/)

Tho S -
TR

c W

.

N .s."'"-?.-'f'

N : X
w “‘“‘Y‘- e

navioson /), !

BORATORY

OCEAN ENGINEERING

DEPARTMENT

|
I

STEVENS INSTITUTE OF TECHNOLOGY




OCEAN ENGINEERING DEPARTMENT
Stevens Institute of Technology

Castle Point Station
Hoboken, New Jersey 07030

Report SIT-OE-72-10

" October 1972

THE HYDRODYNAMIC INTERACTION BETWEEN
TWO CYLINDRICAL BODIES FLOATING IN BEAM SEAS

by C. H. Kim

This investigation was supported in part by the National
and Atmospheric Administration, Office of Sea Grant, und

Oceanic

%r Con-

tract NOAA-2-35249. Requests for copies of the report should be
addressed to the National Technical Information Service,Operations

Division,Springfield,Virginia 22151. (SIT-OE-DL Project

Approved

‘xii + 46 pp.
21 figures

Jéhn P. Breslin, Head

3841/214)

Department of Ocean Engineering




R-10

ABSTRACT

An analysis is given of both wave- and motion-induced forc%s and
moments on the individual bodies of rigidly connected twin cylinders
performing three modes of motion in beam seas. The diffracted and radi-
ated waves are evaluated and by the Haskind method the wave-exciting

forces are determined.

Furthermore, an anlysis of the hydrodynamic interactions between
two different cylindrical bodies floating freely in beam seas is also
given and their relative heaving motions are evaluated. A description
is given of the application of the strip method in evaluating the hydro-
dynamic forces and moments as well as the response motions of a t@in-hull

ocean platform in beam seas.
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Hydrodynamic Interaction
Diffraction

Radiation
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NOMENCLATURE

Aw waterplane area

Aim) complex radiated wave amplitude ratio }
|

A£°+e) diffracted wave amplitude ratio ‘

a incident wave amplitude

B beam or restoring force (moment) coefficient

c two-dimensional added mass coefficient

C_., etc. added mass coefficient defined in Eq.(29)

CSS’ etc. added mass coefficient defined in Table 1

c section contour

D diameter

D, constant defined in Eq.(14) |

d depth

F force or moment

Fsi,etc. hydrodynamic force or moment defined in Table 1|

F(m), etc. wave-exciting force (moment) derived from the radiation of

mode m , defined in Eq.(A-17)
Fée), etc. wave-exciting force defined in Table 4

F., etc. wave-exciting force defined in Eq.(24)

, etc. non-dimensional exciting force defined in Table 4

f 4 o etc. non-dimensional exciting force defined in Eq.(18)

fHa , etc. non-dimensional heave-exciting force defined in Eq.(29)
G center of gravity
G Green's function (source potential)
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g gravitational constant
h wave elevation

1 moment of inertia

4 hydrodynamic moment arm

zssr, etc. hydrodynamic moment arm defined in Table 2

K mean wave force or constant defined in Eq.(14)
L constant defined in Eq.(14)

M integer, moment or inertial mass

Mnn, etc. inertial mass, moment or moment of inertia defined in Eq.(22)
m number of mode of motion or sectional mass

m'! two-dimensional added mass

mi g etc.' two-dimensional added mass defined in Eq.(27)
mgs, etc. two-dimensional added mass defined in Table 1
N integer or two- or three-dimensional damping coefficient
N_,» etc. damping coefficient defined in Eq.(27)

Ngg» etc. damping coefficient defined in Table |

Nnn, etc. damping coefficient defined in Eq.(22)

0 ' origin of the coordinate system

p hydrodynamic pressure

Q ' source intensity

r field point

S amplitude of displacement, surface or spacing
S_,0 etc. surface at y— -» , etc.

S length of contour, segment or spacing

T draft of hull or period

t time



X,Y,2Z Cartesian coordinate system

X,Y,Z components of force

SUBSCRIPTS

a indicating body a

b indicating body b

D indicating diffraction

f indicating force

H indicating heave or heaving force
h indicating wave

| indicating incident wave

i =1, or indicating the imaginary or hydrodynamic damping

part
j indicating jth segment : i
k indicating kth segment
o indicating origin
r indicating the real or the hydrodynamic inertial part or

relative motion

S ' indicating swaying
R indicating rolling
W indicating waterplane or waterline
+ indicating y—%e

SUPERSCRI PTS

e ‘ indicating even function
o indicating odd function
m indicating mode of motion

xi
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GREEK LETTERS

=2 == X

slope of a segment

suffix standing for e, o or (et+o)"

suffix standing for m for radiation and B for diffraction
volume of hull displacement

non-dimensional damping coefficient

phase angle

velocity potential, or rolling motion or suffix indicating roll
wave length

wave number

water density

yawing motion or suffix denoting yawing

pitching motion or suffix denoting pitching

the y-coordinate of source distribution, swaying motion or
suffix denoting swaying

the z-coordinate of source distribution, heaving motion or
suffix denoting heaving

circular frequency

Xii
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INTRODUCTION

An investigation has been conducted at Stevens Institute pf Tech-
nology into some problems of the hydrodynamic interaction between two
bodies floating in beam seas: 1) the hydrodynamic loadings on individual
members of rigidly connected twin cylinders performing three modes of mo-
tion in beam seas, and 2) the hydrodynamic interaction and relative heav-
ing motions of two different cylindrical hulls floating freely in close
proximity in beam waves. Both problems have not been treated before.

Ohkusu]’2 has evaluated theoretically the hydrodynamic forces and
moments on two or more cylinders heaving, swaying and rolling on a calm
water surface. Ohkusu and Takaki3 have applied these analyses to evaluate
the motions of multi-hull ships in waves. Wang and WahabLl have also
studied the hydrodynamic forces on twin heaving cylinders on a calm water

surface.

These investigators used the method of multi-pole expansion to
determine the unknown velocity potential. |In these analyses, the in-
dividual section must be symmetrical about its own vertical midplane and

the two cylinders must be identical.

Lee, Jones and BedelS have reported theoretical and eXperimental
evaluations of the hydrodynamic forces on twin heaving cylinders on a
calm water surface. Their theoretical analysis followed the method of
source distribution over the immersed contours6 of the cylinders. Con-
sequently, cylinders of arbitrary cross-section not necessarily symmetric
about their vertical midplanes can be dealt with, This investigation also
assumed the two cylinders to be symmetrically disposed with respect to

each other.

1 . . s .
Superior numbers in text matter refer to similarly numbered references
listed at the end of this report.
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All these investigations‘"5 of multi-hull cylinders assumed that

the cylinders are rigidly connected.

The present study also applies the close-fit source distribution
method pioneered by Frank.6 We assume two arbitrarily shaped bodies,
which do not have to be either symmetrical about their vertical midplanes
or to be symmetrically disposed with respect to each other. Furthermore,
the two bodies may be unconnected or connected either rigidly or elas-

tically.

This investigation, based on two-dimensional linearized theory,
considers both the radiation and diffraction problems for two arbitrarily
shaped cylindrical bodies floating in a train of beam waves; the hydro-
dynamic inertial and damping forces and moments due to swaying, heaving
and rolling of the cylinders on a calm water surface and the forces and

moments induced by beam waves on the fixed cylinders are evaluated.

Brief descriptions will be given of the methods used to evaluate
the unknown velocity potentials for the radiation and diffraction problems.
Since the fundamental velocity potential of a two-dimensional pulsating
source of unit intensity located below the free surface and satisfying the
required hydrodynamic conditions inside and on the boundaries of the en-
tire deep-water domain is a well-known solution stated by Wehausen and
Laitone,7 it is only necessary to discuss here the kinematical boundary

conditions on the body contours.

Two applications of the theory will be considered in detail:
1) the analysis of the hydrodynamic forces on two rigidly connected cyl-
inders, and 2) the relative heaving motions of two unconnected bodies in

close proximity. Results of calculations for these cases will be presented

and discussed.

The present investigationwas partially supported by the National
Oceanic and Atmospheric Administration, 0ffice of Sea Grant; Stevens
Institute of Technology Project 3841/21k4,



KINEMATIC BOUNDARY CONDITIONS

THE RADIATION PROBLEM

Consider two arbitrarily shaped parallel cylinders oscillating in
prescribed (arbitrary) modes of motion, on or below the calm water sur-

face, with given amplitudes and phases in the form

[s] = sima) e it
(1

(mb) -1 (esasb-l- U)t)
[S]b =S e
where (m)
Sima) R Sbmb = amplitudes of displacement in the mode of motion

m_ and m respectively (ma or m = 2,3,4 corre-

sponding to sway, heave, roll)

€g Sh = phase difference between the motions of bodies
a

a and b
For a certain kind of problem, such as the relative heaving motions be-
tween adjacent bodies, it may be convenient to refer the phases of the

motions to the wave-exciting force.

The space coordinate system is defined in Figure la: the y-axis
lies on a calm water surface, the z-axis points vertically upward, and
the origin 0 is taken at the midpoint between the two walls of a and
b .

The body contours of a and b are approximately represented by
polygons with a finite number of segments Sj . A pulsating source of
unknown strength is uniformly distributed on each segment to represent the
flow induced by the motions of the two bodies. The velocity potential for

7

the source of unit strength at (7,{) may be written as:

Gly,z;m,g)e” " (2)



where (y,z) is the coordinate of a field point. The resultant velocity
potential is represented as a sum of all of the discrete source segments
of the polygonal approximation to the wetted contours of a and b ,
Mg,Mp, €
TR S [ &ly,z:m,0)ds
j=t sy,
(3)

M
+2 Q[ G(y,z;n,0)ds
k=1 Skb

where Sja s Skb = jth and kth polygonal segments of a and b , re-
spectively, where the orientation of the segment is
in accordance with Reference 6
Q_j y Q= (uniform) complex source intensity of the jth and kth
polygonal segments of a and b , respectively
and the time dependent factor e” 't is omitted from hereon.

The unknown source intensities Q are determined numerically,

satisfying the kinematic boundary conditions,

% )‘ma’mb’ €saSh) (ma)
5% Ya’za = -I(Dun ya,Za
3 (mg,my,, € g, ) (m) -ieg s,
S% (Yb’zb) a = -lUJUn (Ya:za)e 8
m
with ui a)(ya,za) = sin o for m_ =2
= -Cos o 3

= -(ygcos o + 2z, sin ak)

o = angle of the kth segment Sk with respect to the y-axis for
body a, and similarly for body b. The normal velocity %% in Eq. (k) is
taken to be the velocity induced on the kth segment by all of the other

segments.

Three special cases of interest may be mentioned. |f the bodies a -

L



and b are rigidly connected twin cylinders, Eq.(4) takes the form

(m)

g% (Yavza) = -iwun(m) (Ya’za)
(m) e
m

S (ypozp) = -iou ™ (y,2,)

while if body a 1is oscillated while body b is fixed, Eq.(4) reduces to

20 (y,.2,)

o iy (M
dn = tleuy (ya’za)
(Lb)
2™ (y,.2,)
=0
on
and if body a is fixed while b is oscillated, Eq.(4) reduces to
d (m)
2 (varzg) = 0
(Le)
%9(m)( ) = -iou ™ (y,,2,)
n Ybazb = n Yb’ b
THE DIFFRACTION PROBLEM
Consider an incident wave
h=ae' Y (5)
where
a = wave amplitude
v = wave number

and the time factor e"'mt is omitted in this and subsequent sections.
This wave encounters the fixed arbitrarily shaped bodies and is dif-

fracted.

The velocity potential corresponding to the incident wave is
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(ove) _ _ iga vz iwy (6)
<p| w

which can be expressed as odd and even functions of y,

¢§°) = %? e? sinvy

(7)
cpfe) =__l_g_q_ e Zcosvy

The odd function w}o) corresponds to the part of the flow which is

asymmetric about the z-axis, while the even function wfe) corresponds

to the symmetric flow.

The flows represented by the potentials ¢E°) and mfe) are dis-

turbed in encountering the bodies. The disturbed flows corresponding to

¢§°) and ¢fe) are described by diffraction potentials, denoted ¢S°)
and @De , respectively. These potentials are represented in the same

form as the radiation potentials [Eq.(3)], but with different source in-

tensities, Q .

The unknown source intensities are determined by satisfying the

boundary conditions

al®) 2ol®
r (Ya’za) = - 'é'n_'— (Ya’za)

(8)
5p(®) 2p(®

D 1
3 (Yb,Zb) =< &n (Yb,Zb)
where B =0 or e, on the straight-line segments representing the con-

tours of a and b . Thus there are two separate boundary conditions

for the asymmetric and symmetric flows.
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HYDRODYNAMIC FORCES AND MOMENTS

RELATIONSHIP TO POTENTIALS

The linearized hydrodynamic pressure is given by

p(‘Y) - ;pwq;(Y) (9)

(my,mp, € )
where, for the radiation problem ¢(Y)= (] SaSb , and for the dif-

fraction problem w(y) = ¢§o+e) + ¢£o+e) . Using the single superscript
notation for the radiation or diffraction problem, the hydrodynamic forces

and moments are given by
(v) . (v)
Fe =-[p'V dz

C
Fév) - ip(\r) dy (10)

FéY) = { p(Y)(ydy + zdz)

where C = contours of bodies a and b_.

Non-dimensional hydrodynamic moment arms for the sway and heave

components of force, taking into account that the pressure is complex,

i.e., p(Y) = pEY) + ip§N0 , can be written as

(¥),4
G I Jt;pr -
S, T e
c
I ng)zdz
$0 =1 b ' (11)
Si T I piY dz
c

[cont'd]



(V) q
o 1 {pr ydy
P T {pEY) dy
(1)
Ipmydy
G I
Hi T { pEYS dy

where T = the maximum draft of the two bodies and subscripts S,H,R

indicate swaying and heaving forces and rolling moment, respectively.

The hydrodynamic force (moment) has real and imaginary parts,

for instance

S 0B ) B Fé\'() (12)

S SI" ]

In the radiation problem, the real part is called the inertia force
(moment) while the imaginary part corresponds to a hydrodynamic damping
force (moment). In the diffraction problem, the complex force defines
the amplitude and phase of the wave-exciting force relative to the
passage of the crest of the incident wave by the origin 0 . The hydro-
dynamic moment arms also consist of inertial and damping parts in the
radiation problem. In the diffraction problem, however, the moment arms
of the real and imaginary components are identical because the force

and moment maxima occur at the same instant.

FORCE AND MOMENT COEFFICIENTS

Hydrodynamic interactions affect the pressure distributions and
forces acting on the individual bodies. Certain components of these re-
sultant forces and moments may be considered as internal forces for the
evaluation of dynamic structural loading on rigidly connected cylinders.
The hydrodynamic forces and moments exerted on individual bodies are
useful for the evaluations of the motions of the individual bodies when

they are either coupled or unconnected.

8
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Table | defines the various force and moment components, in

accordance with Eq.(10), and their corresponding dimensionless coef-

ficients.
TABLE 1. ADDED MASS AND DAMPING COEFFICIENTS
ADDED MASS DAMPING COEFFICIENTS
Mode COEFFICIENTS :
(2) ¥ (2)
aooEse o L ms | LB | s
2 - -
SS o 5. gom® | SS @ S —-
(2) (2)
"SH u,z SH ™ I one | SH W S T —
2) (2)
1
m! = FR" I - .&_ N = f_&i—_ 5 - _'15.&_.
SR ° SR 1 pn1? SR W SR L wpnt?
(3) (3)
m't = Fsr c = mﬁs N = Eil_ 6 = NHS i
(3) . (3)
3 m' . = Fhr C. = "HH N = FHi 5§ = _.EEEL_.
HH w? HH .;. p1'I‘T2 HH w HH % UJpTTTa
e Re |o o HR | Ri e HR
HR  ° L HR w. HR 1 yonT@
(5 . )
m_ = Fsr_ c - ._.T.;'S.S_. N = f_s_'_.. 6 = _ER_S.__
(4) " (#)
]_|_ mt = FHT‘ c = mRH N - FHi ) = ._._N.&_.—
(L) T
RR w° RR -:‘_; priT* RR w RR .;- wpﬂT“’

The first subscript denotes the mode of motion (in place of the

parenthetical superscript used previously; the forces, moments, and

9
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coefficients do, however, depend on the details of .the modes and phases
of the motions), while the second subscript denotes the components of

force (moment). For example,

qugR = the roll hydrodynamic inertial moment induced by swaying
motion of unit amplitude of displacement
WNew = the heave damping force induced by rolling motion of unit

amplitude of displacement

The hydrodynamic moment arms, according to Eqs.(11), are presented
in Table 2. The subscript notation is analogous to that used for Table 1,

so that for example 4 indicates the moment arm for the hydrodynamic

SSp
inertial sway force induced by sway motion.

TABLE 2. THE HYDRODYNAMIC MOMENT ARMS

MODE INERTIAL PART | DAMPING PART
(2) (2)
fssy = Ls. Les; = sy
2
(2) (2)
£ = 4 £ = f
sH. = “H, sH; = Luy
(3) _,(3)
fus, = s, s, = s
3
4 = .8 P AE)
My~ O HHp = H,
_ W) _ L,
‘Rsr =45, zRS; =4
* (L) (&)
PR = 2u, T

The roll moments may be expressed in terms of the heave and sway

forces and their respective levers as indicated in Table 3.

10



R-10

"TABLE 3. MOMENT COEFFICIENT RELATIONSHIPS

£

®sr = Css “ssr * Csn Ysn,

8sp = s zssi * Soy ”sni

CHR = Che 4 + C

Sur = Sus LHSI * S ZHHi

Car =

%kr = Oks frs, * Oa £RHi

The wave-exciting forces and moments may be expressed in dimension-

less form as shown in Table 4.

TABLE 4. THE NON-DIMENSIONAL EXPRESSION OF THE
WAVE-EXCITING FORCES AND MOMENTS

(B)

F
fés) = 7;55;5 sway-exciting force

(B)
Fi

heave-exciting force

® _
fH " pgabB

O

p gaBT

(8) _
fR)—

roll-exciting moment

where ‘
B = beam of the body (a or b)

f =0 or e corresponding to the odd or even potential

wfo) + ¢go), or ¢Ee)+ CPlge)

A
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The wave-induced moment can, of course, be represented in terms of
the sway and heave forces and corresponding moment arms in accordance
with Eq.(11), in a manner similar to the motion-induced moments (Table 3).
The separation of wave forces into odd and even parts will be shown to

be useful for the case of the catamaran-type ship.

RIGIDLY CONNECTED TWIN CYLINDERS

A1l of the above formulas may be applied for bodies a, b and a+b,
regardless of whether the bodies are similar (some care and consistency
must be used in choosing and using relevant dimensions, draft and beam,
for use in the dimensionless coefficients if the bodies are not twins).
Based on a limited number of numerical calculations for rigidly connected
twin cylinders, one obtains the relation between the forces on bodies a
and b as shown in Table 5. It is observed that the magnitudes of the
forces on a and b are identical in magnitude throughout, while some forces
on a and b act in opposite directions.

TABLE 5. THE RELATIONS BETWEEN THE FORCE COEFFICIENTS
DUE TO MOTIONS FOR TWIN BODIES a AND b

[egila = “Cogudy » Dogyly = -Logyly
[eggl, = [Cgedy » [8ggd, = [ogcdy

SR-a SR~ a
[eysds =- [cHs]b , [aHS]a = -[aHS]b
(eyds = [cHH]b , EGHH]a = Ls,],
[ypda =-Loyrly o Loyl = ~Loypdy

[cRH]a =. [cRH]b , [aRH]a = -[6RH]b

[Crely = [Cpgdy » LBpgdy = [8psly

Ceppla = [Cppdy » [8ppda = [8ppdy
[26ha = Loy » Usuila = ~Bsnidy
(25, o= [2ss,y o[2657da = Lhssy ),
[oeHSrJa': [!'Hsr]b :[szi]a = [I'Hsi]b
[zHHr]a=-[£HHr]b ’[ZHHi]a =-[£HHi]b

[zRHr]a':-[flRHr]b ’U'RHi]a = '[«eRHi ]b
[zRSr]a= [LRSer ’[sti]a = [2ps;y

_ FAC
(681 =008, {1, =[P,

12



R-10

Consequently, the resultant hydrodynamic forces and moments may
be given as shown in Table 6 where the subscript (gfg)for the rigidly

coupled bodies is omitted.

TABLE 6.  THE RESULTANT HYDRODYNAMIC FORCES AND MOMENTS DUE
TO MOTIONS FOR TWIN CYLINDERS

Css = Alsgl, + Bgs = 2M’_ssja
Coy = O » bgy =0

Csr = 2LCsply » Ogp = 2L8gp],
Cys = © v s =0

Cyy = 2Ly o 8y = 200y, ],
Chp = © » Syp =0

Crs = Csr » Ops = g

Cru = © v Spy =0

Cpr = Crply » 8pg = 2Lopel,

Based on a limited number of numerical calculations of the wave-
exciting forces and moments on fixed twin cylinders in beam seas, one
finds that the relations between the forces (or moments) on individual
bodies a and b are as shown in Table 7. The odd and even components of
the wave-exciting forces and moments on bodies a and b are equal in
magnitude throughout, whereas some forces on a2 and b act in opposite
directions.

TABLE 7. THE RELATIONS BETWEEN THE WAVE-EXCITING FORCES AND
MOMENTS FOR TWIN BODIES a AND b

T, O,
reloh1, = i3, L relda = reley,
- 0, o, - )
(¢, = 1081, {9, - el
(28, = el el = ale)y

13



TABLE 8. THE RESULTANT WAVE-EXCITING FORCES AND MOMENTS
FOR TWIN CYLINDERS

ﬁ
I

(o)
" 2|:fSo ]a

f
H 2[f'ge)]a

f, = 2[f§°)] = 2[z§°) f§°) + z§°) fﬁ°’]a

These relations which arise due to symmetry, exhibited graphically
in Figures la-d, afford considerable simplications for evaluations of

catamaran-type configurations.

For convenience, the previously defined force and moment coef-
ficients C,8 (Table 1) will be called the forces and moments. Figure la
illustrates a typical force system, induced by the heaving motion of the
twin bodies. The heaving motion induces both heaving and swaying forces,
[CHH], [6HH] and [CHS], [6HS], respectively, on the individual bodies a
and b . The swaying forces [cHS]’ [6HS] on a and b are equal, op-
posite and colinear; hence, the resultant forces on the twin bodies (a+b)
are only the heaving forces ZECHH]a and 2[6HH]a (see Table 6). Fig-
urel brepresents a typical force system induced by the swaying motion.
This motion also induces both heaving and swaying forces on each body.
The sway-induced heaving forces [CSH] and [GSH] on a as well as b
set up a couple which contributes to the resultant rolling moments
ZECSR]a and 2[65R]a (see Tables 3,6). The sums of the swaying forces
on the twin bodies (a+b) are equal to Z[CSSJa , Zfass]a , which also
contribute to.the resul tant rolling moments Z[CSRJa ) Z[SSR]a (see
Tables 3,6).

Another typical force system is that induced by the rolling motion,
as illustrated in Figure 1c. The rolling motion induces the heaving forces,
[CRHj’ [aRH] and the swaying forces [CRs], [sRSJ on each body. The
heaving forces set up a couple and hence contribute to the resultant roll-

ing moments C on the twin bodies (a+b) [see Tables 3,6]. The

RR ’ 6RR

14
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swaying forces on a and b are equal. Their resultants on (a+b) are
equal to 2[CRS]a and Z[6RSJa , and also contribute to the rolling mo-

ments C 6RR (Tables 3,6).

RR ?
The non-dimensional expressions of the wave-~exciting forces and
moments are defined in Table 4. Referring to Figure 1d,first let us
observe the typical wave-induced force system. The even and cdd wave
potentials induce both sway- and heave-exciting forces. The sway-exciting
forces on a,b, [fée)la ’ [fée)]b , are equal, opposite and colinear, while
the heave-exciting forces [féo)]a , [fﬁo)]b set up a couple.
We see from the figure that the resultant roll-exciting moment
and the resultant sway-exciting force are due only to the odd wave po-
tential, whereas the resultant heave-exciting force is due only to the

even wave potential. (See Table 8.)

THE RADIATED AND DIFFRACTED WAVES

We consider at first the evaluation of the radiated and diffracted
waves generated from rigidly connected twin cylinders floating in a regu-

lar beam wave.

The radiated and diffracted waves generated by a monohull cross
section floating in a regular beam wave were evaluated in the previous
work.9 The radiated or the diffracted wave is the vector sum of the far
field waves induced by the pulsating sources Q(Y) distributed on the
sectional contours, where Yy = m (mode number) for the radiation, and
Y = B (0+e) for the diffraction problem.

'The asymptotic expression of the velocity potential ¢(Y) at

y=+to for both radiation (y=m) and diffraction (y=B) are identical in
their forms (see Ref.9).
()
Al
+

\%

; z 1 (V)
el(ivy+-gt ) (13)

vz
e

(v)

where £ suffix refers to y—+wor -= ., |t is to be noted that N
denotes both the potential per unit amplitude of displacement in forced
oscillation for +y=m and that per unit amplitude of the incident wave

for =B . The AL(Y) and ei(Y) are evaluted in a fashion similar to
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that given in Ref.9, where the arbitrarily shaped geometry and both sym-
metric and asymmetric flow conditions will require that the term with

(-l)m in the formula Eq.(25) of the above reference should be taken as
zero. Hence,

AL =\] 07, o0

) T 0.
gi = tan erxvy—]

0 = (o )
13-

(Y) (Y)
* Quj J
Y N Y
o™ - 2z Y 1 - o) k) (14)

(
4B -

JN+JJ

v, v
K, =e A% e J
Kiy=e cos(\)‘l]j_'_I + aj) e cos(vnj + Qj)
vg. vC.
- j+r . - 3 .
Lj e stn(vnj+l + aj) e sun(vnj + aj)
where
a,b = the suffixes indicating the terms of the bodies a
and b , respectively
Y
QQY),Q&+2 = the real and imaginary parts of the complex source
J strength, uniformly distributed over the elementary
jth segment of bodies a or b
(ﬂj,chetc = the coordinates of the end points of the jth segments
aj = the slope of the jth segment
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The far field wave hiY) is derived from the far field potential
¢iy) (Eq.13) as |

iA;(Y) i(£vy T ei(Y))

hiY == ¢ (15)

Let the complex amplitude ratio be

ar(Y) , (Y) (V) \
(v) & __ _+i () AV +
AV =2 ey —|Ai le (16)
!
The energy conservation law leads to the well-known relation between the
hydrodynamic damping coefficient N(m) and the radiated wave amplitude

ratio IAim)l
N - Ef;- |Ad(:"')|2 (17)

where the * suffix indicates the radiated wave at y—+® or -o .

It is noted that IAiu)I has the dimension of length; in other words
lAih)I is not non-dimensional, whereas the IAi2)| , IAi3)| are.

10,1 one can also evaluate the wave-

By the Haskind method,
exciting forces and moments by the radiated wave amplitudes (Eq.16). For
the wave progressing to the positive and negative ends of the y-axis

(Eq.5), the wave-exciting forces are given by

al?)

+
1:S vB

]

A (3)
f, = —E— - (18)

vB
Al
+

f
Ri VBT

wSee Appendix A
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Referring to Appendix A and The Diffraction Problem, we see that

by the Haskind method the exciting forces and moments on individual

bodies a or b cannot be evaluated.

Based on the theories of Haskind]2 énd Maruo,'3 it can be shown
in a fashion similar to what was done in Appendix A, that the mean wave

force K on twin cylinders fixed in beam seas is determined by the dif=-
fracted wave amplitude (see Ref.9): '

= - 29

(19)
2
7 P92

18
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EQUATIONS OF MOTION OF A
TWIN HULL OCEAN PLATFORM IN BEAM SEAS

By employing the strip method, one can approximately evaluate the
hydrodynamic forces and moments on a twin hull oscillating in waves. The
equations of the coupled heaving and pitching motions and the coupled
swaying, rolling and yawing motions of the rigidly connected twin hull
platform, being a rigid body, are identical with those for a monohull
platform.]h Since the wave-exciting forces and moments ére presently
available only for beam seas, we restrict consideration to the beam sea
motions. However, the same equations will be applicable to the oblique
sea motions when the exciting forces in oblique seas can be predicted.

The coupled equations for heaving and pitching are:

F

- - - - - & £
[(Bgg-oPheg)-iongch - 1By My -fely ) 13l |3 o

| F

-{(BM-wQMM)-inMi {Bw-w‘?MW)-inW} 1’- -5‘4’-

The equations for coupled swaying, rolling and yawing motions

are given by:

(-wBMT]'ﬂ-inTm)(-waMXT]—inX'ﬂ)(-szGPT]_incpﬂ) | TTal ;Il
F
(‘wemﬂx'inTlx)('weMXx-inxx)(-szcpx'incpx) ?é = 52& (21)
F
(=P g = Tl ) (~oPH =i ) (Bw"”zMw' N, : La_°2
where the time factor e '“Y is omitted in both cases. As we can see

in Eqs.(20) and (21), the motions consist of sway T , heave { , roll ¢,
pitch ¢ , and yaw x . It is, as usual, assumed that the motions T,{

are the translatory motions of the center of gravity G about its
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midposition of oscillation and that ¢,y,Xx are the motions about the
axes through G at its midposition of oscillation.

Referring to the formulas of the transfer of forces from the origin
0 of the coordinate system to the center of gravity G of the hull as
glven in Eqs.(B-14),(B-15),(B-16) of Appendix B, one can readily evaluate
the motion-induced sectional forces and moments with respect to G If
the resultant forces and moments on the rigidly connected twin cylinders.
are known with respect to the origin 0 . The force coefficients given in

Table 6, such as CHH’G 6 6 )

sR'Crs’ORs'CRR’ORR , are those with

/

HCss2 85 Csre

respect to the origin 0 .

By summing the sectional forces and moments, the resulting forces

and moments are obtained:

Lz
= 1
Mnn pv + [ my dx
-4
L3
N,m.l = '[11 NSS dx
Lo
o= "
MXT] ‘[!.1 mss xdx
Ly
NX'ﬂ = ‘[11 NSS xdx
£y _ '
= "
M¢m !;1(NSR + OG.mgS)dx
£a _
N¢m = I;l(NSR * 0G Ngo)dx
Za " 2
MXX = 'X + f mSS X< dx
A
Lg .
NXX = Izl Nss xAdx (22)

[cont'd]
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f (mSR + 0G mss)xdx

J‘ (N., = 0G N..)xdx

)
SR SS
-4

Iz — —
noo4 1 +0G

'cp + '[1,1 ‘mRR 0G (2mg o ,

4q _ L
L’q {Ngp % 06 (2Ngp + 0G -

vV GM
Pg )

J -
PV + m!!, dx
HH
-4
La
N dx

=4
\
e
3-
X
Q.
X
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where
v = total displacement volume of the hull
Yu = beam of one section at waterline
+0G = distance between the origin and the center of gravity G.
The + sign is taken for G above 0 , and the - sign

is taken for G below 0 .
GMw,GM = metacentric height for roll and pitch, respectively

l,s1,s1,= moment of Inertia of the hull about rolling, pitching and
yawing axes, respectively

KB,KG = distance of center of buoyancy B and center of gravity
G from the keel of the hull, respectively

Note that the added mass m'' and damping coefficient for each section are
as shown in Table 6. In the above formulas M and N , such as Mﬂﬂ’"ﬂn’
denote the virtual mass and the damping coefficient of the hull per unit
amplitude of acceleration and velocity of oscillation, respectively. The
first subscript designates the motion and the second subscript designates

the component force (or moment).

The formulas for sectional wave-exciting forces and moments are
given in Table 8. According to the force transfer, we write them in the

following form:

e = o ¢(0)
fg =2 Lfso ]a

-
I

w2 [fﬁe)]a (23)

ot [ T 0 (0« T ),

where subscript a denotes the force (moment) on body a only. The roll-

ing moment fR is now with respect to the transverse axis through G .

The wave-exciting force and moment per unit amplitude of the in-

cident wave are
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a pvg-inywdx ()
FR £
P9 I fR'T Yy dx
..,(1,1
where
T = draft of a section
Yo = beam of a cross section of a single hull on the waterline
,
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RELATIVE HEAVING MOTIONS
OF TWO CYLINDERS FLOATING FREELY IN BEAM SEAS

The most general kinematical boundary condition which can be
imposed on two different floating cylinders is given by Eq.(4). By
applying this boundary condition, one can determine the motion=-induced
hydrodynamic forces and moments exerted on each body when both are os-

cillating with different modes and phases.

The simplified kinematical boundary conditions given by Eq.(4b)
and (4c) will be utilized in the prediction of the relative motions of

the bodies.

Consider, as one of the simplest cases, the relative heaving
motion of two different cylinders in beam seas. It is assumed that the
motions of the bodies are restrained in the lateral and rotational di-
rections and furthermore the heaving motions induce only heaving forces.
The heave-induced heaving forces on a and b will then be functions
of the heaving motion (displacement) ga,gb of the bodies a and b. Hence

the heaving forces will be represented by
Fa = Fa(ca’gb) and Fb = Fb(ga’gb) (25)
Since we adopt the condition of small motions, the variation of corre-

sponding forces with the displacement will be restricted to the first

order force derivatives in the Taylor expansion given by

oF (0,0) 2 (0,0)
(26)

an(o,o) 9F,(0,0)

3C, ’ 3C,

all evaluated at the calm free surface.
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The force derivatives, or forces induced by unit displacement
of the bodies in the presence of each other,are determined by satisfy-
ing the linearized kinematical boundary conditions, Eq.(4b) and Eq.(kc).
The radiation problem with boundng condgégons given by Eq.(4b) de-

termines the force derivatives 3, ' ¢ , whereas the one with the
a

boundary condition expressed by Eq.(l4c) evaluates the force derivatives

X, ¢, They are represented by the added mass and damping
coefficients. With omission of the time factor e-iu“t , they are

(27)

b _
EE; = o mgb + inbb

The first subscript indicates the moving body, and the second

indicates the body on which the hydrodynamic force is exerted.

The heave-exciting forces FH ,FHb acting on bodies a and b
a
are evaluated by the procedure previously described in the diffraction

problem.

Having obtained all the hydrodynamic force derivatives, one can
readily write the equations of the coupled heaving motion of two cylin-
ders, incorporating the hydrostatic (buoyancy) and inertia forces,for

the unknown motions ga and Cb :

i a 2 . gb FHa
!-wz(ma+m;a)_leaa+ Bat a +(-w mga-'waa) a2 Ta
v "
¢ ¢, Fy (2
[~ (it =ioN ) =2+ | - (m+mit ) -ion, 48, | = - _.;9.
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where

my My mass of bodies a and b , respectively

restoring force on bodies a and b , respectively

Ba'Bb

For convenience the non-dimensional coefficients for the hydro-

dynamic forces in Eq.(28) are introduced:

m" N
c = aa 5 = aa
aa k14 aa W 2
P73 Ta w7 T,
c. = mga 5 - Nba
ba m .2 ba m .2
P37 T, w 7 T,
m! N ‘
- ab - ab
Cab = mora 8ab L (29)
7' wp 7 Ty
- b 5 Nob
bb m bb ™2
Pz Ty wp 5 Ty,
Fha e . Fh,
Ha pgaB,_ Hp ~ pgeB,
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NUMERICAL CALCULATIONS

A series of numerical calculations were carried out for the hydro-
dynamic characteristics of the rigidly connected twin cylinders as well

as for two different cylinders floating freely in beam seas.

The results of the numerical calculations are presented in fig-

ures which are discussed in the following.

ADDED MASS AND DAMPING COEFFICIENTS FOR TWIN CYLINDERS

Figures 2,3 and 4 exhibit the various hydrodynamic forces and mo-
ments on one of a pair of half-immersed circular cylindrical bodies as
functions of the frequency parameter %g . The definitions of the vari-
ous forces on this body a are given in Tables 1, 2 and 3. The hydro-
dynamic forces on body b are evaluated by employing .the formulas in
Table 5 with the aid of the information given in Figures 2, 3 and 4. The
resultant forces and moments on the twin bodies (a+b) due to the;swaying,
heaving and rolling motions are evaluated by employing the formulas in

Table 6 with the aid of the data in Figures 2, 3 and 4,

WAVE-EXCITING FORCES AND MOMENTS FOR TWIN CYLINDERS

Figure 5 illustrates the behavior of the sway- and heave-exciting
forces on body a due to odd and even wave potentials as functions of the
wave frequency. The vectorial sums of the forces such as f(°+e)~f(°) f(e)
on a, b, and (a+b) are shown in Figures 6 and 7. In this connection,
refer to Tables 7 and 8. '

It Is interesting to observe the sway-exciting forces on a and
b . The same behavior has been exhibited in a recent study by Ohkusuls
" on the hydrodynamic interaction of three vertical cylinders (see Fig.l13,

Ref.15).

The Haskind method was applied to the evaluations of the resultant
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wave-exciting forces on the twin bodies and the results confirm exactly
the corresponding values obtained by the present method. (See Figures 6,
7 and 8.) A relevant discussion of this matter will be given in the follow-

ing section.

RADIATED AND DIFFRACTED WAVES

For the twin bodies, the radiated waves Afm) and the diffracted
waves A£°+e) were evaluated according to the formulas in Eqs.(14) and
(16) [see Figure 8]. The radiated wave amplitudes Afm) are very useful
in evaluating the damping force coefficients N(m) or S(m) and the wave-
exciting forces f(°+e) (see Eqs.17,18). By comparing Figures 2, 6, 7 and
8, one can readily confirm the validity of the formulas in Egs.(17),(18).
For instance, the sway-induced damping force coefficient 655 in Figure 2
can be evaluated by the sway-induced radiated wave amplitude ratio |A£2)|
in Figure 8 according to Eq.(17). Similarly, the sway-exciting force in

)

which furnishes both the force amplitude and the phase angle.

Figure 6 can be evaluated by the amplitude ratio AEZ according to Eq.(18),

The diffracted wave amplitude ratio A£°+e) is applied to estimat-
ing the mean wave force on the fixed twin bodies in the given incident

wave, Eq.(5). The sudden drop of the value of A£°+e) at frequency a-
.round 0.45 may be ascribed to the effect of the hydrodynamic interaction

between the bodies in that close proximity.

WAVE-EXCITING FORCES
ON SOME SEMI-SUBMERSIBLE CROSS SECTIONS

We chose two simple cross sections: one submerged and the other
surface-piercing. Figure 9a and 9b represent the sway- and heave-exciting
forces on the submerged circular cross section. It is seen from these
figures that the interaction effects are negligibly small for the given

"frequency range. The wave-exciting forces on surface-piercing twin bodies
. are plotted against the wave frequency in Figures 10a, 10b. It is readily
seen that the influence of the interaction effect on the sway-exciting
forces is remarkable while the influence on the heave-exciting forces is

15

relatively small. Similar behavior was pointed out by Ohkusu, as
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described previously,

SOME HYDRODYNAMIC CHARACTERISTICS
OF TWO DIFFERENT CYLINDRICAL BODIES FLOATING IN BEAM SEAS

Some aspects of the hydrddynamic interaction between two arbitrarily
shaped cylindrical floats were investigated numerically (see Flgures lla,
11b,11c). First we evaluated the heaving added mass and damping coeffi-
cients C,5 on bodies a and b for heaving motions with unit amplitude
and different phases. The results are plotted against the relatlve phase
angle €, at two different frequencies V(B +Bb)/2 0.45 and 0 26 (Fig-
ure 1la. The results show significant differences in the hydrodynamic
characteristics of two freely floating cylinders on account of the dif-

ferent phases.

As a special case of the above, we calculated the hydrodynamic
forces on the swaying and heaving body a in the presence of the fixed
body b (Figure 11b). Two draft ratios Tb/Ta = 2 qnd 15 were taken in
order to observe the partial false wall effect on the hydrodynamic forges. The

figure also exhibits the hydrodynamic inertial forces ¢ on an

c
HH® “SS
isolated swaying and heaving body a. It is seen that the increment of
the swaying added mass CSS due to the increase of the depth of the.false
wall is nearly independent of the frequency, whereas the heaving added

masses . C are remarkably dependent on the depth of the body b, Tb/Ta,

HH
and the frequency.

It should be noted that the wall effect on the swaying and rolling
motions of a cylinder can be accurately evaluated by utilizing the present
method. The problem of considering two bodies performing swaying or roll-
Ing motions with 180-deg phase differences will be equivalent to that of a
body executing the same mode of motions in the presence of a wall (i.e.,
taking image effects). The wave-exciting forces, however, can only be

‘approximately determined by means of the present approach by increasing
the depth parameter of the fixed body b.
The heave-exciting forces F§°+e)

and plotted in Figure 11c. For comparison, the heave-exciting forces on

on bodies a and b were calculated

isolated a and b are also plotted in the same figure, thereby

31



R-10

demonstrating the interaction effects.

RELATIVE HEAVING MOTLONS
OF TWO ARBITRARILY SHAPED CYLINDERS IN BEAM SEAS
Figures 12a and 12b illustrate the behavior of the heave hydrody-
namic forces exerted on bodies a and b which are induced by the heaving
motion of body a while body b is fixed,and vice versa. [see Eq.(27).]
Note that the first suBscript refers to the moving body and the second

subscript refers to the body on which the force is exerted.

It is seen from the figures that 1) the influence of the heaving
motion of the larger body b on the fixed smaller body a is significantly
large, while the influence of the heaving motion of the smaller body a
on the fixed larged body b is negligibly small, and 2) the nondimensional
forces on a induced by a are nearly the same as the corresponding

nondimensional forces on b induced by b .

Using the data given in Figures 1lc,12a and 12b in the formula of
Eq.(28), we evaluated the heave responses of bodies' a and b as well
as the motion of body a relative to b . The results are exhibited in

Figure 12c.

The range of wave frequency (or of wave length), for which the
calculations were carried out, unfortunately does not cover the entire
practical range. Due to limited funds, the calculations were not extended
to cover the range of wave length k/KBa+Bb)< 7 so that no information

could be obtained in that range.

An attempt ‘is made, however, to illustrate the qualitative behavior
of the responses in that frequency range by a smooth extrapolation of the
calculated response curves together with a notion of the expected responses

at infinity as well as in the resonant frequency range.

The heaving response Qa/a of body a relative to body b is evalu-

ated by the vector difference of the individual responses Qa/a and

Cb/a .
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CONCLUSIONS

A general method has been developed for the study of the hydro-
dynamic interaction of two cylindrical bodies of arbitrary shape executing
any mode of motion in beam seas. In fact, two types of interaction problem
" have been considered: 1) rigidly connected twin cylinders, and 2) freely
floating cylindrical bodies. The hydrodynamic pressure distributions and
the resulting forces and moments have been determined for each individual

body undergoing arbitrary motion, with varying relative phases.

A numerical procedure and corresponding computer program adaptable
to the CDC-6600 have been developed for evaluating the response motions of
a Catamaran-type ocean platform in beam seas. Results of calculations are
not presented in this paper since systematic calculations were not performed

which would show trends for comparison with those of experimental studies.]6

A technique has been developed for the evaluation of relative mo-
tions of two bodies floating in beam seas. This has been applied to the
evaluation of the relative heaving motions of two different cylindrical
hulls,

It should be mentioned that this technique is applicable to the
evaluation of wall effect on the hydrodynamic forces and moments on a
body undergoing a prescribed motion in the presence of a vertical wall, as
well as to the approximate determination of the wave-exciting forces and

moments (by increasing the depth of ''false'' wall).

It is recommended that the present '"'strip method' be applied to
systematic calculations for a Catamaran hull in oblique seas, to determine
the hydrodynémic forces and moments and response motions as well as the
structural loadings, and that the presently developed method for evaluation
of relative heaving motion of two freely floating bodies in beam seas be
extended to cases of other modes of motion in oblique seas. In the latter
case, the hydrodynamic forces, moments and structural loadings on each in-

dividual hull will also be furnished.
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APPENDIX A

APPLICATION OF THE HASKIND METHOD TO TWIN CYLINDERS

Haskind's methodlo states that the wave-exciting forces and moments
depend on the asymptotic behavior of the radiation potential per unit
velocity amplitude. Newman'l extended the theory and established the
formulas relating the exciting forces (moments) to the radiated amplitude
ratio. Ai?) . The abovementioned method is applied to the evaluation of
the wave-exciting forces (moments) on a rigidly connected twin body fixed

in beam seas.

Z
S
% F
Z e, - -y
J;: Q? . *:;
n
S s+°°
R, "
—> () -
n
A >
FIGURE A-1

Suppose the rigidly connected twin bodies a and b are floated

in the incident wave

h = aei(:i:\)y-wt) (A-1)

where = indicates the direction of incident wave oncoming from negative

and positive ends of the y-axis, respectively, and define the three modes

Al



R-10

of the wave-induced motion as

¢ o g(m -fut (A-2)

Then, the velocity potential consists of '¢' » 9p ¢(m) which are

‘ - .1 92 vz +ivy _
o =14 e e (A-3)
= + | (A-L)
®p = %p, * Pp,
¢(m)= ¢(m)+ CP("‘) ‘ (A-5)
a b
where
P = incident wave potential
9y = diffracted wave potential
¢(m) = forced wave potential (or radiation potential) per unit
: displacement amplitude
m = number of mode of motion

The component potentials satisfy:

The condition of continuity of the liquid in the water domain.

The linearized free surface condition.

1

2

3. The deep water condition.
L. The radiation condition.
5

The kinematical boundary conditions on the surfaces of bodies
a and b,

The above conditions are formulated in the following forms:

1. V39 = 0 in water domain (A-6)

2. (g; -v) =0 on z=0 - (A-7)

3. X-0 atz=-w (A-8)

b4, 1im (-g—y 3iv) =0, ¢ =, or cp(m) (A-9)
y~t o
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(m) (m)
3™ (r) 8 (r,)
5. —m——=-iw U.f"')ﬂa) s-—ar—b-“‘“’ ur(.m)(fb) (A-10)
3 (r) 3 (r_) 3o (r) 2p
6. gn - =T én : ’ gn : T 5FL (rb) (A-11)

where r_,r  — denotes points on the surfaces of bodies a and b, re-

spectively
m . .
u£ ) — normal component per unit displacement amplitude of motion
(m) = number indicating the mode of motion

The normal displacement components are:

u(z) = sin o
u(3) = -cos & . (A-12)
u(h) = -(y cos & + z sin Q)

The a is the angle of a segment with respect to the y-axis.

(m)

water domain (D) as illustrated in Figure A-1, and write Green's formula:

Now consider the potentials % and @ together in the entire

: 3

a (m) (m) (pD

C‘P ..QP — dS = 0 (A']3)
SptSgts +m+s_w+sa+sb( D on an )

The integration is performed piecewise. By making use of the bound-

ary conditions, 1) the free surface condition on SF , 2) the bottom

condition on SB , and 3) the identity of the form of ?p and w(m) at
y =+® or y—=-« on the surface S+°° or §__ , one obtains the formula
: (m) ot

[lopd— - o™ =2) s = 0 (A1)

Sa+sb
or (m) 3

m - o

f oo, as=] o™ L (A-15)

st+s, 0 On S +5 on

a’b a b
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Let F(m) be the sway- and heave-exciting forces FS’FH and roll-

exciting moment FR for m=2,3,4 and consider the integration of the

)inearized hydrodynamic pressure p

p = irw(e, + @p) (A-16)
on the body surfaces Sa+5b:
F(m) = _J‘ p u(m) ds (A-]7)
n
Sa+Sb

Using Eqs. (A-10),(A-12) and (A-16), the above expressions are
transformed into:
3 (m)

e J (e +op) 3%}—-d5 (A-18)
Sa+sb

Furthermore, according to Eqs. (A-11) and (A-15)

3 (m) 3 ot
CPD -a-%—-—--_-. (P(m) -a—n—D = - (p(m) g‘- on Sa and Sb

Equation (A-18) therefore takes the following form

(m) o,

F® o[ (o 22— o™ b as (8-19)
Sa+Sb

By applyling Green's formula to the potentials ¢(m) and P, in

domain (D), one writes

: (m) o, -
o F e s e
S tSptSEHSoHS, +S_

As in the case of the integration in Eq.(A-13), piecewise integration
is carried out and since the integration on SF and SB vanish, the wave-

exciting force F(m) in Eq.(A-19) reduces to

AL



R-10

(m) oy
O [ e g e ez
+® .

-0
The asymptotic express of ¢(m) was given in Eq.(13) as
] 1
JHm) o ()

+ + vz ivy
S e e

Fie
e

cpi"‘) =

Employing the definition of the complex amplitude ratio as given in
Eq.(16)

A| (m) I.ie;:(m)

(m) _ £
Ai = =3 e
one writes the radiation potential qir) in the form
(m)
wA
+i
¢im) - ;t evz ¢ vy (A-22)
Taking the incident wave as = - 193 VZ eivy , the integrand in
? m
Eq.(A-21) becomes
™ m 2 |
¢ -9 —=0 on S
| on on 40
(A-23)
(m) e2vz
= ~-2ga A on S
- -0
whereas for the incident wave ¢, = - l%i e¥Z e 'YV | then
(m) o9
3 - (m) ML (m) 2vz
? an ? dn 2ga A" e o Sim
L
= 0 on S '
-0

Setting Eqs.(A-23) and (A-2L4) in Eq.(A-21), and executing the integral

o

I e2vz dz = %; , one determines the wave-exciting force F(m)in the form
-0

Fim) - a2 Aém) (A-25)

A5
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where = of Fim) indicates the direction of the incident waves oncoming
from the negative and positive ends of the y-axis and ; of A;m) indicates

the negative and positive ends of the y-axis, respectively.

When one compares the two equations, Eq.(A-19) and Eq.(A-21), and
attempts to evaluate the wave forces on an individual body such as a
or b , one realizes that the individual forces are not obtained because
the integration in Eq.(A-21) requires the simultaneous presence of both

bodies.

The failure of Haskind's method to determine the wave-induced forces
on the individual bodies has been confirmed numerically. The amplitude
ratios AEm) induced by the sources distributed on each body were evalu-
ated and then the corresponding wave-exciting forces Fim) were determined
according to the formula of Eq.(A-25). When these values were compared
with the values determined by Eq.(10), after the complete solution of the

~diffraction problem, the limitations of the Haskind method became obvious.

A6
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APPENDIX B
TRANSFER OF THE FORCE DERIVATIVES

We consider the force derivatives induced by unit amplitude dis-
placements 1,(,p of sway, heave, and roll, respectively, of rigidly
connected twin cylinders — all defined with respect to a coordinate sys-

tem through the origin 0 (see Fig.la).

Since the swaying and heaving forces Y , Z and the rolling manent

M are functions of the small displacements 1,C,p , i.e.,

Y(M.C,9) , zZ(M,C,9) and M(T,(,9) (B-1)

the linear terms of the force and moment derivatives

o
22
812

2 o |
3N o8¢ 3y (B-2)
Mo o
M 9df o9

representing the force and moment per unit amplitude of displacement can
be expressed in terms of added mass and damping coefficients (see Tablel)

as

oy _ " .

T = u?mss + leSS

9z _ = .

3 - Ymgy * TWNgy (B-3)
.a_M - Y] R

an = mSR + 'wNSR

BI
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%% = w?m“s + TNy
%% = me“H + leHH o A (B-L4)
%% wamuR + 10N
-g-:% = uf’mgs + ToNpg
%% = w?mHH + inRH (B-5)
%= wPmite + ToNgp

The transfer of the force derivatives (Eq.B-2) defined with respect
to a coordinate system with origin 0 , to the coordinate system with
origin at "G'" (center of gravity above the waterline along the z-axis)

is to be considered.

Let the motions about G be 7', ¢', ®' and let the forces Y',Z',M'
“be the functions of 1',(',9':

YU, CLe') . ZP(NLEYeY) , MU(MYLE'LeY) | (B-6)

Since the motions about 0 and G are small,

=7 +06 ¢
C=Cl . (3‘7)
¢ =

The two force systems (Y,Z,M) , (Y',Z',M') are related as follows:
YINL,ELe') = Y(NL.C.9) |
z2'(n',¢',9") = z(M,¢.9) (8-8)
MY(M',CN.0') = M(M,E,9) + 06 * Y(M,C,0)

The differentials of the forces and displacements are written as

B2
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dY 3y
dY=g—¥\dT| + 39+ 3
YA YA
dZ=g—%d'ﬂ + 3—€-d§ +-§$
oM
dM=-a-%dn + —aa—’é-dg + 3
] aYI
dY'=%¥]'%'d'ﬂ'+ %—E—;—dgwgp-,-
! azl
a'= G ante S o S
oM! oM’
dM""%%—:"dTl'-i- TC,—dC'-I- 39"
dn = dn' + 0G de!
d¢ = dg!
dp = do'
dy' = dv
dz' = dz
dM' = dM + 0G dY
1
%}(]—: dn' + az: dg' + %c‘;—,- dep*
! oz .

B3

= (dn' + 0G do')

dg'

dep!

(dn' + 0G dg')

dg!

dep!

(8-9)

(B-10)

(8-11)

(B-12)

(B=13)

[cont'd]
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OM! -l oM - oM ' 4 0G do'
-s,-n-T'dT] +a§,dC'+a‘P,d(P'—'s.ﬁ(dT] + 0G do')
+ %% dg!

oM
+ 3¢ dep!

= [oY — )
+ 0G {gg(dn'+ O do')+ B_Z' dg'+ g—; dcp'}

(B-13)

The above are reduced to

e ay )

on' o |

oy! oY

X - > (B-14)

ay' _ dy = . dY

5 " % * O -

2! _ & )

Mt AN

22 _ 32 ]

AT T $ (B~15)

2! _ ¥, 5.

3T = 3 + 0G an

am! M . — 3y | A

I MU

aM' _ M, m . dY .

ST < STt 06 - 57 > (8-16)

M _ M, o= M, ER BV

T - 39 + 0G (aﬂ + 0G 3 + m )

The transferred force derivatives in Egs.(B-14,15,16) are readily pre-
sented in terms of 0G and the added mass and damping coefficients,
previously determined with respect to the origin 0 . It is to be noted
that all the above formulas are valid for each single body as well as for

the twin bodies.

Bl
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