )] . (k¥)
k2h -v2h +y

(26)

in which

r =ﬁx- e oz -2 <99

The ternm JO denotes the Bessel function of the first kind,
cf corder z2ero, and ) represents dimensionless wave
frequency. FE.V. indicates +the principal value of <the

infinite integral.

An alternate series form of the complet=s Green's
function is given Ly

G= 2K (y*-Kk ) cosh [k(hf?)] cosh [k (\(fHJLYa(kr) = Jo(kr)]
k*h-y*h +y

22




(- -]

T4 ) gfl,?:vvf)yzh-u cos Ly (yrh)]cos [ (7+h)]K, (4 ) (28)

in which YO denotes the Bessel function of the second kingd,
of order zero, KO denotes the modified Bessel function of
the second kind, of order zero, and/;Q,:epresents the real

positive rocots of the equation
Ay fan (L h) +V=0 (2

In numerical -evaluations either form of the Green's
function may ke used with the exception of the case where T
approaches 2zero. Here the¢ series form given in Eg. 28 is
singular so the integral foram given by Eqg. 26, which has a
well-defined 1/R singularity, is used. However, when T is
not small the series form is generally used for numerical
calculaticn Lecause it requires 1less computer time for

evaluaticn.

The Green's function representation <c¢f the potential
given by Eg. 24 satisfies the laplace eguaticn as well as
the free surface and bottom boundary conditons fcr all
cases. The scurce strength function fk(f,q'e) is unknown

and 1is determined by application of the kinematic Eoundary

ccnditions cn the body surface (Egs. 21 and 22). This
results in tke following integral equation:

i Yo . 5
"_n' [é ;; {g)q; ;) %‘T{ (9,‘7,9’,&7,2)615 o gk(x'ylz) (30)

K=u2..%

in which ¥G/3n denotes the deriviative of the Green's
function in the outward normal direction, which is given by




V& (X,4,z A
ﬁ(X)qy-lglﬁ’g‘) = VG(X)V)Z)'E' "7,5)‘“ St

where 0 represents the outward unit normal vector at (X,j7,2)
and where (X,y,z) now repres2nts a ccntrol point on
S(x,¥,2)=0.

For the seven problems, all quantities in Eg. 30 are

kncwn except for the source strength functions I LS. N %)
k

(k=1,2, ...7). However, the integral equation cannot be

sclved analytically for an arbitrarily shaped body, and a
numerical approach must be adopted. The numerical apgroach
developed herein involves discretizing ©bcth the source
strength function and the body surface bcundary condition
functions, gk,(k=1,2,...7).

B. DISCRETIZATION OF THE PROBLEH

1. Unifcrm Source Strength Element Method

The technique previously used [Ref. 1] to discretize
the integral equations given Dby Eg. 30 is to divide the
source distribution into a grid of N gquadrilateral panels,
and to assume that the source strength has a distince,
constant value over each panel. Hence, for any of the seven
flcw problems of interest here, £ denotes the strengjth of
the source everywhere on panel j, ij=1,2...N), for the k-th
problem (k=1,2 ...7). The area of paneli j is denoted ¢ty
A% and the induced potential anywhere in the <fluid thus

results frcm a summation of the effects of all the source
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panels. Figure 4 depicts the discretized source surfacs and

resulting potential.

Additionally, the normal poundary condition
functions gk(x,y,z), (k=1,2...7), of Eg. 30 are discretized
by applying the kinematic body surface boundary condition at

only M =selected rpoints on the surface. 1In practice, the
number of boundary condition ("control") points are chesen
to be egual (M=N). For convenience, the control points are
chosen to lie at the centroids of the source panels. Thus,
for each discretized integral eguation, a systen of N linear

equations in N unknowns fesults:

N .
L Z F H LG:(X;I\{LZ"') fl’{’lf)d5:9 S i
G A2 TR ASJ?’“ K {=02...N (3)
in which (x ,y. ,2 ) represents a control point i on the body
T )
surface, at which the boundary condition is teing apgliegd,

and g denotes the value of g (x,y,2) at point i. EJuation
X

) »
g

31 is exgressed in matrix form as

(] gﬂ} 3 igk} K2, Rl T (32)
where [<] is an NxN matrix composed of elements
N 26 (X-v 74.5‘7*)
- - -_—_-Z Jj >h ini,%)%,°,°2 JS (33)

The vecters {fk} and {gg repres=nt the N unknown source
strengths and the kinematic boundary condition applied at

the N «ccntrcl pcints, respectively, for the k~th flow
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problem. It should be noted that the matrix {[eo ] depends
only on the body configuration, water depth, and period of

the moticon ard is the same for all seven cases.

The discretized potential which is induced by the N
source panels is specified by a matrix equation similar to
Egar 203

{<Pk} = [ﬁl {Fk} k=1,2...7 (34)

The martix [ﬁ] is compcsed of elements

ﬁ’;""FZ I[G‘(?7$’X 1,2);/8 (35)

As in the case of matrix [x], matrix {@] is the same fcr all

seven flcw cases.

Integration of the Green's function and 1i:<s
derivatives in Egys. 33 and 35 poses no great difficulty. It
is most convenient to sSeparately integrate the singular
terms. Special ' considerations in performing these

integrations and necessary formulas are provided in Rerf. 2.

A ccmputer solution of Eq. 32 is accomplisned using
matrix inversicn and multiplication, yielding the previously
unknown values of the source strengths. Values of velocity
potential at the control points (panel centroids) are then
obtained directiy using Egs. 34 and 35. #luid velocities at
the <contrcl ©pecints are similarly obtained after first
differentiating the elements of the [@] matrix with respect
to the x,y and 2z directions. Dynamic G[pressures are
calculated frcm the linearized form of Bernculli's egquation.
Pinally, the forces acting on the object are determined by

pressure integraticn (¢r more precisely, summation) cver tae
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surface area of the object as indicated by Egs. 10 and 11.

2. Method of Linearly Varying Source Strength Elsments

An alternative wmethod of discretizing tne Green's
function integral equations, proposed by Wekster [Ref. 10]
for wunifcrm unbounded flow past a submerged body, utilizes
triangular scurce panels over which the source strength
function 1is considered to vary linearly. 1In this way, the
discontinuities or "jumps" in source strengths at adjoining
panel edges (wnich existed in the previous scheme) are
eliminated. Also, since source strengths are not held
constant over the extent of each panel, the discretization
results in a less crude approximation of the <ccntinuous
strength function. An additional "smoothing" eiffect cn the
velocities irnduced near the body is achieved by submerging
the source panel surface inward a selected distance frcm the
actual body surface, although the kinematic body ©boundary
condition is still applied at points on the true body
surface, It is noted that while some smoothing effect «can
be accomplished Lty submerging the sources, this is not a
necessity as 1long as the singularity is accounted for

Frcgerly.

Figure S5 depicts the linearly varying source
strength function for a single triangular panel. The local
cocrdinate system for each panel is defined such that two
triangle ccrners (denoted by a and d) lie on the lccal
x-axis, and the third corner (b) 1lies on the positive
y-axis. aAppendix A gives the transformation between the
body coordinate system and the local coordinate system for a

given parel.

In panel coordinates, the linearly varying source
strength function may be written

&

v



F(§57)=x+B35+¥7 (36)

in which «, 3 and ¥ denote constant coefficients and the
tildes indicate lccal coordinate values as defined in Fig.

5. The values of the source strength at the three ccrners
are

fo = Faa,0) i
{:b = F(o,b) (37b)

fi = fd,o) (37¢)

Substitutuion of Egs. 37 into Eg. 36 allows the
ccnstant coefficients to be <expressed in terms <c¢f the
triangle geometry and the values of the strength at the
ccrners:

@ =(f-f)/(a-d) (382)
«(afi-d£)/(ad
¥=[(a-d)f, -af;+d Q‘l/b(aod) (38¢)

Thus, the <ccntribution to the potential at (x,y,z) due to
the single panel of area AS is denoted by AQ}(x,y,z) and 1is
given by:
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ACP(;,?,E)=jﬁff-(d+ﬁﬁ~'*f’7)6(§,i~,{;}:) ds (39)
a5

~

where § and ﬂ' denote 1local panel coordinates and (x,y,2)
denotes a general ©point expressed in terms of local

coordinates. «

Substituting Egs. 38 into Eg. 39 and collecting
terns allows the «contribution to <the pctential to be t
expressed in terms of the values of the source strength at

the corners cf the panel:

A¢(anli) :{iA‘b@f‘- Fb A¢'b*’€1 A¢d (40)
in which
_(( -bd rbSrdd o oo as
% A¢a-— jggs 47 b(a-d) G T an2)ds (41a) :
= . il |
Ad,= KAS.Z%& G(57:%72)ds (41b) ;
|

ab-hi-a7 . 20 2N
A ¢ :ﬂésq_v?%%c}(?ﬂm 2)ds b

For convenience Ad’a ,Adb., and A()A will be referred tc as !:
simply the "corner integrals" associated with corners a,b '
and d, respectively, for a given triangular panel.

The velocity induced by a single scurce fpanel 1is
oktained ky taking the gradient of Eg. 40:

AQ (%7,3) =1,V (nd)+ L V(ad)+Fvisg,) 2 |




The gradients of the corner integrals are given by

- bd +b$+dd S
V(ng) = ﬂas —m)VG(i,7,x,y,z)4/5 . (43a)

(A X 3b
v(ad,) ﬂas L VG (5.%02)ds (435)

_(( ba-bfa® o v : i
I VR

The evaluation of the three corner integrals (Eg.
41) and their gradients (Eg. 43) @must be accomplished in
local ccordinates <fcr each panel. In performing the
integrations, it is most efficient to separate the Green's
function 4into its singular and non-singular components, and

treat the integrals separately, as follows:

Ad, ﬂas W (/R)ds *5‘( sWa (l/g')ds +5§ sw‘1 (6*) ds _(44a)
A‘bb: %As W, ( VR)dS 4-“&:!&(’//3')4{5 1 fLSWb (G*) d\g (44Db)
Abd :jLs Wd ('/R)ds ;gdswd (i/ R')d S *SSASW& (G*)JS (44c)

V(A(ba) = S(Aswa V(|/R>AS 4-5’&;‘:\&}‘l v( I/R') ds #fgWav(Gf) ds (4°2)

(45D)

v{ady) = ’gA W 7 (R)s + [[st.,, /R )ds f W, 79 s
v (ady) zﬁ,,sw'*v('/fe)ds *f{ W v( V=" Jsfﬂ;}."JV/&‘) AN

c)
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in which % , W , and Wd are linear functions in § andf and
a

are given by

Wa_= - b(i*b gf‘c‘;fv

HTT b (a-d) (462)

= S (46D

Wy AW b o)

Wy = ba—b§-a7 (46c)
4Th(a-d)

Appendix B provides formulas develored by Webster
[Ref. 10] for the closed form evaluation of those integrals
in Egs. 44 and 45 which involve derivatives of 1/R and 1/R!
as well as similar rformulas developed by Yeung and Bai [ Ref.
11] for integrals of 1/R and 1/R'. The integrands are
singular, and it is therefore necessary to evaluate the

integrals analytically.

Integraticon of the G* components of Egs. 44 and 4S5
is made fcssible by assuming that the G* <zfuncticn and 1its
gradient wvary 1linpearly over the triangular panel, (as was
done for the source strength function). This is a
reasonable approxiration since G* is a well-behaved function
that varies slcowly with position on the body surface. The
wave length of its oscillation is approximately the same as
the wave length of the incident wave, and this tends to be
large relative to the panel dimensions in typical
applicaticns.

With G* and WYWG* expressed as linear functicns of

their values at the panel corners, the terms in Egs. 44 and
45 involving these two functions may be expressed as
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jlswa Fds = I, (ab,d, &f, &t &) (47a)
“aswa’dS . Ib(a,b,d) Sl é.4%) (47b)
f owictds = mala,bd, 62,67, e e
SSASWAVG#dS = Io: (a,b,d, UG, F, UG V&Y (48a)
SS‘AS W, 7G¥ds = Ib' (a,b,A, VG;;, U@br'vc,j) (485)
“AS W)y verds = by ,(4, b,d, V6. T6,* 752{#) (48¢)

wherge £ , I , I , IV, ', IV, represent the integrals c¢f the
a b d a b

prcduct c¢f the twec 1linear functions over the triangularc
arca. The integrals in Egs. 47 and 48 were -evaluated using
the formulas givern in appendix C for integrating the product
cof two linear functions over a triangular ar=a and the

resulting integrals are given in Appendix D

The toctal potential and velocity at any point in tae
fluid 4is a result of the combined effects of all the source
panels. For a grid composed of M panels, the potential is
given by

™M
d(x,y,2) = E]:‘ FakACbak(x,v,ZN-Fbka¢b£x,y,z) + &\f%?mﬂ (49)

ané the velccity vector is given by

. M .
T 72 E Ty Tabf )by Toonz) o
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in which f£ eF « £. , denote the strengths at the three
a b d
K k K
corners of the k-th panel.

It should be emphasized that the corner integrals
and their gradieats are evaluated in their own individual
panel coordinate systems. Transformation back to the g3lobal
cocrdinates, described in Appendix A, must be accomplished
pricr to performing the summations of Egs. 49 and 50.

The summations given in Egs. 49 and 50 <can Dbe
re-arranged by —reversingy tae order of the summation. That
is, 1f ccefficients of the strength at a given node are

first summed, then the summation may pe written

N

$(x,4,2) = Z‘ £ 80, (x.4,2) (51)
J:

= N

q(x%y,2) = 3 f; V(Ad;(xy,2) (52)
3=t

in which £ dernotes tae source strength at corner node j
J

(j=1,2...N) and Ad). represents the sum oOf the coraer
3
integrals associated wita node j, for all panels which share

M

ncde Jj as a mutual corner. A Jgraphic representation of the

meaning of £>¢. is provided in Fig. 6 for <ciarity, since it
J

is difficult to exprass mathematically. As indicated in
Pig. & Ad)j(x,y,z) denotes the <contribution to the

potential at (x,y,z) £froa the panels surrounding ncde j.

Each of the surrounding panels may be considered to have

unit strength at the corner coincident with node j and zero

at the other two corners as depicted in Fig. 6.




Tke kinematic boundary condition at the body surface
may now ke applied at N selected points. It 1is <convenient
to use pcints on the surface which lie directly outward from
the corner ncdes of the submerged source surface. 1]
practice, 'it is best to initially define the nodes cn the
actual body surface, and then establish the points on the
sukmerged grid at scme pre-selected submergence distance
alcng the corresponding inward normal vectors.

Aprplication of the kinematic boundary conditions for
€ach of the =seven prcblems o¢f interest results 1in the
discretized versicn of the integral equaticn:

L_L',_)_Acb 53)

g = N oy
fkj A —3Ki JK=1,2..75 (=y2.0N0

where the 1repeated index J indicates summation. The tern
denctes the sum of the <corner integrals for node j,
evaluated at contrcl point i. The derivative with respect

to the outward normal vector is obtained by

(895 - 7 (ad;;)e N, (34)
N

where i, is the unit outward normal vector at the ccntrol
i

pcint i, cn the body surface.

Equation 53 may be expressed more simply as

[=] {rk} ={9k} y e T 230

where the NxN matrix, [ ], is composed of elements




. 3——-M-HA¢” (56)
aIn

Equation 55 is solved by computer, (for k=1,2...7)
using matrix inversicn and multiplication, yielding the
unknown source strengths. Substitution of the source
strengths into Egs. 51 and 52 with evaluaticn at (xi,yi,zi)

(i=1,2,...N), gives the values of the potential and the

fluid velccities at the control points on the body surface.
Tke dynamic fluid pressure is determined wusing the

linearized form of Bernoulli's equation. For oscillation of

the body in its six degrees cf freedom, the gressures at the

surface ncdes (denoted by i) are given by:

. -ict
Pk;r' Re[u’o*d)he ] s =R X T (57
. gt
Pon. =Re Lipo (cbOL f-(b‘,i)e e (58)
\
where o denotes fluid density, and P and <bk denote
K- i

. \
dynamic [fressure and potential, respectively, at node i

(denoted by the subscript i) due to motion in ths k-th mode
of oscillaticn.

The fpressure integrals given by Egs. 10 and 11
cannot Lte wutilized directly to obtain total forces and
mcments, because only discrete values of [pressures are
available. However, it 1is consistent with the numerical
scheme tc assume that the pressure varies linearly over each
triangular gpanel. Based on this assumpticn, the pressure at
any point on a surface panel is expressed as a linear

function of the panel geometry and the values at the corner




ncdes, which are given by Egs. 57 and 58.

The fcrces and moments are then calculated using

fﬂ/'l ds |/ k=)2...6 (30

/

Zﬁ 07/7 6/5 ; /{:./)2,,..6 93

™M
B
M

where F_ denctes the i-th component of wave excitaticn Zfcrce
i

or moment and F'k denotes the i-th component of force or
i

mcment arising from the k-th component of bcdy moticn. The

suzmations c¢f Egs. 59 and 60 are carried out over the M

panels on the actual body surface. The functions 4 £ are
i

given by Eg. 12 and are functions of position cn the

immersed surface. It appears to be consistent with the
numerical scheme to approximate these functions as linear
functions so that they may be defined at interior points by
their values at the corners of the triangles. Thus the
integrands cf Egs. 59 and 60 contain the [fprocducts of two
linear functions. The integrals are evaluated in a
straight-forward manner using the integraticn formulas given

in Appendix C .

The resulting forces F'k (L,k=1,2...6) and F,
1 p

(i=1,2...6) are substituted into Egs. 6, 7, 8 and 9 to
evaluate the excitation force coefficients Cj (J=1,2; «eeb) ,
and the added mass and damping coefficients, M , and N ,

1] 1]
(i,j=1,2,...6) . Finally, the equations of motion for the six

degrees c¢f freedom (2g9. 2) are applied to determinsz the




ccmplete dynaric response of the body.




IV. NUMERICAL RESULTS

A computsr code based on the nuinerical method outlined
was develcped to calculate the hydrodynamic coefficients as
well as the dyanamic response of a floating body in waves.
Using this prcgram, example calculations were made for <two
simple gecmetric shapes: a vertical circular cylinder which

extends frcm the bottom and passes tarough the free surfacs

th =

and a semi-immersed sphere. Computer produced drawings o

the grid configuratioas used are shown in Figs. 7-10.

The vertical «circular «cylinder —represents the oaly
three~dimensicnal geometry for which a closed-fora solution
exists (of the type of interest in the present study), and
therefore, it is of interest =rfor making a compariscn of
numerical results computed by the present method. MacCamy
and Fuchs [Ref. 12] have developed a <closed form solution
for the hcrizontal force acting on the cylindar and this
result is plotted in in PFig. 11 in the form of the
dimensionless amplitude of the force versus the wave length

parameter, 2Wa/L.

Corresponding results computed by the triangular paanel
method using grids of two different finsnesses are shown on
Fig. 11 for comparison with the results of MacCamy and
Fuchs. These results indicate rather rapid convergence of
the solution, particularily at small values of 2Wa/L. The
slower ccnver¢ance (or gr2ater error) at the larger values
of 2Wa/L apparently indicates the inaccuracies associatead
with the assumption of linearly varying source streangth. As
27Wa/L FLteccmes 1large (the wave length becomes small) the

variation of the G* part of the Green's function with




distance beccmes more rapid. Thus, as 2Wa/L increases, a

point 1is —reached where the assumpticn <cf the linear
variation of the Green's function becomes appreciably
invalid. 0f course, as the fineress of the grid is
increased the numerical results tend to agree wita the

clcsed-fcrm exact results up to higher values of 2Ma/L.

Havelock [Ref. 13] has presented results for the added
mass and damping coefficient in heave for a semi-immersad
sphere and these results ars presented in Fig. 12 for
ccmparison with numerical results computed by the present
methed. The figure shows the heave added mass and damping

coerfficients, M and N7 raspectively, for the
22 22
serpi-immersed sphere alcng with the numerical results

computed usirg grids of +two different finenessss. These
u e n

results indicate <that the numerical rce

wn

d
ccnverge althcugh even fcr the finer grid the <r=2sults are

nct yet ccnverged.

Moreover, given the damping coefficient, the wave Iorce
coefficient can be «computed by use of th=2 Haskind's
relations which, in general, relate the <force coeificients
to the far-field sclutions of the corresponding radiation
problem. For the <case of the heaving motion of an
axi-symmstric body a clossd form relaticnship exists between
the heave damping cosfficient and heave excitation <forca.
Thus, Havelcck's results for the damping coefficient in
heave were used to compute the heave excitation force and
this result is presentad in Fig. 13 for ccmparison with the

numerical results.

The numerical results presented for coamparison with
Havelock's results 1in Fig. 13 show a trend toward
convergence and, in fact, the results corresonding to the

finer grid indicate adeguate agreement.
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Finally, the dynamic response in heave and surge for the

case of the semi-immersed sphere are shown in Fig. 14.
These results, showing the dimensionless response in terms
of the respcnse amplitude to wave amplitude ratio, indicate

very little difference between the the two grid finenesses.




A new numerical prccedure based on the use of triangular
source panels has been developed for computing the
interacticn of fixed or floating bodies with waves.
Numerical results based on this procedure ccmpare well with
existing results, and, in general, the procedure appears to
ccenverge to the correct solution.

The value cf the triangular panel procedurz as coapared
to the rprocedure based on gquadrilateral panels of uniform
strength remains uncertain. This will be determined cnly

through experienc2 in application of the two methods.
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APPENDIX A

COORDINATE TRANSFORMATION

In the f£following, the <coordinate traasformaticn 1is
developed which relates the local coordinates attached to a
particular panel, as indicated in figure la, to the gicbal
cocrdinates with origin located at the mean water level. The
glcbal system is denoted Dby O(x,y,2z) and the local
ccordinate system is denoted by 0(X,¥,2).

P
\ ;
Y &
b
o
= 5
z
s Q kp-
~ ' X

Z

Figure l1a-Ccordinate System Locations

The 1location of the o¢rigin of <the local coordinate

system expressed in global coordinates is givern by

[xo )YO,Z-:] = t(xd *q()(a' XA)), (YJ tx (Xx‘yd)), (ZA *«(Za‘zl))] )
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in which (x z X z and (x 2z are the glcbal
(alya: a)r( b:yb. b) ( dlydl d) 9

system cocrdinates of the triangle corners a,b and 4,

respectively, and where

o = (Xa=%) (X X)) # (Yo - 2) (M= 1)) +(Za - 24)(Z6=2d)
(ta-)* v (a-ta)* » (Za-2A)*

. 3 ~ A~ -~ . . z .
The unit vectors in the x,y and 2z directions oI tae
lccal ccordinate system are given inm terms of their

respective glckal system components as

Uy [ FUx,d #Un, k

\\

= Un L * Usz 4—”73A'

Uzl [ £ Uzz:j 7 Uzg /(

Yy S~y
|

W\

-— - ——
'~ 1

. S s = ~
in which i, j and k
directions, and i, j and K are the unit vectors in the x, ¥

are the unit vectors in the x, Yy and Z

and z directions.

The terms u , 4, ...u0 are defined as fcllows:

X‘ xz 23

Ug, = (%= %4)/ 1 dal
Ux, = (fa- %)/ 1 dal
Ux, = (zg-24)/) dal
Uy, = (X4=Xo) /1ol
Uy, =(¥,-7.) /1 obl
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u‘/3 = (Zb-Zo)/'\ O—E\

; ul).: L‘XS u\(‘- Ux‘Uys

\Jz_s = U,l u:,_z'— u,{z u."

where

lda\ =fXa= K0 ¥ (Ya- 14)° +za- 200"

and

= 2, s \
|ob) _J(Xc-xb) F(fo= 1) +@ZemZu)
E The transformation matrix is then defined as

1 N

[T]-’- Ly, Hya Gy,

Transformation Dbetween global coordinates arnd local

coordinates is accomplished in the following manner:

{ X X=X, X g X) (X
yi=(T1 tr-r} Y3=[T] (Y{+{¥%
| Z z-7, |z Zl |z,
| )

44

e



T
in which [T] denotes the transpose of the matrix [T].

Similarly, a vector Juantity, F, evaluated in the local
coordinate system is transformed back to global coordinates

using

= (11"

&T\‘?\,:ﬂ
oo, TR

L -~ -~ o ~ -~ .
in which F , F and P are the x, y and =z components 1n
X Y Zz

lccal ccordinates and F , P and F are the correspcnding
X y z

ccmponents in the global systen.
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APPENDIX B

FORMULAS FCR EVALUATING INTEGRALS INVOLVING 1/R AND 1/3!

The terms of Egq. 44 which iavolve 1/R and 1/EK' are
evaluated as follows, using the panel geometry defined by
FPig. 1k.

Y, 7
(0,b)

.

>

\A”

‘23)0) (5)0)

Figure 1t- Panel Geometry

"bd+b§+d‘"~L = 1 1~ A
ﬂ‘AS 4m b@-H)R ~ 20 (a-d)4m {ZP ZT+dRyy+

<b1+—ad) Fab/cz - Fc“:) + [2}3}"'(52' f‘Cld)(zzi’g)JIa:;/C

+e(Z*- f—;z) Ly - [2y0p'-d(y*+2)] I




{f ba bg Q.Qd | { .
as 4Mbla-d)R ~ 2zb(a-d)4m ‘Zf’zT—aRaa

+o*+ ad)Fy, fe? - By + [2.20'= (b*+ad)(Z2+2 )]Id;_,/e

re(F2-£)T7 +£1VP a(§*+2")] Taa }

JLS—%mdS = Zb‘fﬂ {Z_qi ?-+RM f’aFab/CZ ‘d%b/@z
+ [25,-a (erfé)]IaZ/c ~£ B T .y

—L[2§r2'-d (22+€-§2)]IJ,, /e

in which the following definitions are applicable

- Sa(R-ay* + G2 2t e=y/d% 4 b?

rbf«/fz +(-b)* + = ¢ =/a*+b"

a =JE-DE+ 4% Fzt

P= bfm? -ab pl= b3 rly -

Pa= aR b7 -a? A =dR - b -d*

A =ax -bjrb® /’:r/i—bifb‘

Tz - ton™ G0 o ran™ [Ha0a2
+ tan”™ __b__._ga“:f” - tan ”E/”;/ b*éx—d)/’qj

T,i = log [ra (X201 /[y £(5-d)]
Ia-:, = Jog [(Crzt A)/(cr, £ 4)]
I; = Jeg[(ery £2) /(e ry, £ 5')]




Rad = Vo (X-a) -vy (x-4)

. : + _
Fab = A = E Tap = ~ 1

— / [y s S
Flo =k, =L Lod= ~ L,y

Formulas for evaluating the terms of Eg. 45 which
involve tke gradients of the 1/R and 1/R' integrals are

given by Wekster [ Ref. 10] as

(((—bd+b S$+d% > — (¥t 3% b
( 47 b @-d) %Y( )G/S g._g.&_-—z(r&—rb‘)

+ b5, 2l
+[.C(d 7t 3]I+ Eé%”}
ba-b$=a7 o « ¥ T Z—T— s
Sgas 4ib (a-d) ox(/R) (gd‘;) "éi(rb 'd)
B
+[ e(a—a) ]T C(a J)}

SSAS L RS = {2 () e b n) b [ 2, l‘“’];

—bdfb?fd’?_@_ i R il ~ A
% PENYCEED) (R)ds = féfjﬁzr-%(n-@

—~V,‘ a/’b / dD]/a
= Foc@) I be(a-d)

io‘(




ba-bE-47 2 (I N (p_z;d+azT d e
Sgs 41 b@—d) b (/R\ds { ———-—@ 0 ( a

r _ arL}

_(l,»-r:{) [ Je@’;)]I B be(a-d)

G_

ﬂ ’?',7" %?('/R)a’s = {E Ia_ab+"Z'T+_C{_(rb-r.)s,%(ra—rb)
AS /

+[8 al]ry - [Y Tt ]

2 achb =5
ﬁA; b#%tgjd} ')Tz(l/R)dS - b(a ()ip i ab +eIly,

SSA ba=b$-a% %(I/R)ds & b/@—j) {‘P'?-Cf’-"/"z)iid,[

S LIbe (0 -t«/)
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APPENDIX C

FCRMULAS FOR INTEGRATICN OF LINEZAR FUNCTIONS OVER TRIANGULAK
AREAS

All formulas given are appiicable <for a rxriangle

pcsitioned as shown in Fig. 1c, with a>d and b>0.

0,b)

° @,0) (a,0) X

Figure 1c¢c- Trianglie Gecmexry

1% f(g,Y) and g(f,?) are any linear functions <xpressed

e X+ BX+YYy

gEn= <" t8'x r¥'y

and thes function values at the triangle corners are denotad




by fa, fb' £

then:
d' ga' gbl gdl

ot = 0’{{"6/[4 | «'=aqy -q.d
a-d
8= &"6 ‘Bl: 4.~ 9
a-d
h :(’a'd)Fb‘aFd rdé 5':(a—d)gb.—agé+—daa
b(d'd) b(d’;/)
and the integrals of f(x,y)ds and f(x,y)g(Xx,y)ds are given
by
ﬁ fXpds = (Fa r b v £\
' g 3 i
and
ﬂS{:Q?,?) g(i,y)ds — o'W H(B i—o(,(%')v\jz
+ (XY + X FYW+ (Y5 BY YW + BB W Y Wi
where

W, = % ds=%)b

5

Wy Rds = (@=d3t




W‘B:“s %ls = (a‘:)Bl |

Wy, =ﬂ5 Xyds = bz(za:—dz)

g W5: ﬂs YZCIS = éz‘f'a/zfu?b’/x&/ﬂ/) b
{2

W= (| $2ds = 63ah)

o /12




APPENDIX D

INTEGRATICN FORMULAS FOR INTEGRALS INVOLVING G* AND VG*

The assumption of a iinear variation of G*( € 7N ;X,Y,2)

OVErL a given trciangular pan2l, and the sSupse&guent
apglication of the formula for tne integral cf the product
of two linear functions, given in Appendix C, leads to the
following exgressions for Egs. 47 and U438 which involve the
Gx* term. (cefer to Fig. 1b for applicable triangle

gecmetry.)

( —bd+b$+d% « a _L_~#— .
SS m Ghds = LfTTLA-'J)LLC\Al +C1AL+ Ly A;j

batbs-a? ~* | - — C
| Patpioal ctds s o les s Cup.r 68

: ¥ = : 2
%As_ﬁ_‘% Gt ds bl [C.D +C,D,+(,D5]
in which

Ci = & =&t

' a 0
C,= [la-d6f-a Gl +dGr] /b

¢,= La&l -dGr]

e
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A - b(la—d) A e ‘b_% Aa:b/é

T 2T 2y

BI - (a2 +d) b Bl-_- b? BB: b/é
24 2

D, = b(2dta) p, = b D3“—'b/é
2k 24

The integrations involving the gradients of G¥ similarly

result in the following expressions:

~bd tb s Fd# 3
SSAS A/; bZﬂ -c/) VG*JS 477(‘1"’;)1 chl)Al f(VCQAz*(VCj) /)13]

baths-a7 "
ﬂ s 4Tb @A) it 7T @-d)* e, ee.) B, kwerB, ]

/ ,
ggAS 41Tb V&rds = YT b@-d) B Ve)D, +(@ €, )0 +<\7C3)AD3]
whsre

Ve, = 1280, § 26°10,0) 4 267(@,0)
: oX Ay AZ

-3¢0 _ ‘?&@o\ E?—G—(‘*O)
X dy 2z

- = [(a-)(T 2&lom) | 7266 b, aﬂd)
VLX [(a ‘)(L 3% + -_-)%7 )

N

Su4




+d T?_}_G:(a,ﬂ T3&8@,0) T
( =) ¢ ] 37&_)%33_(’;(&,0))]/&,

Ve, = [a(13¢do), T26%d0 | [
'3 r_ (L BX( O)f J?_‘;’.(d}"\ k_@%?&,o))

—d (728G [ Tac e,k
0N+ F26Te) 4 g_cr"(g)a))]
7 2z




h S(x,y,z)=0

711777777/ 77 /7777777

5 , Fig.-1- Problem Definition
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Fig. 2~ Definition of Body Motion
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y)n
$(x,y,2)
S(x,y,z)=9 R
Xt
z.r ®=fs(5,".;)G(i‘".;;x.y,z)ds

Fig. 3- Potential Due to Distributed
Sources
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Fig. 4- Uniform Source Strength Discretization
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E 3 Pig. 5- Panel of Linearly Varying Source
Strength




Fig.

6- Contribution to Potential at Node i
From Panels Surrounding Node j




/’/4,“ o s
‘\
\
7 \

\ Yy
\) / N /
\ /"/ “:-\ /

/ \ /
\ AN
N\
\ N ’)
\ / \ /
i
N g //"
\ L
. Ve
SO e

Figure 7 - QUARTER OFP A 13 NODE HEMISPHERE
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Figure 8 - QUARTER OF A 25 NODZ HEMISPHERE




Figure 9 - QUARTER OF A 48 NODE CIRCULAR CYLINCER




Figure

10

QUARTER OF AN 80 NODE CIRCULAR CYLINDER
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Added Nass and
Damping Coefficient

2.0 F

X 13 node hemisphere
e 25 node hemisphere
—— Havelock (Ref. 13)

6'25/g

Fig. 12- Heave Added !Mass and Damping Coefficients
for a Floating Hemisphere
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2

F(max)/pga
X o X 13 node hemisphere
% e 25 node hemisphere

Havelock (Ref. 13)

0.4 0.8 1.2 1.6 2.0

Fig. 13- Heave Excitation Force for a Floating

Hemisphere
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