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             On  the Heaving Motion of  a  Circular Disk
                                in Shallow Water

                                                  Hiroshi Isshiki', Member

                                                  Hisaaki Maeda**, Member

                                                  Jong Heul Hwang***, Member

                                        Summary

  The  hydrodynamic  forces on  a circular  disk as a shallow  draft ship  for the forced heaving  oscil･

Xation ･in shallow  water  are  investigated. The  boundary value  problem  is formulated by  the use  of

'the
 concept  of  the surface  distributed sources  so  that  integral equations  for the  source  densities are

obtained.  In the  case  of  long waves,  the  problem  is solyed  aRalitically.  The  numerical  solution  of

the  integral equations  is found and  the added  mass  and  damping factor are  calculated.  The  exciting

forces on  a  fixed circular  disk in an  incident wave  are  calculated  according  to Haskind-Newman's

relation.  The  influence of  the  shallow  water  effect  on  the forees is illustrated graphically and  discussed.

                                     1. Introduction

  When  large size  of floating type offshore  structures  such  as airport,  atomic  power plant and  so on

:are  considered,  the draft of  the  structures  and  the  water  depth  of  seas  where  the  structures  will  be

･operated
 may  be  considered  relatively  as  shallow  draft the  limiting case  of  which  is that  of  a  zero

draft structure,  and  as  shallow  water,  respectively.  C.H.  Kimi)  investigated the shallow  water  effect

on  two  dimensional  problem.

  The  shallow  draft problems  on  a  circular  disk in deep  water  were  investigated by  MacCarny2)  and

'W.D.
 KimS). This paper extends  some  of these idgas to the shallow  water  problems  of  a  circular

･disk.  The  numerical  procedure  is based on  sotirce  distribution method.

  The  wave  exciting  forces are  obtained  according  to the  Haskind-Newman's  relation  in three  dimen-

sional  shallow  water.

  This  paper  concerns  only  the theoretical analysis  on  above  problem.  Z

              2. Formulation  of  the Problem

  A  Cartesian coordinate  system  is defined with  its origin  on  a mean

free surface  of  a  fluid as  shown  in Fig. 1. Let  ¢e-t"e  be the velocity

,potential which  refers  to a  fiuid motion  due  to heave oscillation,  of

unit  velocity  amplitude,  of  a circular  disk C  floating on  the free
･surface of  the  fiuid. The  corresponding  boundary value  problemmay

be  written  as  follews

         ::z+Kg"ip'lllltip"=.O. thi"f,fi./id..,f.,e (...o) 1 Fig.i  coordinates
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diipl:i

 :: fhe bottom of the fiuid (z=-h) i
        ip represents  a  diverging wave  as Viirp+ Iliy2-co J
where  deep water  wave  number  K==w21g, and  g is the  acceleration  of:gravity.  Let

be  the  velocity  potential of  the  point source  or  the so-called  Green function  with  its

at  a  point (a, b, c). G  is obtained  as  [JohnO, Thorne5), WehausenG)]

                G=Ge+iGs

                Gc= ;"+-k+il: 
2(k+K)

£
-,hai.ChOZhhknt(CK+.h.),fiOicShh

 
k<Z+h)

 fo(kR)dk

                G, ==  2x  
(MO

 ikKn }egl/ ling,SXthh 
MOh

 cesh  mo(c+  h) cosh  mo(z  +  hvh(moR)

where  S refers  to the  principal value  of the integral,

                            ,::  t[;I:]ll[;I:lll:i:l 2h'2 l
and

 
shallow

 
water

 
wave

 
number

 
m5=

 
(XPa)2+(Y-b)2

 
i

                               motanhmoh=K  (mo>O).
The  Green tunction G  defined above  leads to the expression  of  the velocity  potential e by

source  distribution, that  is

                             {6(P)= l:.T!!.a(Q)G(p, Q)dse ,

 where  P  and  Q  refer  to points (x, y, g)  in fluid and  (a, b, c}  on  C  respectively,  and  a  is

 of  the distributiQn. From  the boundary  condition  on  C, the following integral equation  is

                        i=a(p)+e.TS!.a(Q)  
eG(oa,

 
Q)
 dse pEc.

Substitution of the  free surface  condition:

                           eG(P, Q)
                                  -KG(P,  Q)=O on  z=O
                             az

leads to the  following version  of the  integral equation  (2.5) [KimS)]

                        i=  a<p)+lll.l/I!,a(Q)G(p,  Q)dsQ pE  c･

The  existence  of  the solution  of the integral equation  (2.6) was  proved

(25)]. Using the  solution  o  of  {2.6>, the velocity  potential ¢  on  C  can

                                    1-a(P)

                               di(P>= K  
PEC.

The  added  mass  M  and  the  damping  N  are  now  given as

            '

 bybe

                           th ==PI  !eecdS=P! I. 1 
-KCC

 dS

                           2V=pw!I.ipsdS= 
-pw!!,-ft'

 dS  ,

where  p is the  density of  the fluid. and  subscripts  c and  s refer  to the

the corresponding  quantity.

                3. Numerical  Procedure to Selve the rntegral

  Using the  cylindrical  coordinates  (pp, ep, 2) and  (pq, eQ, c)  as  shown  in

can  be  written  as

W.D.written

realand

(2.1)

G(x, v, z, a,  b, c)

singularity  located

Kimas

(2.2)

(2.3)

means  of

  (2.4)the

 density

obtained:

  (2.5)

     (2.6)

[KimS), page  ps

lmaglnary

Equation

Fig. 2, R==

(2.7)

(2.8)

parts of

(x-a)2+(v-b)h
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          R=  VppS+pe2-2p?pQcos(ep-ae). (3.1)

]6(moR) is then  decomposed into a  Fourier series  by the

addition  theorem  of the Bessel functien [Watsoni')]: ,

   lb(moR)=.lb(7neVpil;ilPIJEi=25JEE6g70JRiEi?+pQ  2pppQcos(p  e))

         ==]b(mop?>I5(mepQ)

             tu

          +2  Z  1"(moppth(mope)cosn(ep-ee) . (3.2)
            n=:1

Since, in the case  of heave oscillation  of a circular  disk,

a(Q)=  ae(Q)+iaKQ)  QE  C is a  function of  pQ alone,

              !S.a(pQ)GscR Q)dsb

may  be reduced  to ,the simpler  form:

             ll.;!!.a(pQ)GKR Q)dse

              =  
KA{;'

 
O)
 i !.- a(s}e)fo(,neR)dsQ=  [ KAi:'

where

                      (mo+K)eL"Wtsinhmeh
              A(z, c)=2z

                         Kh+sinh2moh

The  integral equation  (2.6> now  can  be written  as  a

                        K

                1=
 
aofpp)+T.

                        K

                o=as(p?)+T.

                   KA(O,
                a=
                     4n

                   KA(O,
                n==
                     4rt

 Let r'(pQ) and  r`(pe), OE  C,

                                K

                  
-]b(mopp)=

 ri(pe)+Ti

and

                            K

            
,
 

i=rd(pp)+Zil

ac  and  as may  be written  as

                               ao=ra-A.ri

                               as=a.rl

where  R, and  a  are  yet solved.

Il,, leads to the solution:

                          Ib=R,t(1+n2) ,

where

                       flil ==  
""f.O'

 
O'
 !S.I;2'l`Ppee')

G  can  be expanded  into countable  infinite number  of

                        moZ-K2
               Cc= "2rt
                      hmo2-hK2+K

yA

Q(a,b,c)

e R

9,PCx,y,
eQep

o

Fig.2  cylindrical

O)
 ! I. a(pc))A(Mos]e)dSe]16(mep?)  ,

cosh  mo(c+h)  cesh  tno(z+h)  .

set  of  simultaneous  integral equation

   !!.adiPe)Gc(P, Q)dSe-A･J6(mo,op)

   I!.as(pe)Ge(P; Q)dSe+A-16(mep?)

O)
 ! ! , aKpaYis(mopa)dSe

O)
 ! S . aKpeVb(mopo)d  Se

          i!.ri(RQ)Gc(P, Q)dSe

       !I,r"{pe)Gc(a Q)dsQ

                 ]

PEC

PEC

coordinates

     (3.3)

      (3.4)

   , that  is

(3.5>

x

                     be the solutions  of  the following integral equations  respectively,  that is

                                                  PEC  <3.6)

                                               PEC.  <3.7)

The  above  integfal equations  fer unknowns  ri and  rd are  Fredholm  equations  of  the second  kind. Then

                                                                  <3.8)

                        Substitution of  (3,8) into the  equations  in (3.5), which  define R  and

                                       A!=A-ft,  (3.9>

                                        ]                                        .Jh(mopa)dSa. (3.le)

 In the case  of  a  shallow  water  of  the  constant  finite depth, the real  part Ge of the Green function

                                      component  waves  as  [JohnO, Wehausen  et  alOI

                                 cosh  mo(c+h)  cosh  mo(z+h)  }Z(moR)
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                          ca  m"2+K2

                      +4. £.-,-fim.2+hKamK  COS  M"(C+h)  
COS

 
Mn{Z+h)Ko(MtiR)

 
･
 

(3.lo

Ko(mraR) and  Yb(moR)  in (3.11) can,  furthermore, be expanded  by the addition  theorem  
of

 
Bessel

 
func-

tions [Watsoni4)] as  follows, where  mrttanmnh=-K

a) in the  case  of e?>pe,
                                                                      t

                
K,(m.R)=K,(m.pp)h(m.pQ)+2,Z".",Kp(mnpp)Ib(MnPe)COSP(eP-eQ)

 l (3.!2.>

                Y6(moR)=Yb(mop?)Jli(mopQ)+2.Z,Mi(mop?V"(mepQ)cosn(e?-ea) J
b) in the case  of  pp<pQ,

                K,(m.R)=k<m.p?)Ko(nz,ipe)+2,Z.,i)(mnpp)Kp(MnPQ)COSP(eP'eQ) l (3.i2b>

                 Y6(moR)= ]h(mop?)Yli(mope)+2.Z.,Jh(mop?)1"(mope)cosn(ep-eQ) J
(3.11) and  (3.12) lead to the following expression  of  Si"GedeQ:
 a) in the  case  of  pp>pQ,

                            !i"Gcdee== !2,XGc(pp, ep, z, pe, eQ, c)deQ

                                                co

                                    =Aolb(tnepQ)+:Anh(ln,;pe),  (3.13a>
                                               n=1

 b) in the case  of  p?<pQ,

                            I2o=Gcdee=BeYli(mope)+.i;.,Bi,Ke(mnpe), (3･13b)

 where

             fl:((;;; :l 
ccll=

 m4T, hm  ,712iKK,2+K  cosh  m,(c+h>  
cosh

 
mo(z+h)[,YT

 
b(6(mM,"pP.?))

 l (3.14)

             A'{(pP.?i :l :ll=Sz hm.M, 
'i+2

 
+h
 KK22FK cos 

M"(C+h)  cOS  Mca(Z+h)[E:t(n.Mi;.IS) )
   Let x(pp, pe) be  such  that

               x(pp, pe)=!i,rGe(pp, ep, e, pe, eg, o)dee

                      -[2,

"

iijig,
'

:,V

.

'(

r.
O

:,1,
'

.

"ll'

g,
"

.

'

,:1:

'

,:

'

,1

`

,

M

,

"

::
'

, i:iii::l (3.is)

  The  integral equations  (3,6) and  (3.7) may  then  be reduced  to the upper  and  lower  ones  of the follow-

  ing integral equations  respectively;

                   
-
 
fo
 (iMOPP)l =  [;:((P,'.))l +  lll.IT !2 [;;i l( 

P.'))lx(p?,
 pa)padpe  o<  p? < a+, (3n6)

  where
 j  is the radius  of  the circular  disk.

    The  
numerical

 solutions  of the integral equations  (3.16) must  now  be  obtained  
by

 
applying

 
a
 proper

  numerical  quadrature. Let the  interval [O, j] consist  of  N  sniall segments,  that is

                                    [o, j]=d[art,  a.],  (3･i7)
                                          v=1

  where

                           O=ao<at<a2<･･.<a.-i<a.<-.･<aN=j.  (3.18)

   The integral !"7e r(pe)x(pp, pe)pQdpQ in (3.16> may  
then

 
be

 
approximated

 
as
 
follows
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　　　　　　　　　　　　　　　　　12γ（ρa）x（ρP ・ρe）Pedp （〜
一 套、1二：＿、

ア（ρe）x（ρP ・ρ〔・）pedρe

　　　　　　　　　　　　　　　　　　塗、

・（
E・
−fg！

s＋ a ．

）！1：．、

・・P… pa・蜘 　 　 　 ・… 9・

・・b・・・・・・・・… （・・15）・・… h ・   ・ii：：．、

XtP・ … ）・・ゆ （・・19脚 d・ ・h… ll・w ・・g　exp ・ess・・n ・・

this　integral：

a ）　when ρP ＜ ave1 ，

　　　　　　　　　　　　　　〜
　 　 　 　 　 　 　 　 　 　 　 　 　 　 av

　　　　　　　　　　　　　　　　 x（ρP ，ρe）ρQdρ9
　 　 　 　 　 　 　 　 　 　 　 　 　 　 9v −1

　　　　　　　　　　　　　　　− 一…
伽 。

，，−Xi，°
2

．、＋。
鰤 ・）［艶 （咽 ］1：一、

　　　　　　　　　　　　　　　　… 薄、 勧 蒲 ，一。
恥 ・・）卜菁・ ・幅 ）］：：．、

・　 （・・・…

b） when 　a −・＜ ρP く a 、，

　　　　　　　　　　　　　　　1：：＿、

x（ρP ・ρQ）ρQd ρa − ｛1二二、

＋1：；｝，（ρP ・ρe）ρedρ（・

　　　　　　　　　　　　　　　　一［… 贓 難量． ff・
Y ・（mop ？ ）Ji（mo ・ v

−’
・）

　　　　　　　　　　　　　　　　　
一・・ 翫 講 雛 。

陥 ・・ ）・伽 司

　　　　　　　　　　　　　　　　　一［
　 　 　 　 　 　 　 　 　 　 　 　 　 　 　 　 　 　 　 　 　 　 　 　 Mea レ
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　ノ6（mop ？）Yl（Moap ）　　　　　　　　　　　　　　　　　　　 4π

2・
　　　　　　　　　　　　　　　　　　　　　 hmo2− hK2十 K

　　　　　　　　　　　　　　　　　＋ 8・薯、 鵬 驚簇、＿lilo（脚 ・ ）K ・（翫 勾］

　　　　　　　　　　　　　　　　　一讐・ 　 　 　 　 　 　 　 　 （・… b）

c ） when α ，く ρP ，

　　　　　　　　　　　　　　　〜
　 　 　 　 　 　 　 　 　 　 　 　 　 　 　 av

　　　　　　　　　　　　　　　　　　x（ρP ， ρQ）s，Qd ρq
　 　 　 　 　 　 　 　 　 　 　 　 　 　 　 ay −1

　　　　　　　　　　　　　　　　− 一・・
ZTt

。
・，r’k−、

＋ 。
晒 ・ ）［

包
ゐ（m 。pe）

mo ］：：一、

　　　　　　　　　　　　　　　　　… 毒、 鵬
、鑑 、．。

・・（嗣 ［藷・（m ・ P・）］1：。 ・　 ・3・… ）

where 　the 　following　re 呈ations 　 are 　 used ，　that　is

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　Mn2　　　　　　　　　　　　　　　　　　　　　　　 解 02

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　cos2 　mnk 　＝＝　　　　　　　　　　　　　　　cosh2 〃 toh ＝
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　 Mn2 十 K2　　　　　　　　　　　　　　　　　　　　　　Mo2 − K2

　　　　　　　　　　　　　　　1・｛鰡 ・・ 一 詈膿 ） 　 （・ 一 ・・ n ・t’・

　　　　　　　　　　　　　　　1・｛膿 、｝・・ 一 ：｛際1。 。 ））
（・ 一 ・・・ … ）

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　2
　　　　　　　　　　　　　　　ゐ（z）Y ・（z ）

一
ノ三（9 ）　V ・（2 ）＝ 一

万

　　　　　　　　　　　　　　　　　　　　　　　　　　　　 1
　　　　　　　　　　　　　　　1e（a ）K1（の十1，（z ）Ko（z）； −

　　　　　　　　　　　　　　　　　　　 1　　　 　　 。。　　 　　 1
　　　　　　　　　　　　　　　伽 。

・＿hK2 ＋ズ 恩 鰡 糾 腿 ・＿K

　　　　　　　　　　　　　　　　諷
1
農雛滯 一 一

N 工工
一Eleotronio 　Library 　
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,

Z

 cosmn(x+h)].=,=

 The  integral equations  (3.16) can  now  be approxirnated  by  the  following

tions for unknowns

rpi or  r,d (F=1, 2, ..., N):

                
-,h

 (mo 
a

;
-2+

 
a")l

 =[;::]  + flt? 
.2.i,

 A..(;ll] ps ==  1, 2, ...,  N,

where

                          llll.,I;
,

:ii
i

,l
'

.ii]

        
'

 Ap,=[!".I-ix(p?,Pe)PeCIPe]pe..aF--;+ar

A  must  be  evaluated  numerically  according  to (3.20).

           4. Some  Important  Relations Used in the

              [Besshoii), NewmaniS), Isshiki et  al.i3)]

  4.1 A  Relation Between  the Damping  and  the Amplitude of

  Let t4  be  the amplitude  of  the diverging wave  due to the

amplitude,  of  the circular  disk that is

                            g  A  coshmo(z+h)
                                                edit?lopp

                         e-'Jl'iJ'. vm,p? coshm,h

                                       as  pp=Vx2+y2-co.

The  damping  IV defined by (2.8) may  also  be calculated  by  [Isshiki et al,tS)]

                     IV ==  
to
 
.2oZshPg,

 
tm,h

 (g+ 2iii, cosh  m,h  sinh  m,h)IAi2  .

 Since the assymptotic  expansion  of  the Green function  G is given  by

                               GNB{z,  c)H6(t)(moR)

                                          as  pp.co,

 where

                 B(z, c)  ==2rti  
(MO+KKh

 l:/:lng,Stni,hhMOh cosh  mo(c+h}  cosh  tno(z+h)  ,

 that of  the  velocity  potential ip becomes as  fellows

                         ¢(P)=ii.r!!.a(Q)G(e Q)dse

                              N  
B(f.'

 
O)
 I: !it o(pe)H6`"(moR)pQdpedeQ

 According to the addition  theorem  of  the Bessel function [Watsoni4)], Hh(i)(moR)
                                         '
                                ca

                     Hbci)(moR)== Z  H;,(i>(mop?V}`(mopQ)exp{in(ee-e?)}
                              n=.co

                                                   when  p?>pQ.

 Substitution of  (4.6) into (4.5) yields that

12K'

 sirnultaneous  1

 (3.21)

mear  equa-

(3.22)

(3.23)

 Numerical Calculations

  Diyerging  waye

forced heave  osci11ation,  withlunit  velocity

       '

can

(4.1)

(4.2)

(4.3)

(4.4)

      (4.5)

be  written  as

      (4.6)
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　　　　　　　　　　　　　　　　　　　　・（・ ・一
旦
雪

゜）H ・
・i ｝

｛・ ・p・ ・！1・ 剛 脚 ・・蜘

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　as ρP → ・ 。 ．　 　 　 　 　 （4．7）

The 　integral　in （4．7）call　be　 written 　as （→ （3．5））

　　　　　　　　　　　　　　　　　　　　　　　 E　　　　　　　　　　　　　　 2

　　　　　　　　　　　　　　　　　　　　　　　1。　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　（Pc十 iPs）．　　　　　　　　　　　　　　　　（4．8）　　　　　　　　　　　　　　　　　　　　　　　　σ（Pe）／・（m ・ρe｝，・edρe ＝

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　KA ｛O，0）
It　 thell　 follows　 that

　　　　　　　　　　　　　　　　　　φ（P ）〜煮1諡｝
（Pc＋ iPs）lf・（1）（即 P ）

　　　　　　　　　　　　　　　　　　　　　一表・
一
… 礪 職 ・嘉

一c °

i謐鰐 齢

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　 as 　PP →00 　r　　　　　　　　　　（4．9）
From （4．1）and （4．9），　the　amplitude 　A 　of　the　 diverging　 wave 　 can 　 now 　 be　 expressed 　by　 Pc十iPs　 as

follows

　　　　　　　　　　　　　　　　　　　　　　　　　　　　… ÷ 醐 》要僻 … 　 　 　 （・．・・＞

The 　 damp 三ng 　N 　may 　then　be　 written 　 as

　　　　　　　　　　　　　　　　　　　娉 詈
2c

。。h3”」」lm。h（
h　　 1　　　　　　　．一

十　　　
一
cosh 　moh 　sinh 　Meh

2　　2mo ）（… ＋ps・

） 　 （・… ）

　The　difference　of　the　damping　N 　calculated 　fro皿 ．（2．8）and 　that　froln（4，11）may 　be　cons 三dered　as 　a

measure 　of　the　accufacy 　of　the　numedcal 　calculations ．

　 42 　The　 Haskind・Newman 　 Relation

　According 　 to　 the 　Haskind −Newman 　Relation
’
，　 the 　heave 　 co 皿 ponent 　E ビ

幅 of　 the　 wave 　 excitation

force　due 　to　a　plane 洫 cident 　wave 　 with 　the 　amplitude ζo　can 　be　written 　as 匸lsshiki　et　aLis ）
】

　　　　　　　　　　　　　　　　　　吾一 一撫 篇
4

（參・
、ゐ。

c ・・h ・ ・h ・・雌 舮 ， 　 ・・ 12・

where 　A 三s　defined　by （4，1）or （4．10）．　Substitution　of （4．10）i職to （4．12）yields　that

　　　　　　　　　　　　　　　　÷讐 。。 、  、（書・
、h。

c ・・h ・ ・・… hm ・・）（P ・ ＋ ・P ・）・　 （・・13）

　　　　　　　　　　　　　　　　　　　　　　　　　5． 工ong 　Wave 　Approximatio皿 s

　　When 　the　depth　 h　of 　water 　is　 s漁 ciently 　 small 　 cornpared 　with 　the　radius δ of 　the　circular 　disk，　the

so ・called 　Iong　wave 　approximations 【John7），　Stokers），　Tuck9｝
，　Chen 　et　a1．　to），Bessho15）l　may 　be　applicable ．

The 　 wave 　 number 　 mo 　of　the　shallow 　 water 　is　 now 　given　by

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　… h… K （
　　 ω

2K

＝＝ 一一
　　 　9 ）・　 　 　 　 （・・1）

Neglecting 　the　variation 　of 　the 　velocity 　potential φ along 　2
・axis レ φ may 　be　expressed 　as

　　　　　　　　　　　　　　　　　　　　　　　　　　　　・一 聯 ；1：溜 ．。 　 　 　 ・・…

where （7，θ）is　a　polar 　coordinate 　system 　such 　that

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　の ＝ rcos θ 　　V ＝ rsin θ．　　　　　　　　　　　　　　　　　 （5．3）

φ8and 吻 must 　then　satisfy 　the　following　 equations ：

　　　　　　　　　　　　　　　　　　憐 ・÷畜 嬬 ， ）・・＋ 晦 一・ ・… ＞di 　 　 （・… ）

　　　　　　　　　　　　　　　　　　協 ・÷畜 婿 、 ）・・
一一t　 ・… ≦・ く d ・　 　 （・・4b ）

and 　on 　7 二δ

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　die＝φ‘　　　　　　　　　　　　　　　　　　　　　　　　　　　　（5．5　a）

N 工工
一Eleotronio 　Library 　
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                                       oip, eipi

                                        or 
;=-iil'

 (5-5b>
             '

The  axis-symmetric  solution  of  (5.4 a)  with  an  outgoing  progres$ive wave  is given as

                          ipe=aH5Ci)(mor) (a: an  integral const.),  (5.6a>

and  that  of  (5.4b) regular  for OKr<j  is given  as

                                 1
                                   r2 (P: an  integral const.).  (5･6 b)                          et==pL
                                 4h

Substitutions of (5.6) into (5.4) lead to the solution:

                           d H6(D(mer)

                       
ee=2h

 m,zil(,)(m,j)  
for

 
r>-a-

 ) (s.7)

                       dii=2a-h 
m5rt1

 
ii,()M(X,)a)+4ih(di2-r2)

 for osrKa  J

The  added  mass  i[l and  the damping  IV may  then  be  derived as

                 .7v---,1)==':'tsI
R

,,

e

l[!:!:"dit･rdrde]
                        =iR,,,l[-li-I  

.:,
 Zlill((::tl+,O,l]

                       -ig[-.iiT,-Ytdg!!{2(moaJ-\(lsc,s"l'.\l.Xlll/:",).-ii{MOar)}i+t]("f)) 
(,.,)

                       
-t[(mld)2

 {Ji(moj)}tl{yl(mod)}2](':')' i

 where  p is the density of the fiuid, and  Re ana  1;n mean  to t-ake the real  and  imaginary  parts of  the

 corresponding  quantity. (s.s) indicates that  
pMaa

 (f.) and  paajlw (-:.-) are  functiens of tnoa alone.

                               6. Results of  Calc-lations
                                                                      '

   The  computation  was  performed  for a circular  disk with  the ratio  of the  radius  of the disk a  to the

 depth  of the  shallow  water,  h, a'/h=O.2,  O.8, 1.0, 2.0, 5.0, 10.0, 20.0 and  long wave  (j/h-+oo) as  the

 limiting case.  The  nondimensional  frequency Ka==(wtXg).a' assume  the values  O.5, 1.0, 1.5, 2.0, 2.5,

 3.0, 3.5, 4,O for the case  of  d/h==O.2,  O.8, 1.0, 2.0 and  the values  Ka-=O.5, 1.e, 2.0, 3.0, 4.0, 5.0, 6.0,

 7.0, 8.0, 9.0 for the case  of  a/h=5.0,  10.0, 2e.O.

   The  accuracy  of the computation  may  be  checked  by  evaluating  the  second  equation  of (2.8) and

 the  combined  equations  of  (4.2) and-(4.11)  by the Haskind-Newman  relation.  The  equations  for check-

 ing the  accuracy  for the  case  of  shallow  water,  deep  water  and  long wave  are  written  as  follows,
                                           '
 for shallow  water

                          "/.l2 =-z2Te  ' 
ml,a-

 'Ar'I 
MOh+C{OcSohshM20n,hhSti,nh

 
M"h

 l
  for deep water

                                       iel =
 
2
 

.-L.N

                                      nd2  x!  Kj

  for long  wave

                                      le.-li= 
n`2
 ' "' ({/t)

  where  lel is the normalized  wave  exciting  force as  lel=IEIIpgCo and  N  is the  nondimensionalized

  damping factor as  N==lglpwd3. The  accuracy  also  depends  on  the number  of segments  of  which  
the

  interval [O, a-] of  the  circular  disk consist,  that is to say,  the  accuTacy  depends on  the ratio  of 
the

NII-Electronic  Mbrary  
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Table  1(dilh..10.0)

Ka

O.5

 LO

 2.0

 4.0

 6.0

 8.010.0

1

moa-

 2.255

 3.216

 4.627

 6.778

 8.6111O.32411.997

no=  10

1

 M5.4254.7704.4254.2664.237

4.2464.275

L

ll

N6.5214.6983.2992.2401.7391.4231.196ie[O.505O.421

'O.340O.259O.211O.176O.149

error  <%)

  O.320

  O.649

  1.347

  2.914

  4.748

  6.910

  9.476

no=20

M5.4114,7534.4024.2304.1834.1684.168

6432111

N.538.722.334.292.805.504.290

:

:

 ielO.506O.423･

O.343O.265O.219O.186O.160

error  (%)

  O.081

  O.163

  O.332

  O.704

  1.125

  1.601

  2.144

ength  of each  segments  to wave  length bytheforced

oscillatlon.  According to results  of  calculatien  making

use  of the equation  (6.1), the  relative  error  is limited

less than  1%  when  "a)d is less than  O.4no, where  no,

is the number  ef segments.  The  relative  error  is less

than  5%  when  moj<O.9na.  In the  case  of  10 segments

and  1%  error,  length of  segrnents  has to be  under  one

fifteenth of  the wave  length by foreed oscillation.  In
Table  1, the  infiuence of  the effect of  the  number  of

segments  no  (alh=10.0) is listed.

  In Fig. 3, the relation  between the nondimensional

shanow  water  wave  number  moa---kta  (where A is the
wave  length by  forced oscillation)  and  nondimensional

frequency Kj=(w!/g)a which  is based on  the last equa-

tion  of  (2.3) is plotted for several  values  of  -the

parameter  afh. The  limiting value  for long wave

approximations  is derived from  the  equation  (5.1) and

tends to moa"=  VilrEJT(]a-/Tn/) .

  In Figs. 4 and  5 we  plot the  added  mass  and  damp-

ing factors as  functions of the nondimensional  frequency

together  with  comparison  curve  for the circular  disk
dlh=:O.O  taken  from MacCamy2}. The  added  mass

as  M=M/pa'S  and  N=Nlpii3ev  respectively.  As the

the curve  tends to approach  that for deep  water

same  as  that for deep water  dfh=O.  And  the  curve

water.

  In Figs. 6 and  7, the added  mass  and  damping

shallow  water  wave  number  moa  together with

-,co),
 given  by the equations  (5.8). We  see  from

creases,  the curve  tends to approach  that for long
           '
wave  approximations  are  derived from  the  equations

Meit=

  14

  12

10

8

6

4

2

tt

     O 

        
     Fig. 3 Shallow water  wave  number  mod

            as functions of ±requency  Kdi

    Kli for several  values  of  the  parameter  allv

  in the limiting value  as  infinite･water deptts

  and  damping  factor are  nondimensionalized

  parameter  for shallow  water  j/h decreases,

a/h==O. The  curve  fer d!h=O.2  is almost  the

for dilh=1.0 is still  also  close  to that for deep.

 factor are  plotted as functions of  nondimensional

comparison  curye  for long wave  approximations  (a/h

 them  that as  the  shallow  water  parameter  j/h  in-

  wave  approximations.  The  limiting  values  for long

   (5.8) as  follows,
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                 Ka-7'a

Damping  factor N==NlpdSta  as  func-
tions ef  frequency Ka

 hMff
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2468hO,a=3iiia

Added  mass  M-(hla)  as  functions of

shallow  water  waye  number  moa

N.4
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2D
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Fig. 7

  2' 468  10

              Tn,a=  
ileErr

Damping  factor N-(hld) as  functions

of  shallow  water  wave  number  moa-

at  moa-O

.(g.

N(-2.-))N 4
.v!ll{o.36sg4-log(moj)}

 ffx 1{1-(mea)2
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Y

 

Fig. 8Pressureamplitudefor  disk (dlh=1.0)

0

             
          Fig. 9 In phase  and  out  of phase components  of  pressure for disk (j/h=1.0)
                                               '

'The
 curves  for the  parameter  alh more  than  5.0 may  be replaced  by  that  for long wave  approximations.

  In Fig. 8 we  plot the amplitude  of the norrnalized  pressure in case  of  a-fh==1.0  as  functions of  pfo

together  with  comparison  curve  for deep  water  (Olh-O) taken  from MacCamy2). Curves for a'lh=1.0

are  close  to those for deep water.  In phase  and  eut  of  phase  components  oi  the radiation  pressure

of  the clrcular  disk jfh=1.0  are  plotted in Fig. 9 as  functions of  Kd  for several  values  of  the parameter

pld. Pressure p and  its in phase  component  pe, out  of phase  component  ps aTe  obtained  from  the

equation  (2,7) as fo!lows,

                                      p=po+lps

                                     pe =pgZD(1-  ae)

                                     ps=-paZocs

where  2o is the amplitude  of the  forced heaving  oscillation.  Both  components  of  the  radiation

pressure  increase almost  in proportion to the  nendimensiona!  frequency  Kdi.                                                                           '

  Finally in Fig. 10, we  plot  the amplitude  of the  exciting  forces and  their phase  lag as  functions of

nondimensiona!  shallow  water  wave  number  mod  for several  values  of the parameter  alh together with
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      .
 comparison  curves  for both of the limiting cases

                                            of  infinite water  depth  and  leng  wave  approxi-

                                            mation.  As  the shallow  water  parameter  a/'h in-

                                            creases  at  any  shallow  water  wave  number,  then

                                            the  exciting  force increases. But  the  phase  lag
                                           '
                                            is almost  independent  of the  shallow  water

                                            parameter  d/h.

                                              Contour  lines of nondimensional  frequency  are

                                            also  plotted in Fig, 10. From  the point of  view

                                            of  nondimensional  irequency.  the  exciting  forces

                                            for' several  values  of  a  pararneter dlh  are  rather

                                            close  to each  other,  while  their phase  lag are

                                            different from each  other.

                                                   7. Discussion and  Conclusioms

                                       -  The  dynamic  qualities eva!uated  in the present

                                            paper  converge  to both  of  the  iimiting case  of

 Fig. 10 Heave  exciting  force cOethCient  fOr deepwaterandlong  wave  approximation･  There'

         disk and
 
its

 phase  
lag

 
aS

 
fUnCtiOnS

 fore the  
results

 of the  calculation  are  belieVed tO
         of shallow  water  wave  number  moa  

'

                                            yield  good  approximations  for shallow  draft ships

in  shallew  water  performlng  forced heaying oscillation.  The  accuracy  of  the results  were  
checked

 
by

Haskind-Newman  relation  and  fairly good  agreement  was  observed.

  It is interesting  to note  that  the  hydrodynamic forces for shallow  water  p3rameter dfh less than
 
or

equal  to 1.0 may  be approximated  by  those  for deep  water  and  that  hydrodynamic  forces {or jth

more  than  or  equal  to 10,O are  very  close  to these  for long wave.  !n addition,  from the  point of  view

of  nondimensional  shallow  water  wave  number,  the exciting  forces in heaving mode  for a  circular  disk

increase Tnonotenously  according  to the shallow  water  pararneter a'Ih, while  their phase  lag are  almost

independent  of the parameter  j/Ie.
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