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Onthe  Hydrodynamic  Forces for Shallow
     Ships in Shallow Water  (3rd Repcrt)

  On  the Pitch Hydrodynamic  Forces of  a  Circular I)isk

Draft

Hisaal<i Maeda*,  MemberSumihiro  Eguchi*, Member

                               Summary

   The  hydrodynamic  forces of  pitch mede  on  a  circular  disk as  a  shallow  drait
ship  in shallow  water  are  investigated. The  boundary  value  problem  is formulated
by  the  use  of  the concept  of  the surface  distributed souices  so  that  integral equatien

for the source  densities are  obtained.  In the  case  oi  long  waves,  the problem is solved
analytically.  The  numerical  solution  of  the  integral eguation  is feund.  The  added

moment  of  inertia, wave  damping  faetor, wave  exciting  moment,  radiation  pressures,
wave  exciting  pressures  and  motions  are  calculated.  The  corresponding  experiments

are  carried  eut  and  the  results  oi  the numerical  calculation  are  in good agreement

with  those ofthe  experiments.

'

             1. Introduction

  In the first and  second  reports,  the  hydro-
dynamic  forces of  heave mode  were  investi.crated
experimentally  and  numerically.i),2)  The  con-

clusions  were  that  the effectiveness  of  the  nu-

merical  method  was  proved and  the shallow

water  effeet  and  the typical phenomenon  on

a  ringed  circular  plate were  shown.  In  this

paper, the forced oscilIation  tests and  wave

excitation  tests of  the pitch mode  and  motion

tests in waves  of  a  circular  disk are  carried  out,

The  experimental  Tesults  oi  the  radiation  forces,

radiation  pressures, wave  excitation  oi  the

pitch mode,  wave  exciting  pressures. pitching and
heaving motions,  dynamic  pressures of  a  circular

disk oscillating  in waves  are  compared  with  the

correspondin.cr  numerical  results.

         2. NumericalCalculation

  2.1 Boundary  Value Problem2)

  A  cartesian  coordinate  system  is defined with
its origin  on  a  mean  free surface  of  a  fiuid as

shown  in Fig. 1. Let ¢ exp{-int}  be  the  radia-

tion potential due  to unit  velocity  amplitude  or

the diffraction potential whieh  corresponds  to

an  unit  amplitude  of  the incident wave.  The
corresponding  bonndary  value  problem  rnay  be
written  as follows,

  
*
 Institute of  Industrial Science, University

    of  Tol{yo

  Peip=O in fluid . (l,a)
  e.-K¢ =o'  atx=o  ab)
  e.=:f(p) onc  ac)-
  Og=O at  x=  

-h
 (I.d)

  eNradiation cendition  at  VxZ+y2--.co (1,e)
where  C represellts  the sinrface  of  a  circular  disk,
deep water  wave  number  K==to2/g, g is the
gr.avity acceleration,  h is the depth of  water,

and  f(P) is the boundary  value  on  tlte point P
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of  C, Let  G <x, y, g;  a, b. e) be

potential at  a  point P  (x, y, g)
or  the so  called  Green
located at  a  point  2 (a. b, c).

  G=Gc+iGs

             m:-K2
    Ge==-2n-                      coshmo(o+h)
           hm:-hK2+K

        
･
 cosh  mo(g+h)  Ya CmoR)

           
oe
 mi.+K2

       +4  £                        cosmn(c+h)
          n-zi  hmZ+hK2-K

        
'cosmnCa+h>Ko(mnR>

            mg-Ks

    Gs=2T                     coshmoCe+h}
         hm:-hK2+K

        
:
 cosh  mo(g+h)Jo(moR)

where

    R=V(x-EJi+(y-b)z

the  suMx  a and  s  denete  the

part of a  complex  number

dispersive relations  are  writt

   mo  tanh  meh  ==K.  "tn  tan  m"h

where  mo==2nlA  is the  shallow

number  and  A is the wave

Yo{moR),  Ko(meR)  are  the
of  the first and  second  kind  oi

the medified  Bessel function ef

oi  O-th order  respectively.  From
condition  oll  C  and  the  iree
the  following integral e

    f(P) =ff(P)  +  4K. S!. ff(9)  'G(P･ g)dSe )

where  P  and  2 refer  to points Cx,
b, c)  on  C respectively,  and  cr is
the distribution. Using  the
the  velocity  potential di on  C  can

     ip(p).,.i(P)}a{P), p,c

The  boundary  condition  of  pitch
written  as  fellows,

    f(P)=-x= -r  cos  ff ,
 on  C

and  the density of the distribution

    a(P)==ifo(r)  cose,  on  C

The  non  dimensional added

and  wave  damping  coeficient  are

     pJ..X, =  f.., i,a (r+aoccr)}･r2ar

     pl)l:-s =TKrriE-g-, i,a' aos(r)･rzdr

where  p is the density of  the  fiuid,

    aD(r)==ffoc(r)+icros(r)

H dy inth fia \  ftrktr fiag  147 e

            the  velocity

       of  the  point source
function with  its singularity

{2.a)

(2.b)

     real  and  imaginary

     respectively.

    en  as  follows.

          ==-K

           water

      length. Jb(moR)
        Bessel  function

        O-th order,

        the second

          the  boundary

      surface  condition,

quation is obtained,

(2.c)

(3)

  The

(4)
 wave

    ,

  and

 kind

 PEC  (5)
     y, e) and  (a,
   the  density  of

solution  a  of  (5),
    be  written  as

          (6)

    mode  on  C  is

           (7)
    is

           (8)
moment  of  inertia

    now  glven as

          (9.a)

          (9.b)

    and

           {IO)

The  pitch  component  llsexp  (-itut) oi  the  wave

excitation  force can  be ",ritten  as

        Es  2 {h{mg-K2)+K}
    es  

=-
 

=:
 

'
       pggoaU3 Kdi3 m:

         
'(-Ps+iPe>

 <11>
The  radiation  pressure p<P)  is written  as

     pP,.L'.>ip=II.'+2'tV')]coso (i2)

According  to the Haskind  relation,  the follow-
ing relation  is derived,

     Np  1                      h(mg-K2)+K

    poji 
==

 Kza-s (Pi+Pk])' .g  
Lt

        ==S

 h(,.i-"ig,) 
-.,
 K  

･[pig,5.ldi,
 ]2 (IB)

where  go is the amplitude  of  a  plane'incident
wave,  d is the  radius  of  the  circular  disk, ip is
the amplitude  of  forced  pitching, 0 and  r  are

variables  of  polar  coordinates  on  a  circular  disk,
and  <Pc+iPs) are  the function which  are

derived later and  which  corresporid  to Kochin

function.

  2.2 NumericalProceduret)

  9<r', e') repre$ents  an  arbitrary  point on  a

circular  disk. The  bounclary condition  is given
on  a  point P{r,  e). The  integral equation  (5) is
reduced  to the  fo!!owing  two  sets  of  integral
equation  for unknowns  aoi(r), ffoa(r), taking  ac-

count  of  the pitch mode;

    -r=  aoi(r)+2rr  [a aoi(r') -aeCr, r')r'dr'  (14a)
                .O

    -Ji(mor)=aoa(r)+2ziaood(r')･Cc(r.}'>r'dr'
                     "o

                                  (14b)
where

             KA
    Cc(r,r'>=.              4rr 

Si{Mor)'Ti(mor')

         K  
co

       +i.4,B"'Vi{manr)'JVi("tnr') (ls)

the  sets  of (Si, Ti), (Vi, M's) correspond  to the
sets  of  Ut, Yi), (Ii,Ki) respectively  or  vice  versa,

according  to r>r'  or  r<r',  and

            mg-K,

    
A
 
==

 
2n

 hmg-hK,  +-K- 
cosh

 
mo(c+h)

         
'coshmo(g+h>l,=,=,

 (i6a)

          M.+KZ
    Bit=                    cosmn(c+h)
        hm:+hK2-K

          
･cosmn(z+h)

 (i6b)
                     E=C=O

Let the interval [O, a'] consist  of  N  small  seg-

ments,  that  is
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           pt

     [O, a] :=
 U [a.-1, a,]

          p=1

where

     O==ao<al<a2<.･･<a.<...<aN==a

VLre assume  that  the  source  densitv
stant  at  the each  segment  [a.-i, a,l."

following approximation  is hold.

      !: g(r')  'Ce(r, r')r'dr'
       .x  ff( 

av">+a"

 ) !I' C(r, r'}  -r'dr'

If we  introduce

(17.a)

 (17.b)
 '
 ls con-

Then  the

               at,-1+a,e

            rli 
=:

                  2

and

         Dl,..["- de(r.,r')-r'dr'
              

.ap-1

then  the eqtiation  <l5) and  (20) yie
lowing  expressien  ;

  a) when  a.<vp

   D.p=-  ll: Yi(mer,) I:l", Ji(mor')r'dr'

       +-l;- .Ei,  Bn.Ki(mnrF) Ill-,
b)D

(rs)

(19)

(20)

lds the  fol-

Ii(mnr')r'dT'

     (21.a)
when  rs  <a."i

pp:'m  {ll;I 
'.]'i(mor.)

 i."".-, Yi(mer')r'dhr'

   +'l;' ,S.,Bn'li(mnrF}  i:j-, Kt(mnr')r'dr'

                             (2l.b)
c) whena."i<r"<av-i

       KA
Dnv==-           Yi(morg)

       im

       K  ca

     +-E
       7T tuL

  The  integral equation  (14)
imated by the fo
tions for unknowns  o`ot(r.),

    pawhere

                i'.1-,Ji(mor')r'dr'
          Bn 

'Ki
 (mnr,,) i'.".", lt(mnr') r'dr'

     {iiil -]'i(MOrit) i."] Yi(Mor')r'dr'
   

ut"
 
'I;'

 .Z.,  Bn  
'k(mnrF)

 I."I Kt (mnr') r'dr'
                             (21.c)
                   can  now  be approx-

         11owing simultaneous  linear equa-

                  o'oct{rF) (tte 
==

 1, 2, ･･･, N) :

-Ji(m;1!:; l =.Z"=,  I I:i((r.;))] (2llDFv+6..) ,

                             (22.a)
 

==l,2,`･･,N
 (22.b}

a."==I6(fe==p)(palv) (23)

  The  procedure  to get croc and  fos  from  ffoi and

crod is as  follows,

(I)

    I.i'i,]-",A i,i[g:L(QlllJi(n2or')r'dr' ;;,`,"))
(II)

      P,=Pil(l+PZ)  (25.a)
    iPs=Pc-Pd (25,b)
(III)

      ffoc(r)=aoi(r)-Ps.croa(r)  <26.a)
    I      aos{r):=P,-aod(r)  (26.b)
  2.3 Leng  Wave  Approximations5)

  The  procedure in pitch mode  is as  $ame  as

that in heave  mode.  The  only  djfference is the
boundary  condition  on  a  circulaJr  disk. The  ve-

locity potential ip may  be  expressed  as

      -(O,,  r>d  (2･7,a)
     di-1 ipi, a->r>o  (27.b)
die and  ipt must  then  satisfy  the following equa-

tions:

    ( oO,2, +t  'ISJ'+?i,- 
oae2,

 )ee+m:o,==o,
                             y)-d  (28.a)

    ( oOv2, +t  -EIItT+ 
ri2
 
pOi2

 )et =-  
COhS

 
e
 ･r,

                          ant>r).O  (28.b)
The  axi-assymetric  solution  of (28) with  an  out-

golng  probvresslve wave  ls glven as

   Ot=l ih ' i ,
 
'
 :i･lli;ill:'l 'r

      + slh Ca-2-r2)r] cose,  Osr<a  (29.a)

   ip"" S;'i,,iT,.-'Zl,il[:!.di.]'cose, r)a'  (2gb)

The  added  rnoment  of inertia Jx and  the  wave

damping  Np  may  then  be derived  as

 ,g
Ja

2
X

: )=:  {ft}[g: s;' ip,.2 cos  odoar]

         (t) 
'lrr-6'[

 
niar

             fi(Mod)f2(mea">+Yi(modi)Y2(Medi)

            
--

 {J2{mofi)}2+{Y2Cmoa>}t

+"

G-)e･,.l,,,
' l

(30.a)

{.1'2(Modi)}2+{Y2(moa-)}2(30.b>
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where  1?e and  Im  mean  to take  the

abcrinary  parts  of the correspond'

The  equation  (30) indicates that

and  Np/pblaS･(hfa) are

  The  limiting values  ior leng
tions are  derived  from  the  e

follows,

at  motieO

    lt-;-･(k.)-S,Z
    

-bi)l:-,
 
･
 (e. )- "2 1m, gd)2

at  maa.oo

    7'.,k･'(:-)'?g6-

    p\,"a's
 
'
 (2 )N i 6:ioi'

            3. ExperimentsZ)

  In  order  to checl{  the numerical

depend on  linear theory, three

perirnents are  carried  out.  These

pitching tests, wave  excitation

motion  tests in waves.  In  the

tests. the kinds  of measurement

moment  oi  inertia, the  wave

and  the radiation  pressure  which

pressure due to  varyin.ff  static

wave  excitation  tests, the wave

heave and  pitch mede,  and

pressure, In  the  motion  tests 
'

amplitude  of  heaving and  pitch

pressure when  the circula:  disk
waves.

  The  ex

ing  basin  of the

of the false bottom  is

report.

  The  dimension  of  the  model  is
ei  Uie diameter, 100mm  of  the

draft of  20, 81 and  50 rnm

weight  of  12.7,
of  inertia of  O.e585, O.OB21 and

respectively.

pt are  as  iollows, rfdi:=:± O,93,

± O.6, +O.4, ± O.2 and  O.
               '

   4.

  4.1 Forced  Pitching Test  of  a

  The  added  moment  of  inertia Jx
damping  coetheient  Np  oi  the  

'
 

'

in Fi.cr, 2 as  those  of

which  depend on  the equations

The  pressures measurecl  in the

tests inc!ude  varied  ones  oi  statie

H*finaepftkStEig  147 g

           real  and  im-

          mg  quantity.
            Jxfpd5･Chld)
functions of  mod  alone.

       wave  approxlma-

        quatien  <SO) as

{31.a)

{31.b)

C32.a>

(S3.b)

                     results  which

                     kinds  oi  ex-

                     are  the foTced
                    tests and  the

                    ierced  pitching
                    are  the  added

                   damping  facter
                       include the

                  pressure. In  the

                     excitation  o±

                the  wave  excitation

                    m  waves,  the

                     ing and  the
                       oscilates  in

periments are  carried  out  in the seakeep-

      University of  Tokyo. The  detail
             mentioned  in the  2nd

                      that  900  mm

                      depth. The

                 correspond  to the

     19.7 and  3I.8 kg, and  the  moment

                      O,0778 kg-m2
    The  locations of  the pressure gauges
                    ± e.83, +O.73,

Numerical and  Experimental  Results

                       Circular Disk

                      and  t'he wave

                  pitclling are  shown

               non-dimensional  form

                     (9.a) and  (9.b).
                    iorced oseillatioJi

                      pressure pps=

O,4osa2

O.1

oFig,

 2

LO

･9-lasaNorcta

O.5

Fig

'

o

.3

l.O

g:asas`i..aaO.5

Added  moment  oS  inertia and  wave

damping  coethcient  of  a  circulai  disk

(ti!h -:  1.0)

    1 2 3                     4
                 Ka
Radiation pressure  of  pitch
a  circular  disk  (d/h ===  1.0)mode

 oi

    O 
-O.5

 7d  LO

  Fig. 4 Radiation
 pressure  

of
 pitc4  

mode
 
of

        a  circular  disk

pgrcose･O besides the radiation  pressures ppr6).

Therefore according  to the equation  (12), the

･non-dimensional pressure is represented  as  fol-
lows,
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pitch of' the equation  oi  rnotion  is neglected.  The
surge  is also  ignored. The  hydrodynamic  forces oi
heave mode  depend  on  those  of  the first report.i)･`)
The  pressure of  a  circular  disk which  oscillates

in head  waves  is non-dimensionalized  as  plpggo  .
The  pressure is deduced  by  the summation  of

the pressures oi  heave  radiation  pressure. pitch
radiation  pressure, wave  exciting  pressure, and

allow  Water  (3rd Report)

    -YT.p-T ..  
PllrL+

 
Pmpsm

    pga･g pga･g pga･p

       ==  (f. +  
ae..(Y))

 cos  e+{  coso  (33)

The  non-dimensional  pressures a$  fnnctiens oi

non-dimensional  frequency  Kdi are  shown  in
Fig. S and  those  as  functions  of  the  pressure
location rfa' are  jn Fig. 4.

  4.2 Wave  Excitation  Test of  a  Circular Disk

  The  wave  excitation  moment  of the  pitch
rnode  is shown  in Fig. 5. The  wave  exciting  pres-
sure  pw  is non-dimensionalized  by the amplitude

of  the  incident  wave  go as  pw/pggo. The  wave

exeiting  pressures as  functions of  Kdi are  shown

in Fig. 6 and  those as  functions of  r/di in Fig. 7.

  4,3 Motion Test in Waves  of  a Circular Disk

  The  amplitudes  of he4ving Cg[fs'o and  pitching

igl!ffgo of  a  circular  disk  are  shown  in Fig, 8.

In the  theory, the cross  term  between  heave  and

    O.4

    Q3

 mi"X

  
iRQ2･a

  tu's

 ･ 2orO.1
  '

     o

Fig. 5

afhI.OO.2

EXPoA

CAL--t-

o

oo.=
 a･

-

:7-

  
iO

i
    t

  O,5±
    1
   6o

atpgs

    Qy''-

alh=1.0
EXP  o

CAL

.o

   ]
   j,---ll

     1 2 3                      4
                  Ka
          '
Wave  exciting  moment  eE  pitch mode
of  a  circular  disk  

'

-I.O -OS

 Fig. 7

-G6 -D.4 -02 O 02 O,4 O,6 e.e I.O
                        rta

Wave  exciting  pressure of  a circular

disl< (Ka'--2.0>

].5

LO

  LO

M'

gdi

  O.5

05

o

Heave

 IZIIg.

Pitch
  IVI/KS.

 o

     o

'a-l'h
 =  LOEXPoA

CAL--t-

Fig

 o

.6

x
     .Xxi(l.

         
Ax-{lll

                 A'Nx=

 
 

 
 

 

 
 

 

 

 
 

 

 

     1 2 3 4
                  Ka
Wave  exciting  pressure of  a

disk (anlh ==  1.0)

oFig       ! 2 3Ka

, 8 Heaving  and  pitching amplitude

   a  circular  disk  (a/h=1.0)

4ef

1,O

EXPCALo

o

  l,D.51
  +

Areg.

eo oq,

circular

'-LO
 
-D,B

  Fig, 9

-o.6 -oA -az g D,2 o,4 o.6' o,s ].o
           cra

Pressure distributions on  a  circular

disl[ which  oscillates  in head  waves

(difh =::  l.O and  Kd  =-2.0)
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     O,7

     O.6

     O,5

     O.4

  if}

   
E.O-

 o.3

  g.
     O.2'

     e.1

      o

Fig. 10

Architects  of  Japan

fi ?F  xxE fiA \  ft EmaYffee 147 l
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    2468                     !o

              Ka=gifMa
Added  moment  of  inertia oi  pitch
modie  of  a  circular  disk as  functions
of  irequency Ka

or

O.6

:
5

,

o.3

02

o-i
         

        

       
O
 

2
 

4
 

6Ka.g.2a
 
lO

          '

  Fig. I l Wave  damphig  factor  of  pitch mede
         of  a  circular  disk as  functions of

         frequency Kd

varied  pressure of  static  pressure by heave  and

pitch. The  pressure  distribution is shown  in

Fig. 9, '

  4.4 Shallow Water Effect on  a  Circular Disk

  The  added  moment  of inertia and  wave  damp-

ing coecacient  as  iunctions of  Ka  for eeveral
values  of  the shallow  water  parameter afh  are

shown  in Fig. IO and  l1 respectively,  The  shal-

low water  parameter a-!h!tO,2  corresponds  te
infinite water  depth d!ht=O.O.3)  In Fig, 12 and

13, the added  moment  of  inertia and  waxre

damping  coethcient  are  plotted as  functions oi

O,3

2  O.2)tX-7e'-s

 ×
--

 o.l

   O 1234567

                         mn=jit'a

 Fig. I2 Added  moment  of inertia of  pitch
        mode  of  a  eircular  disk as  functions

         of  shallow  w;,ater  ",ave  nuiiiber  inoa+

   O.2

 A

 =
 .LS

 Las 

 )  O.I
 3m

 Eas
 Q..
 s.  
 CL･  

 Z      
 v  

    D I234567

                        mA=k'a

  Fig. 13 VtJave damping  factor oi  pitch mode
         of  a  circular  dis]< as  functions  of

         shallow  water  wave  number  va･ed

non-dimensienal  shallow  water  wave  number

moa  together  with  cemparison  curve  for long

wave  approximations  (tifh-oo), given by  the

equations  {30.a) and  (30.b>.

             5. Conclusions

  i) The  present  numerical  method  which

depends on  characteristics  of  a  circu}ar  disk  is

proved to be  a  good prediction method  for hydro-
dynamic  f6rces oi  pitch mode,  at  least in the
range  of the shallew  water  paTameter less than
alh=1.0  due to Fi.v. 2 and  5. The  cemputer

time  by  this method  is about  lflO of  tbat  by

usual  3-D source  distribution method.
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  ii) The  present method  is also  effecive  for
the prediction of  pressures. Because  the  results

of  calculation  for Tadiation  and  diffractioll pres-
sures  are  in good  agreement  with  those  oi  the
corresponding  experiments  according  to Fig. 3,
4, 6 and  7 except  those  at  the  end  -rfa'--± O.93.
Only  the numerical  results  for the diffraction
pressure  depend on  the usual  S-D  source  distri-
butien  method.

  iii) The  shallow  water  effect  for hydrody-
namic  forces of pitch mode  is almost  as  same  as

that of  heave  mode.  The  shallow  water  paia-
meter  

di!h
 less than  1.0 seems  to correspond  to

the deep water.  And  the shallow  water  para-
meter  a!h larger than  5.0 may  be  approximated
by  long  wave.
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