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ARankine  Panel Method  to Calculate
                      Hydrodynamic Forces

Unsteady Ship

by HironoriYasukawa*,Member

                                    SumTnary

  A  panel method  to calculate  unsteady  ship  hydrodynamic forces is introduced, First, formulations
were  made  for both steady  and  unsteady  free-surface conditions  under  the assumption  of  small

perturbatien over  the  double  body  flow around  a  ship. A  newjy  derived free-surface condition  for
unsteady  motion  makes  a  theoretical pair with  Dawson's  steady linearized free-surface condition.  Next,
a Rankine panel method  was  applied  to solve  the equations  based on  the present  unsteady  free-surface
condition.  For  radiation  condition  of  waves  a  numerical  damping was  introduced into the  free-surface
condition.  Calculations were  made  of  the unsteady  hydrodynamic forces such  as  added  mass,  damping
and  wave  exciting  forces for a  two-diTnensional submerged  cylinder  and  an  ellipsoidal  ship  hull form.
By comparing  with  other  calculations  and  experiments  it was  shown  that the present numerical  method

is useful  for better understanding  of  the unsteady  free-s"rface fiow problems,

              1. Introduction

  Ship hydrodynamic  forces have been predicted com-
monly  by using  strip  method,  thin  ship  theory  and

slender  body theory. To take  three-dimensionality in
rnore  consistent  way,  singularity  distribution methods

have  also  been  proposed2)')S}9]i`). These  metheds  are

based on  the solutions  for the classical linearized free-
surface  cendition,

  Further, for an  improvement of the linearized solu-

tion, approaches  have been made  to dea] with  the free-
surface  condition  taking steady  perturbation fiow

around  a ship  into account,  For instance, in 1983 Lee
considered  the double body flow as  a basic flow to
calculate  added  resistance  of  a ship  in head wavesiS},

Sakameto  and  Baba  extended  the low speed  wave

resistance  theoryi) to unsteady  free-surface flow prob-
lem, and  derived an  asymptotic  solution  of added  resis-

tance'"). Zhao  et al. calculated  added  resistance  of a

semi-submerged  spherean). Kasihiwagi and  Ohkusu
presented  a  hybrid method  in radiation  problem  for a
half-immersed circular  cylindert3).  Huijismans and  Her-
mans  discussed the effect  of  steady  perturbation flow on

drifting forces of  ships  under  the assumptien  of  low
speed6',  At  present, however, it is diMcult to deal with
general ship  hult form with  forward velocity,  since  the

computation  scheme  for solving  the  basic equations  is

complicated  and  the arnount  of the calculations  is
considerably  large.
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  On the other  hand, there is Rankine  source  methed3)"),

a  kind ef  numerical  method  for selving  steady-state

free-surface flow. The  results  show  good agreement

with  experiments  and  give  an  improvement over  the

conventional  linearized selutioniB}. The  Rankine source
methocl  can  easily  deal, with  the free-surface condition

taking the steady  perturbation flow into account  There-
fore, recently  some  attempts  are  made  to apply  the
Rankine  source  rnethod  to the unsteady.free-surface

flow problem. Nakos  calculated  the wave  elevation

generated by a two-dimensional submerged  body  with

forward and  oscillatory  motion'7)  by using  quadratic
B-spline panels20). Takagi  preposed  a  technique to sat-

isfy radiation  conditien  of waves  by use  of an  artificial

parameter  corresponding  to Rayleigh viscosity,  and

calculated  added  resistance  by solv!ng  diffraction prob-
lem for a full hull forrn advaneing  in waves2U2Z).  In his
formulation the  clouble body  fiow is emp}oyed  for
steady  perturbation flow. However a  relation  with  the

steady  free-surface flow problem  is not  considered.

  In this paper, an  investigation was  made  of  panel
method  for unsteady  ship  hydrodynamic forces. First,
formulations were  made  fer both steady  and  unsteady

free-surface conditions  under  the assumption  of  small

perturbation over  the double body flow. A  newly  dier･
ived free-surface condition  for unsteady  motion  makes

a  theoretical  pair with  Dawson's  steady  linearized free･
surface  conditionM,  Next, a  Rankine panel  method  was

applied  to solve  the equations  based  on  the  present
unsteady  free-surface condition.  For radiation  condition

of  waves  a numerical  damping was  introduced into the
free-surface condition  with  reference  to Dawson3}  and
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Takagi2'). Calculations were  made  of  unsteady

hydrodynarnic forces such  as  added  mass,  damping and
exciting  forces fer a  twe-dimensional  submerged  cylin-

der and  an  ellipsoida}  sihip hull form, By comparing

with  other  ca)culations  and  experiments  it was  skown
that  the present method  is useful  to solve  nurnerically

the  unsteady  free-surface fiow problerns,

           2. Problerri Formulatiom

  Let us  consider  two  coordinate  systems  o'-x'y'z'

fixed with  respect  to a  ship,  and  o-xyi  moving  in

 steady  translation with  the forward velocity  of  a  ship  as

 shown  in Fig.1. x-axis  coincides  with  the negative

 direction of  the sl)ip's forward velocity  U. z=O  p]ane

 coincides  with  the undistrurbed  free-surface, and  the z-

 axis  is taken positive upward.  The o'-x'y'2'  coordinate

 system  is defined so  as  to coincide  with  the  o-xyz

 coordinate  system  in steady-state  equilibrium.

  Supposing a ship  is in an  inviscid, irrotational, incom-

 pressible fiuid, the velocity  potential ¢ , which  repre-

 sents  fiow around  the  ship  and  satisfies Laplace's equa-

. tion  72e  ==O,  is introduced. With reference  to Sakamoto

 andi  Baba'9) it is assumed  that the total potential  O  can

 be expressed  as  the sum  of  three  cemponents  as:

    to(x, y, z, t)=too(x, y, a) +  dii(x, y, z)+  ipv(x, y, z, t),

                                       (1)
 where

 ipo : velocity  potential representing  steady  double

      body fiow,

 dii : velocity  potential  representing  steady wavy  flow,

 div :velocity potential representing  unsteady  wavy

      flow.

 The tetal potential O has te satisfy  free-surface condi-

 tion, hull surface  condition  and  radiation  condition  of

 waves.

   2. 1 Free-Surface Condition

   The kinematic and  dynamic boundary conditions  on

 free-surface are  written  respectively  as:

     ¢ .g.+o.gl- ¢ .+g,=o  onz==g,  (2)

    gg+-5-(l7¢ ･7o-U2)+ ¢ t==o  on  z=g,  (3)

 where  "s  wave  elevation,  g the gravitational accelera-

 tion and  subscript  means  partial differential.

!

stup

Fig. 1 Coordinate  systems

x

 Eliminating g from (2> and  (3), the  exact  non-

linear free-surface boundary  condition  is expressed  as :

   o,,+27ovo,+}7e･7(7e･ffe)

     +g ¢ .=O  onz=g.  (4)

Eq. ( 4 ) has to be  satisfied en  the elevated  free-surface,

which  is, however, not  determined  until  that the veloc-

ity potential is obtained.  Following Dawson's  wayS]  the

free-surface condition  is assumed  to be satisfied  on  2==

O. Further dii and  ipu are  assurned  sma}1.  Substituting

(1) into (4) and  neg)ecting  higher order  terms  for dii
and  diu, a  linearized free-surface condition  based en  the

double body  fiow is derived as:

   ipvtt+27ipo'7iput+St7¢ o'7(7ipo'7ipD)

     +7dio'7(7dio'7dii)+7ofo'ff(7dio'7diu)

     +S'7ipi'7(7 ¢ o'7ajo>+'S-7 ¢ u'7<7ipo'7 ¢ o)

     +g(dii2+dita)==e on  z=  O. (5>
  An  index s which  denotes a  derivative in the stream-

line direction of  the double body flow is intreduced.
Using a  following relation,

   (7die'V)di=diosdis,
eq, (5) is rewritten  as

   os.,,+2ip,.es.,,+e7(di,+di,+di.)･7(¢ s.)

     +diDs[(gbosdiis)s+<45oss6us)s]

     +g(diiz+ipta)==O on  z=O.

<6)

(7)
If the curvature  of the streamlines  of  double body fiow

is small,  we  can  approximate  asiO) :

   '}7diu'ff(ip:s)trdiosipossdius. C8)

Then eq,(7>  is expressed  as:

   ipute+2diose5vst+g53s(diiss+divss)+2ipesdioss(ipis+dios)
     +g( ¢ it+diur);=Nip:siposs  on  z==O.  (9)
  Eq.(9) can  be separated  into two  independent linear-

ized free-surface conditions,  one  for the steady  wave-

making  fiow and  the other  for the  time  dependent wave

motion  as  follows:

[steady component]

   di:sdiiss+2ipos¢ ossdiis+9diii=Tdi:sdioss  On  Z=O,

                                      (10)

[unsteady component]

   ipu,,+2dio,div,,+ipg,di..,+2dio.ipo.diu.+g¢ ..=o

                      on  z==e.  (11)

Eq.(10) coincides  with  Dawson's free-surface condi-

tion3'. Therefore eq. (11), which  is a newly  derived in

the  present study,  corresponds  to an  unsteady  ]inearized

free-surface condition  which  makes  a theoretical pair

with  Dawson's one.

  Relations among  the present free-surface condition

<11), Sakamoto  and  Baba's condition'9)  and  the classi-

cal  linearized conditien  are explained  in Appendix.

  2.2 Hul1 Surface Condition

  Exact ship  hull surface  condition  is expressed  as  :

    O.=[d+(70･F)a]'n  on  S, (12)
where  n  is the  unit  norma)  vector  which  is defined to

peint out  of  the fluid domain, and  S the submerged
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portion of  the ship's  surface.  a  is the vector  of  the

oscillatory  displacement of  a ship  (see Fig.1) and  is

assumed  small  quantity. Then  total velocity  on  S, 7O  is

expanded  in Taylor series as:

   fi'Ois-l7¢ rs.+[(a-7)70]s.+0[(a･?>2[7¢ ], (13)
where  Sm means  the  ship's  surface  in steady-state  posi-

tion. Substituting (1) and  (13) into (12) and  neglecting

the  higher order  terms  fer dii, ipu and  a,  it follows that

   dion+ipin+diun=:[d+7X(aX7dio)]'n on  Snt.
                                      (14)
It is noted  that the eq.(14)  can  be derived alse by

applying  the present  assumptions  to the hull surface

condition  presented by Timman  and  Newman2S).

  Eq. (14) can  be also  separated  into two  independent
hull surface  conditions,  one  fer the steady  wave-making
                                         .
flow and  the other  for the  time  dependent wave  motion

as  foNows:

[steady component]

    dion+diin==O on  Snt, (15)
[unsteady eomponent]

    diun=[d+7 × (aX7dio)]･n en  Sm. (16)

  2.3 Wave  Elevation and  Hydrodynamie Forces

  Wave  elevation  is represented  by a  linearized form of

 <3) as:

    g=ig[UZTdig=-¢3y-2diex(di}x+ditL:)
      -2ipoy(ipiy+iptig)m2evt]. (17)
Eq. (17) can  be separated  into two  components  as fol-

lows:
 [steady component]

    ts =::  ig [ U!J  g6gxN g5gy-2e5oxip ix-2g5oyipiy],  (18)

 [unsteady component]

    k=-e[ipoxthur+dioydiLig+divt]･ (19)

  Pressure on  ship  hull surface  PH is represented  by

 Bernoulli's equation  as  :

    PH==-p['S'(7di'7¢
mUZ)+dit]-pgz

 on  S.

                                       (20)

 Neglecting the higher order  ternis for dii, ipu and  a,  PH

 is represented  as:

    PH=+p['l}'(fi'4Se'7dio-U2)+Vg5o'E'4}i+7q5o'7g6u

        +gSut+-S-(a･7)([7dio･7dio)]-pgz on  Sm.

                                       <21)
  Integrating the pressure Pu over  the  ship  hull surface,

 the hydrodynamic  forces F"i acting  on  a  skip can  be

 obtained  as:

    Fi,=- 
-
 Dg.p.n,cts

       ==p.L(i.[-S-(7g6e-f7e5o-U2)+7ipo･7ei]nictS

         +plL.[mdio･i7ip.+di.,

         +S(a'7)(7 ¢ o'ffdio)]n,cts

         +pgDl.an,(xs,  (22)

where

   (nt, n2, n3)=n,  (23)
   (n4, ns,  n6)=r × n.  (24)
Here subscript  i denetes i-th motion,  where  l, 2, 3, 4, 5

and  6 mean  surge, sway,  heave, roll,  pitch and  yaw
respectively.  r  is the vector  of  coordinate  of  the ship'

hull surfaee.  The  first and  second  integration terms in
(22) mean  the steady  and  unsteady  hydredynamic

forces respectively,  and  the third integration terrn the

hydrostatic forces,

3. A  Rankini  Panel Method  for Unsteady Ship

   Hydrodynamic  Forces in Regular Wayes

  In this sectionl  a  pane} method  is presented to solve

the equations  about  the unsteady  components  as de-
scribed  above,  and  calculate  hydrodynamic forces act-
ing on  a  ship  advancing  in regular  waves.  In the present              '
study  Dawson's  Rankine panel method  was  applied  to

the  unsteady  free-surface problems.

  3. I Velocity Potential and  Boundary Conditions

  A  ship  moving  with  constant  mean  forward velocity
in regular  sinusoidal  waves  is considered.  It is assumed
that  the ship  motions  are  linear ancl harmonic. Then the

vector  of  the oscillatory  displacement of the  ship  a  is

expressed  as:

   a;Re[(l+2Xr)eUiWt],  (25)
where

    t == (E,, &, &),
   n=(&,  4,, 6,).
Here t and  9  denote the oscillatory  translation and

rotation  of the  ship,  relative  to the origin  o'. to means

the frequency of eneounter.  Re  clenotes to take the real

part of  a  complex  number.

  The  veloeity  petential representing  the unsteady

free-surface flow eu is expressed  in the same  form as

(25):
    diu(x, y, z, t) =:: Re[O(x, y, z)eT'bl`], (26)
where  the potential th(x, gr, z),  which  is to be solved, is

given in complex  form. The  potential is expressed  in the

following form :
       6

    e5:==Z&g5di+ge(gfiD+45t), (27)
      j=1

where

 ipm : radiation  potential per unit  motion  of )'-th direc-

     tion,

  ipD:diffraction potential per unit  incident-wave

     height,
  ipi : incident-wave potential,

 ge denotes the amplitude  of  incident･wave,

  Substituting <25) through  (27) into the boundary
conditions  (11) ancl  (16) and  dropping  the term  of  e""`,

the boundary  conditions  for radiation  and  djffraction

problems  are  obtained  as  fol]ows:

  (a) radiation  preblem

  [ F ] di:s 45 R6-･  +  2 e5os( ghoss L  iev) di Rsi  +  gip R4･ 
-

 toi gb si 
+-

 O

                      on  z=O,  (28)

  [Hl diRn,-=-iatn,+tnj on  Sm, (29)

where
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   (mi, m2,  m3)  ==  -(n･7>7too, (3o)

   (ma, ms,  m6)  ==  -(n'7)(rX7dio), (31)

 (b) diffraction preblem

 [F] diSsdioss+2dios(ipossriO)dins+gdim-to!din
        ==-[digsdii,s+2dios(dioss-iw)ipi.+g ¢ i.-w2 ¢ i]

                     on  z==e,  (32)
 [H] g5Dnt-45in  on  Sm. (33)

 Incident-wave potential ipJ is expressed  as:

   gbl=-  
lg

 eKtei[-K= 
cos  z+  

Ky
 
sin

 x) (34)
        dn

where  wo  is the incident-wave frequeficy, K  the

wavenumber  and  x the angle  of incident-wave direction
(sie Fig. 2). Eq. (34) satisles  the classical  free-surface
condition,  Substituting (34) into (19), the incident-wave

elevation  &u is expressed  as :

    ;lu 
--

 R.e[ gle ""t],  (35)
where  ･

    g=k(diexipi=+dioydiiy-itodii)
       g

     =  fo [K(ipox cos  x-  ipoy sin  x>
       too

       +cv]ei(-K;easx+HYslnx). (36)
If the perturbation of  the  steady  flow field due to a  sliip
is neglected  in (36), ipox==U and  disy--O, and  thus

    gt=g6eiC-Ktcosx+RUsinx). (37)

  3.2 Unsteady  Hydrodynamic  Forces

  Substituting (25) and  (26) into the second  integration
term  of  (22) ,

 the unsteady  hydrodynamic forces FLts･ can

be written  as  :

    Fleli=Re[Le""t],  C38)
where

    F}`:pOI.[7dio'7di-indi

       +'i'{(l+'9Xr)'7}(7pte'7dio)]njctS. <39)

  (a) added  rnass  and  damping

  The  unsteady  hydrodynamic pressure forces associat-
ed  with  the added  mass  and  damping can  be expressed
as:

        6

    E･-:Z&Tb

       
.･]16

      ff-2(caZA,,･+itoB,i  (41)
         J';1

Here Ab- and  Bb･ are respectively  the added  rnass  and

damping coeMclents  associated  with  the ferce in the  i'

th direction due to the  i-th mode  of  motion.  Z) is
expressed  as:

of  The Seciety of  Naval  Architects of Jaan, Vol. 168
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  Fig.2 Definition of  wave  direction

x

                                      o

                                      (47)
                   coincides  with  the free-surface
condition  for steady-state  wave-making  probrems. Then
temi  of  ptVipt has the role  of  the radiation  of  the ki
waves  (Kelvin waves)  only  in the  downstream direc-
tion. On the other  hancl, in case  of  U=e,  eq. (47) coin-

cides  with  the free-surface condition  for unsteady

motion.  Then  term  of  
-

 i"wdi has the role  of  the radia-

tion of the fe2 waves  (Ring waves)  in the outward

direction of the ship.

  It has been known  that  the  radiation  condition  of  ki
waves  is ensured  by an  upstream  finite difference opera-

tor for toxt in (47) (ipss in 3D case)S',  and  that the

truncation error  in the upstream  finite difference opera-

tor is equivalent  to the Rayleigh viseosity  term  "Udix in

(47)ii', That  is, by the use  of  the upstream  finite
difference, the term  "Udix  can  be omitted.

  Therefore, in the present calculation,  the upstrearn

finite difference operator  is applied  for the radiation

condition  of  ki waves,  and  for the radiation  condition  of

kz waves  Rayleigh viscosity  u  is employed2[].  Namely,

the fo]lowing condition  with  the term  of-  ilttedi is dealt

with:

   digsdi..+2dio.(ipos.-ica)di.+gdi.-w2¢ -iptavip==o

                     en  z'-O.  (48)
The  value  of  ft has to be determined  by  parametric

    ZJ=p.Of.[74So･f7e5di-icvdi"

        +S'(fli'7)(Pdie'Vdie)]nictS,  (42)

where

   2,:z., .,  [I- !'1] l; 8]} (43)

  ej:unit  vector  with  respect  to ]'-th direction.

  (b) wave  exciting  forces

  The wave  exciting  force Ei･ can  be expressed  as:

   E,･=Esw+E., (44)
where

   EFw=pts01.(7dio･C7di,-itoe,)ni[tS, (4s)

   Enj=pcabg.(l7di,t7¢ .-iwip.)n,･cts.  (46)

Here  EFvei is Froude-Krylov ferce and  EDj the wave

exciting  force due to diffraction potential, Here it is
noted  that the Esw includes the effect of  steady

perturbation.
 3.3 Radiation  Conditien of waves

 Waves  due to oscillatory  singularity  with  forward

speed  are  composed  of  two  components:  one  is the
deformed Kelvin waves  due to oscillation  and  the other
is the deformed Ring waves  due to forward  velocity.

Following  Naito et  al. the  former is calIed  fei waves  and

the ]atter k2 waves'6>,  Therefore radiation  conditiDn$

corresponding  to these waves  should  be considered.

This  can  be guessed frorn the  following twe-

dimensional linearized free-surface conditien  with

Rayleigh viscesity  "  :

   U2dixr"2iCJtodi=+gdit-wZdi-"(indi-Udi=)=
                     on  z==O.

In case  of  to=O  eq, (47)
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study.  The  optimum  value  is searched  from  the  series

caiculations  of  "  as  explained  later,
 3.4 NurnericalProeedure

  Now  the potential di, where  di=diur for radiation

problem  with  respect  to i=th motion  and  ip=diD for
diffraction problem, is expressed  as a  sum  of  two  parts  :

   di=gbF+¢ u,  (49)
where

 ¢ F  : potential  representing  free-surface,

 g5H : potential representing  ship  hull.

diF and  45H are  expressed  respectively  as  follows :

   ipp(P)-IL.oF(Q')GF(P,Q')dr'du', (5o)

   diH(p) -=  1)g. a.(Q)  G.(p, Q) cts, (sl)

where

   GF(P, Q') ==  11 J(S7- x')2+(y  - y')2 +  z2, cs2)
   G.(P, Q)==1! (x-x,)2+(y-y,)!+(z-z,)Z
            +11  (x-xi)2+(y-yL)2+(a+zi)2,
                                      (53)
  P  : field point (x, y, z),
  Q : source  point of the ship  hull (ari, yi, zL),

 Q':source point of  the free-surface (x', y', O),

 aF : strength  of the  source  distributiorr on  the free-

     surface,

 oH:strength  of the source  distribution on  the Ship

     hull.

Here aF  and  oH  are  complex  variable,

  Substituting (5e) and  {51) into the  free-surface and

hull surface  conditions,  integral equations  are  obtained

as  follows:

   g6gsll)g. aF-ea:EiEfi 
-F
 du.do,+1)C.o. 

02oGs,H
 cts]

     +2qso.(gso,, 
- ica)[.Lll. oF 

OSiF
 durdu'

     +  .LL.  oH 
OSI"

 tts] 
-(w2

 +  ittca)[.L]1. oFGFtzT'du'

     +ff,.oHGHdS]-2irgaF=LEo  onz=O,  <54)

   11.gF 
OaGnF

 dr'cly'+ 
.(L.

 afH 
eoG-"

 ds t=  -Hb

                         on  Sm, (55)
where

  (a) radiation  problem

   Zi-i?'l n,-m,,}  (56)

  (b) dlffraction problem

   fiit=-=.diipiS.9's`+2dios(diossrito)ipis+g¢ Jt-ca2dii,)(s7)

Discretizing (54) and  (55) by  using  the  method  present-
ed  by  Hess and  Smith5) and  Dawson", the simultaneous

equations  with  respect  to the source  strength  are com･

posed. By so)ving  the equatjons  the oF and  oH  are

obtained.

          4. Results and  Discussions

4. 1 Results for a  Two-Dimensional  Submerged Cyl-
    inder

  Calculations were  made  of  the unsteady

hydrodynamic forces for a  two-dimensional submerged

cylinder.The  immersed depth is 2a, where  a  is radius  of

the  cylinder  as  shown  in Fig. 3. The  cylinder  surface  is

divided into 72 segments,  and  the free-surface region  of

-2.5A <-xS2.5a,  where  A is wave  length, is divided into
150 segments.

  First, ca]culatiens  were  made  in case  of zero  speed.  In
this case  the present free-surface condition  coincides

with  the  classical  linearized condition,  and  the  exact

solution  of the unsteady  hydrodynamic  forces has been
obtained.  By comparing  the present solution  with  the

exact  solution,  the effect  of  artificial  parameter  "  for
the radiation  condition  was  investigated.

  It is indicated by Takagi that the optirnum  value  for
"' (==uXw) is about  e.10ti'. For  the verificatien  of the

va]ue,  calculations  wlth  three different values  as  p'==

O.e8, O.10 and  O.12 were  canied  out.  Figs. 4, 5 and  6 show

the comparison  of  calculated  results  for surge  motion,

The discrepancy among  three added  mass  coeMcients

fer different #' is srnall  and  these results  shew  good
agreement  with  the exact  solution.  With  increase of "',

damping coethcient  becomes larger and  is a  little smal･

ler than  the  exact  solution  near  to2ale  ==  O,5. It seems  that

the calculated  results  for the radiatien  problem  has

suMcient  accuracy.  Wave  exciting  forees show  very

good  agreement  with  the exact  solution  in all "'. Thus
in case  of zere  speed  it was  verified  that  the present
method  has suMcient  accuracy  for "' values  considered,

FrDm  these results,  O.10 as  li' was  selected  fer the pres-
ent  calculations,

  Next, calculation  accuracy  of  the present method  was

examined  in case  of  non-zero  speed  CFroude number  Era

( ==  UIVIiE) ==O.4).  The  calculations  using  two  different
free-surface conditions  were  made  : one  is the present
free-surface condition  and  the other  the classical  free-
surface  condition.  The present method  of  solving  prob-
lem  is applied  for the classical  free-surface condition

(we call Linear calculation)  to compare  with  the  linear

solutions  calculated  by Kashiwagi et al. 
L2)

 for the case

that  (3e) and  (31) are  omitted.  Figs. 7, 8 and  9 show  the

z

x

Fig. 3 Coordinate system  and  notation  for the problem

      of a two-dimensienal submerged  cylinder
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                                        .
comparison  with  calculated  results for surge  motion.

Added mass  and  damping  coeMcient  for Linear calcula-

tion show  good  agreement  with  Kashiwagi's results

except  near  r (== teUls)  ==O.25.  It is dithcult to hold the

di$continuity of  hydrodynamic ceeMcients  at  T==e.25  in

the classical  linearized theory, since  radiation  cendition

of waves  is dealt with  approximately.  The  solutien  fer

the present  free-surface condition  (we call  D. B. LineaT
calculation)  are  almost  same  with  the Linear calcula-

tions except  smaller  wavenurnber  (w2a/ke). Wave  excit-

ing forces in head waves  for Linear calculation  show

very  good  agreement  with  Kashiwagi's result.  D.B.

Linear calculation  is larger than  Linear calculatien  at

large wavenumber  and  is smaller  at  small  wavenumber.

For the diffraction problem  the influence of  steady

perturbation flow appears  more  remarkably  when  it is

compared  with  the results  of  the radiation  problem.

  4. 2 Results for an  Ellipsoidal Ship Hull Form

  Calculations were  made  of  diffraction problem  for an

ellipsoida! ship  hull form representing  as:
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   (-LX/2)2+(Bf2)2+(e)2-;i,
   LB==4,  B/d:-2.5, <58)
where  L  is stiip length, B  the breadth and  d the ship

draft, This form was  used  by Kobayashi`4) for investiga-

Table 1 Particulars of  free-surface panel arrangement

a/L PanelRegion
MinimumPanelSiteNumberofPattels

OA,O.Blx/L1stn,ly1Llgo.s3O.O18LXO.O12L732

1.2,1.6lx/tl(3.17,IYILISOS3O,O18tXO,G12L94B

zolx/L1s4.1s,lytL1Ke.s3O,O18LXO.e12L10"

3.0IxlL1gG.23,IylLlSo.s3e.olsLxg,o12L11S8

tion of  forward speed  effect on  hydrodynamic  forces in
waves,

 Fig. 10 shows  an  example  of  the  panel arrangement

for free-surface and  hull surface.  The  free-surface panel

region  has almost  quadruple length of  incident-wave

length. Table  1 shows  the particulars of  the free-surface

panel arrangement.  The number  of  the hull surface

pane]s  is 184.

  Figs.11, 12 and  13 show  the  comparison  of  wave

exciting  forces in head waves  for surge,  heave and  pitch

motions  respectively.  For comparison  with  the present
                                         '
calculation,  experiments  and  careuiated  results  by usmg

the  singularity  distribution method  presented by
Kobayashi'`) are  pletted  in the figures. The exciting

forces for surge  and  heave motions  show  goed  agree-
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1

' '
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ment  with  experiments.  Especially an  improvement of
the accuracy  can  be observed  in the present solution  of

the  exciting  force for surge  motion  at  F;,tO.3 when  it is

compared  with  Kobayashi's ca}culation,  It seems  that
the improvement  is due to  the  consideration  of  steady

perturbation flow in the  present method.  However the

exciting  force for pitch  motion  is a  little larger than the

experiments.  Further, change  of the results  due to
different panel arrangement  was  ebserved  in case  of

smaller  panel region  for free-surface. There  is a  roorn  of

improvement for the present.

  Fig. 14 shows  the configuration  of  wave  components

around  the ellipsoidal ship  advancing  in waves  for

diffraction problem  in Fn-mO.3, aLL==:e.4 ancl kt[.==O.Ol,
In the dgure the wave  height is magnified  by 1.5 or le

times, and  steady  waves  and  cosine  cemponents  of  the
unsteady  waves  are shown.  Steady waves  are  obtained

such  as  we  can  see  in the towing  test as usual.  Incident-

waves  component  is included the  effect  of  steady  pertur-
bation flow (double bocly flow), but the effect  is smali.
Diffraction waves  component  is smaller  than the other

components  (magnification for the diffraction waves  is

ave  components  around  a

 waves  (E,=O.3, A!L=  O.4,

'
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10) , The wave  configuration  around  a  ship  advancing  in
regular  waves  (we call Total waves)  is represented  as

the sum  of  steady  waves,  incident-waves and  diffraction
waves  components,  Total waves  become larger at  the

bow  and  stern  parts of  the ship  due to the superimpose

of  steady  and  unsteady  waves  components.

  Fig. 15 shows  the change  of  profile of  the Total waves
in a period of encounter.  It can  be observed  that at  1!

8T, where  T  is a period of encounter  (=2i[/to), the

wave  elevations  at bow  and  stern  become larger due to
the superimpose  of  steady  and  unsteady  waves  compo-

nents,  and  at  1/2T  they  become  smaller  due to the
cancel  of steady  and  unsteady  waves.  Thus  by using  the

present  method,  not  only  steady  waves  but also

unsteady  waves  around  the ship  can  be calculated  easily.

This is one  of  the features of  the  present method,  and

the valuable  information such  as pressure distribution

on  ship  hull and  the velocity  cemponents  in additien  to

the wave  configuratien  can  also  be obtained.

5. ConcludingRemarks

  In this paper  an  investigation was  made  of  panel

method  for unsteady  ship  hydrodynamic  forces. First,

formulations were  made  for both steady  and  unsteady

free-surface conditions  under  the assumption  of small

perturbation over  the doub]e body flow, A  newly  der-
ived free-surface condition  for unsteady  metion  make  a

theoretical pair with  Dawson's steady  linearized free-

surface  cendition3).  By use  of  a Rankine panel method,

calculation$  were  made  of  unsteady  ship  hydrodynamic
forces such  as  added  mass,  damping  and  wave  exciting

forces for a  two-dimensiona! submerged  cylinder  and  an

ellipsoidal  ship  hull form. By comparing  with  other

calculations  and  experiments  it is confirrned  that the

present resu]ts  ahow  good  agreement  with  thern. Fur-
ther, an  improvement  of the  accuracy  is observed  in the

wave  exciting  force for surge  rnotion  with  forward
speed.  It is neted  that the present method  can  give
                                        .
valuable  information such  as  wave  configurations

around  a  ship  in unsteady  case. Thus  it can  be said  that

the  present method  is usefuL  for better understanding  of

unsteady  free-surface flow problems. Extension of the

present method  to the calculations  of ship  motion  and

second  order  steady  forces such  as  adcled  resistance  and

wave  drifting forces is a future work  together with  an

improvement of  the accuracy  of the present method.
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Appendix  CoTriparison of  Free-Surface Conditiens

 The  free-surface condition  presented by Sakamoto
and  Babai9} is expressed  as :

   g5utt+27a5o･l7g5vt+7dio･7(7aSo･l7ipu)+gdiue=:O
                    en  z==O.  (A-1>
 An  index s  which  denotes a derivative in the  stream-

line direction of  the double body flow is introduced.
Then eq. (A-1> can  be expressed  as:

   {bvtt+2q5osiptL,t+gbgsdivss+dio.dio..4ios+gdivi=O
                    on  z==O. (A-2)
According to the assumptions  on  order  of  magnitude  by
Sakameto  and  Baba, the fourth term  of  left-side in eq.

(A-2) can  be neglected  because of higher order  term,

Then eq. (A-2) is expressed  as:

  iputt+2ipesipvst+digsipuss+gdide==O on  z==O.  (A-3)
By  comparing  eq.  (A-3) with  the present condition

(11),it is found that the present condition  has an  added

term  of  2¢ osdiessipvs  to Sakamoto and  Baba's one.
  Further, if the  }ateral disturbance on  z=O  is small,  we

can  approximate  as  follows:
    fia
   vly
    ds a2:'
   ¢ os2=  U.
Then,  the  present fTee-surface condition  coincides  with

the classical  unsteady  linearized free-surfaee eondition

as:

   ¢ vtt+2Uipurt+U2ipdet+gdiut=O  on  z=G,  (A-4)


