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                                       Summary                                                                                     '

  From  the fibw measurement  
'ar6uhd

 the  bow  of  
'a
 slowly  moving  fulr form  it was  found that except

in the thin  bogndary layer near  the  free surfaee,  ye16city  components  agree  viell with  the  cal'culated'

valueS  from  the velocity  potential Which satisfies  rigia-wall  free surfa6e  condition.  In the thin free

surface
 
layer

 
the

 
velocity

 compopents  change  depthwise  vgry  rapidly.  Based on  this  experimental  re:

sult a  theory to analyze  the thin free gurface layer aro'und  slowly  moying  full forms was  deyeloped･

To verify  the valraity  of  the present theoty wave making  resistance  ef  geometricaUy  simpler  forrns,'
viz.,  a  vertieal,  infinite circular  cylinder  hnd a  semi  strhnerged  sphere  wasi  calculated  in ldw speed

limit. ' From''this calculation  
'it
 was  fotihd that the erder  of  magn'itude  tind'the treln'd oi  wave'niaking

reslstance  with  respect  to Froude  number  are  in good  agreement  with  those of  conv6ntional  full formsi
determined ex?g.r.imep,  ,tatly. ･

      
･
 

',
 .' ･--･,･ . 1. Introduction,,  ･

               t t

  Free  surface  distg'rbance inddced  by'li s}owiy'm6ying  fdll 
'form

 is' very  tirnall' except in the bow
region.  Orf'the ffee surface  are'und'  the blttnt bdvi'iiPple lik6 ghort'waves'ar'i observed.'  With increa'se'
of ship  speed  the short  waves  are  tran$form6d  into breaking  waves.  

'
 

'
 

'
 

'
 

'

  
To･understartd su.ch  flgiv charheteriptids  on  the ffee surtace  nelar {he' bow  regi'on  'of slowly  rti'eving'

;u::(?rms, 
fiow

 
measurement

 
by
 
use

 
of
 
a
 
5-hole

 pitot 
tube

 ye,s 
conducted

 
in
 
Nagasaki

 
Expermenta!

          '             '

  From  the  flow measurement  it was  found that except  in the thin boundary layer near  the free sur'
face, yelocity  components  agree  well  with  the  calculated  values  from the double  model  veiocity  po-
tential which  satisfies the rigid-wall  free sureface  condition.  In the thin free surface  layer, on  the

other
 hand, the velocity  components  differ from the ri'gid-wall  solutions  and  cha,nge  depthWise very

rapidly  untll  they  reach  the values  of rigid-wall  solutiens.  - ･･

  Based  on  th'is experimental  result  a  theoTy to analyze  the thin free surface  layer arpifnd  slowly

mDving  full ferrns is developed. The  theory  suppostis  that ,ttiere is a thig free surface  layer on  the

non･uniform  fiow deriyed by  the  rigid-wall  solution  whieh  is quite aceurate everywhere  except  in the
thin

 
layer;

 here the variables  ehange  very  rapidly  in such  a  -way that  the free surf4ce  conditions  are

satisfied.

  The  characteristics  of  waye  pattern dtte to a  point disturbance on  the non-uniform  flow was  studied

by Ursell {1960>. The  equations  for the wave  crests  are  deduced, net  .rigorously from  the equation

of  motion  (as for uniform  flow), but frorn assumptions  which  appear  physically reasonablei).  In  Ursell's

theory the  velocity  comPonents  of  the non-uniform  flow are  assurned  to vary  slowly  with  space  yari-
ables.

 Relating to the  wave  resistance  preb!em  in the low  speed  limit Ogilvie (1968) studied  a  two-
                             '
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          '
dimensional problem  of th'e' thiri free stfrfade  layer eri ,the'  non.uniferm  .fidwL which  is determined by
the rigid-wall  solution.  Ogilvie assumed  also  that the basic non-uniforrn  flow vary  slowly  with  space

::;labvleerSyWrhabi:.diiyn,lhe 
thin

 
leYe{

 ?hysical 
variables

 
such

 
as

 
velog.ity

 
and,

 
war,e

 
heig?t

 : 
re

 
assumed

 
to

                                                               '

  
In

 
a
 
recent

 paper by  
Hgrmans

 
wave

 
re,sistance

 probleip  in lgw speed'is'treated  in the similar  manner

as  Ogilvie and  a theory to analyze  the  

'free
 s'urface fioW around  a semi  subrberged  horizontal cylinder,

perpendicular  to the  incoming  Qow ifi deyelopedS). Tirrrman  extended  Hermans'  theory  further to

study  fiow around''a'senii'subinerged  thr6e-axial ellipsoid  with  its middle  axis  horizontally on  the still

water''plhfie  si} thht the･･fte6/slirtiace ineetis' ihe bew  over  a  relatively  broad･part  of the･ front. Then

the problem  is transformed  into two-dimensional  one  in the plane perpendicular to. the middle  axisi).

Keller (1974) studied  wave  patterns of  full ships'-in･ 16w speed  by a different manner  irom those

m.,egtio4ed .above, b.ut,baseq on  the,･ similar  asnyumptiDn  o4･.th,e wate.,r fiow,,.viz., Kell.e,r assumea  tbat･.for

gp, :, a!1 .F;gude-n"mber,.the fiow copsis#g,,Qf.,the,,doul  lg..,b,oqy flpNsr Rlus. ap  .pscillatgFy #o,w whig.h  ,reT
prgsents the wave  

motion.
 The  ray  methods  like these of geometrical  opVics  are  applied  to the･analygis

p.f,.thq waye  rnotion5).,,..,....  ..,..  ., ....,.,..  ...  ,. , . , .

.. Tije present study.is  a  direct extension.  of  Ogilyie's theory.to the  three-dimensional  case  with  some

m..o.dificatioqs ,in determipi.ng a,fiolution.,  Originally Ogilyie did ngt  iptend to apply  his thei.ry ,to a

su.rface  piercing boqy. Herp, however,  a  thecn;y tor tbe･ free sutfac,e  flow around  a･ floating body  in

lgw speed  limit is, developed, since  the result  of flow measurements  motivated  u$  to apply  Ogilvie's
t.hegry to ou:  problem.  . , 

. .

            2. Flow  measurement  around  bow  of  a  slowly  moving  fuU'f6thi' 
''

 For the fiow measurement  by  use  of  a  5-hble pitof ttibe,',a simple  hull form  M.  2201 as  shown  in
Fig, 1.was. used.  ,,The p,r,i.ngi,pql. ?anicularp gi tbe,shi? model  qre show4  in Tablq,1, Tbg  fifyl. Tpeqsure-
meqts  were  conducted  in two  different load .conditions. Fig. 2 and  3 show  the flow patterns around
the

 bow  of shallow  draft (2eO mm)  and  qeep qraft. (40Q mm)
rgspectively

 at 
-'spqed

 , qTl.089mfseq ([]7,!aitT7, Q.14ZO).
W.it,lj,ingpe..ase. gf ship･speed  short  Nvaves.observga,iln Fig.･

2 and  3 are  transformed  into rather  confused  disturbed
fiow <breaking waves)/a$,  showp  in Fig. 4an.d5(UFF.

1.as4mJsec, evVal=,O.1674). , , , ,･

AP

''

r-

, t･t--.NtnptN

t -sest"the,e

e ,{..

Fig. 1 Lines of M. 2201

･FP

Table ･1 Princi･pal ･particula'rs,of M.  2201

toad

Lpp  (rn)
B'(mm)
d (mm)dn

 (kg)LppfBevdcaCp'Cm

DeeP 
'

  6.Qoo

1ooo.oo      ' ttt'4oo.ob

  ttt t2004:7
 
-

  6.oo

  2.50･

  O.8353

  O.8359

  O.9993

Shallow 
'

  6.POO

loooLoo

 2oo.oe
 958.68

  6.eo

  5.00

  O.7989

  O.7999

  O.99g7.

Fig. 2 Frew pattern around

      bow  of  a  full form at 
'

       U=:1.089mlsec

      ( ev Vgnvt =  o. 142o)

      in shallow  draft u.'

Fig. 3 U=1.089m/sec

      in deep draft
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Fig. 4U=  1.248mfsec

( ev Vi]Z ==O.1674)

in shallow  draft

Fig.

                '

5 U21.248'mlsec
  in deep draft

                                              '                                           tt

  Since there are  rather  confused  short  waves  on  the  free kurface, only  the mean  elevation  of free
surface''from  the still water  level were  measured  first CFig. 6). Then  the ve!ecity  corr{ponents  (u, v,'w)
were  measured  up  to the free surface  by use  of  a 5-hole spherical  pitot' tube  of  7mm ¢ . The  rneasured

results  are  shown  in Fig. 7 through  10 compRring  with  the veiocity  components  calculated  numerically

from  the  double  model  velocity  potential 
'

which  g51isfies the  rigid-vvan  free sur. 
'.
 

face condition.  In thbse  figures i=O

correspotids  to the free surfa6e.  The  
'

                    ttt t

lggitdh',Wfil,,SO,1.".tl:.n.Sfa,r,e.eXtthr.aP.O.1?e.g:: e,i

'the
 still  water  level,. since  they  have  (F･P･) .,,

very  little change  in depthwise.  ,. Fig･ 6 Measured wave  heights,at U;1.089m/sec
                                  t t                                                             '
                                                           

..t .                                                                 '
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Fig. 9Velocity  compenents  at
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8 Velocity components  at
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Fig.10  Velocity components  at

   x  =i75  mm,  y =400  mm
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 From  the cornparison  it is fou4d that except  in the thin boundary  layer near  the free surface  (the
thickness  is less than  O.la, where  1=  2zaU2/g, g is the  acceleration  of  gravity) the  measured  velocity

components  agree  well  with  the calculated  values  based  on  the rigid-wall  sblution.  In the thin free

2:ircf:faete!daYveariulllseasShUorl;dveVryeieiCiittt\e 
CcOhl:XgOen.entS

 
ShOw

 
rapid

 
changes

 
with

 
increase

 
of

 
depth

 
whiie

 
the

                                     '                            '

                                 3. Theoretical study
     '

  From  the results  of fiow measurements  we  may  assurne  that the tigid-wall  solution  is quite aceurate
everywhere  except  in the thin  layer near  the free surface.

  
Taking

 the rectangular  coordinate  systern  fixed on  the bedy  with  the  origin  on  the still water  plane, wg

                                          set  x-axis  directing to the uniform  flow Uand  z-axis

                                          directing upwards  as  shown  ih Fig. n. suppesing             tp(x,v,z )Selutioo of thin surfece layer '
         '

          . .
 ,q 

ship
 floating on  an  inviscid, 

irrotational,

                    in'bompressible fiuid, we  consider  the velocity

         X  potential for the free surface  problem  as  the surn

                    of  two

 --..-v

 Fig. 11 Scheme

conditi6n$.  

'
 Fig'.

 
Although

 y.e
tensiQn effect.s. on

 The  bo'1 nd//' ry/  value
       1 1/･

   ['i] ll 
''1'

       l/
   [A] i

       1
       1
   [Bl li ･

   IN'ii.･･-･''-

   IR]

The  last'

            ttt
      .1.           '

where  4kx, y> 
'

       '

       F

       1･

since  ere(xiy,O)

  In the.

detail reasibning

    (a)
    (b)

                  parts;                                        '

                    O(x,y,z)=ip,<m,y,z)+ip(x,y,'2), , (1>

 /s!d-;.tE
 
sSt,ti..

 where  di,<x,y,g) is the 6ot'entifi1 f6r the rigid-wali

  
'of'themndeiedphenomenon

 
Pipr,<Oxblealil}L)9snodtiph{a:'tYh'eZ)suitt･ans･a-taits'fid2/iOt"haeifP,OeteegiirftiactO.

 11 shows  the modeled  scheme  of the present problem.  
'

gre con{idering
 
sg.ort

 
waves

 appeared  in front of the btunt bow of a  ship,  
the

 
surface

,
 

wavel,formation
 
is

 neglected  for t4e.pimplicity of  treatment. ,

      l,
rOb

g
e.rn,,o.fe

.//. L
h

,

e

vig

r

@

,

:f
nt

 
study

 
is

 
wri

f
ten

 
as

 
follows.

,
 

....
 
/l.
 . (2>

      ÷}U2=gH<x,y)+t[¢ x2+ev2+ ¢ .E],  en'  z==IV(x.y),.....  
'
 (3>

                                                   
･/1,

         O=llladix+H)<Pv-dis, on  2=H<x,y),  ･' .･  (4>

         o==cbii, 
'n
 'i5 dnormal unit  "//'8tor on  b66Y' surfa6e,  

'
 (s>

                                                      '

                       IO(lttw+ y2) for . x>o,

                
¢ -CnV=N.a)

 
as
 

xZ+y2-m-co
 for x<o.

 
(6>

               '                '                                                               '

      
one,is

 
the

 conditiop  insuring,that waves  only  faj.lofu the ship.. .･ 1/..
Accerding tp .Ogilvie we  assume'  thht, waye  height H(x,  y) ls expressed  as  the Sum  6t two  parts:

                    , . 
'1

 H(x,y)=CKx,y)+C(x,y),

          is thb.wave  height due tQ the rigid-wall  potential, viz.,

           '

                       Cr(x, y) == Sii[U2-di;.(x, y, O)-  ip#,(x, y, O)l, (7>

            =O,  and  C(x, y) is a  superposed  wave  on  Cr(x,y).

      
10W'SPe:f

 tlhilllitasguemipnttiroOndsU:.gftohuen:Ol.LOtigniiaes,:upmappteiro.ns 
abeut

 
orders

 
of

 
magnitude.

 
The

       ipr(x, y, g)  ==  O( U),

       Cr(x, y)=qU2>,
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         a -o a
    <C) IStT, 

-sll,
 

-lir.=O(1)
 when  operating  on  eKx,y,g) or  c.(x,y),

    (d) p(x,y,F)=qus),
    <e) c(x,y)=qu4),

         o o o

    (f) 15i;' 51I, 
-:sTt=O(U-2)

 when  operating  on  ¢(x,y,z) or  c(x,y).
                                                                           '

  These  assumptions  are  interpreted physically as  follows. To  an  observer  at  the  iree surface  around

a  slowly  moving  fu11 form, it appears  that  there' is a  uniferm  stream  below  him  which  has speed

equal
 
to
 
the

 
local

 
value

 
Vip?.+¢ ;,. This

 observer  can  not  see  the free surface  disturbance repTesented
by

 Cr(x, y), for it varies  on  a  Iength scale  which  is too large. Only the small,  superposed  waves,  re-

presented  by C(x, y), will be visible  to him.  .                                                     '

  Under  the  above  assumptions  about  orders  of maghitude,  the lowest order  terms  of  the free surface
boundary  conditions  [Al and  [B] are  rewritten  respectively:  

'

                                                    '

 . [A] gC(x,v)+dirx(x,y,O)ipx(x,y,z>+diry(x,y'O)OKx,y,z)=O,  on  2=Cffx,.g)L,  ,', (8)
    [Bl ･ip.(x, y, x)  -  qs(x, y)erx<x, y, O) -  Cv(x, y)¢ .v(x,  y, O)

          ･a  a

             
=:Jt.

 [4KX, Y)iprx(X, Y, O)]+op'[Cr(x, y)iprv(x, y, O)], on  z=cKx,  er). <g)        '

  Eliminating C(x,.y) from (8) and  (9), and  taking the lowe$t  order  terms, which  are  of  O(U3), we  have
the following free surface condition.  ･

      t ptx(x, y, o)di=x(x7 y, z) +7 ¢ r=(x,  y, o)¢ rv(x,  y, o) ipxKx, y, z}+-;-  e?,(x, y, o)p.,(x, y, z)

                         +ipi(x, y, z)=D(x,  y), on  z=  Cr(x, y), . (10)
where

                   D(X, Y) =].  [Cr(X, Y)iprx(X, Y, O)]÷&[Cr(X, y)dirv(X, y, O)]. (11)

ln general, we  have to solve  the  equation  (10) on  2=:gr( ¢ , y). Here, however,  for the sirrrplicity of

treatment  we･introduce  a following'non-conformal transformation  of  cpordinates.  
'
 .

,.
 xt=x,  y'==y, z'=:z-Cr{X,Y).

'The
 Laplace equation  for ip(x', y', 2') is written  as

                   o= oai 9, +aei9, +  o0229, 
-2

 ox, ox,oz, 
-2getyr, oya,2eP., +qus).

                                     OCr 02e

                          IU] [US} [.U3]i order

geah.k":
'iig.

tlh,l8a

:
dol
'

i,i･g.2'

x
d

ii,',{,?lgigfi:.Sdt:e..;:･:,i-:P.i;C,i.e,1"//IOI,iet.Xr.MS.:f,;:r,g,e:.\argzbJ.e:.:'yz'i,:'s
          

''
 Ox#<x, y, 2)+ipyKx,  y, z)+ipts(x,  y, z) I! o, z<o  

'''
 (12)

                                                                         
ttt

             
-;'
 e;.(x, y, O)eua(x, y,O)+{}  ¢r=(x,  y, O)¢rKx,  y, O)e.v(x, y,O) .

                                 1

                               
+i ¢ 3,(X, y, O)¢ ,ecx,  y, O)+ipafx, y, O)=axx, y), <13)

                         1
'

                 C(X, Y)=-"g`  {Orx(x, y, O)Px(x, y, O)÷ ery(x, y, e)¢Kx, y, O)}, . (14)

                 ip<x.y,.)=IO(lfVixliTiJi+y2) as  x,+y,-.  
fOr
 

X>O

 
(ls)

                          lo(!) ior x<O.

NII-Electronic  
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 In addition  to these conditions  the  bedy  beundary condition  must  be added.  Here, howeve, this

condition  is omitted,  since  ¢(x, y, z)  is considered  as  the  solutioa  of the fir$t step  of  iteration cycle.

 When  drQpping  the terms  including erv, we  have  a  free surface  condition  which  coincides  with  the

Ogilvie's two-dimensional  expression.  Ogilvie ebtained  an  explicit  solution  by use  of  cOmplex  funetions.

In our  three-dimensional problem,  Fourier's method.  is used  with  slight  modification.
                                                                          '
  First we  introduee a  double  layer potential q(x,y,z) which  equals  to D(x,y)  at z==O  as

                                     '

              ur(x. y, z)=  4}2 Ioco kdk il.deekeMic{(=-ocose+(y-?)siae} !!:co dednyD(e, a. 
'

 a6>

Then, we  assume  the form ef  yelocity  potential ¢(x, y, z)  as

                   e(x, y, z)=  4;, !,eO kdk !1.deeics"kc=cese+y sine)F(x,  y, k, e), <17>
                                                        '

where  F(x, y, k, e) is determined  in sueh  a way  that ip(x, y, z)  satisfies Laplace equation  and  the  free

suriace  eondition  (13). From  (17) we  may  consider  that F<x, y, le, e) is relating  to the wave  amplitude

whigh  depends  on  the intensity of disturbance ac'ting  on  the  free surface.  In our  problern D(x, y),
the right  hand side  of (13), is considered  as  disturbanee acting  on  the free surface.  Then  we  may

assume  intuitiyely ,that F(x, y, k, e) is expres,sed  in terms  of  the rigid-wall  potential. Thi$ assumption

means  that the operation  alDx or  Olay on  F  does not  change  the order  of  magnitude  due  to the  as-

sumPtion  (c). ¢(x,y,z) is already  assumed  to be  of  O(U') in the thin bouhdary layer near  the free

surface  where  x, y,z=  O(U2). Therefore, from  (17), we  may  deduce the following ordlers for ic and

F(x, y, k, e): ･

                            ic=O( U-2), F(x,  y, k, e)= O( Us).

Then,  . '

        ex=(x, v, z)=  4;, I: kdk S:. de ebe+iic(=eose+er  
sine)

 [- ic2 cos2 eF+2iic cos  et/  +  gZe ]. as)

                                                   [U5] IU7] [U9}
The  second'and  third terms  in'the above  bracket are  higher order  than  the first term. The'  same

rule  is applied  to evv and  emv.. When  taking 
'the

 lowest order  terms, "Te see  fitst that  di satisfies

Laplace equation.  Then, substituting  them  intQ the  iree sutface  condition  (13), F(x,y, k, e) is deter-

mined  as  follows. 
'

                 F(x, y, k, e) ==kcib?(Ox(f'yY,  
'ee)lk}

 !!:co dedv  e-iiccs 
cose+v

 
sine)

 D(4, v), ag)

where

                      ko(x, y, e)= gl{¢ rKx,  y, O) cose+  e.(x, y, O) sin  e} !. . (20>
We  see  that  F(x,y,k,e>  is expressed  in terms  ,of 

rigid-wal!  solution.  Thus  F  satisfies  thepreviously

assumed  conditions,  v{z., OF7ax, OI7ay  =O(F).  .

  Substituting (19) into (17), and  taking  the radiation  condition  (15) into account,  we  have  the  follew-

ing expression  of  our  velocity  potential:

            di(x, yt z)=  ,;, Ii:. de drp D(e, rp) !'-/:,, deko(x, y, e> p. v: !,co dk  lef7.:O,S, 
(,k)Wi

 
)k

                     +  i. !!:.. dg dn  D(e, v) !1iji, ke(x, y, e)eico(=,v,e)ff sin {k,(x, y, e)ab}de, (2i>

  where  ab =(x-e)  cos  e+(y-rp)sin  e.

  The  wave  height C(x, y) due to potential  e(x, y, z)  is determined  from  (14) when  taking  the  lowest

order  terms  of derivatives of di with  respect  x. and  y  (Note that the operation  alax, a/ay=O(1) when

operating  on  ko(x, y, e)).
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'
 c("' y)' 2;z l!r.. de dv D(e' n) Ili.2/, {di..(., 

y,
 o) ..,  ed+P Q.,(x, 

y,
 o'),i. e} 

E  V: S,co kk,(/:\ £? 7))-d 
kk

 ,, 
ev
 2g. S!:.de dny D(e･ v) I:'i,, {di.af., i,OoSfo{:g(eXi 

Y

¢

',:).W-,},d,"o),i.:,},-

 (22)
                       '                                                                 '                                           '
In the far downstream where  g6rx---". V; diw-O  the wave  height is expressed  as

     C(x, y)== !Zfl/, de [qe) sin [8, sec2 e(x cos  e+y  sin  e)l+qe)  cos  i g, sec2 e (pt cos  e+y  sin e)i],

                                                                                  (23)
where

            c(e>+i&e)= 
-rr

 
gu,

 secse!!:.  de dv D(e, rp) exp  li ug,sec!e(e cose+vsine)l.  (24)
      '                          '
Then t.h'e' wave  making  resiSfance  Rla' is expfessed  as
        ..      t t                t t

                           R.=zpu2!,'X21c(e)+is(e)]2cossede, (2s)

where  p is the density of water.

. rp principle,  we,  can  carculate  wave  making  resigtance  of  any  body shape,  since  D(x, y) is determinect

f'rom 
'th6

 rigid-wall  solutions  which  are  ebtainable  numerically  er  analytically.  
''
 

'
 

'

                                         '                         tt                              '                            . ..

        4. Calculation of  wave  making  resistanbe  of  a. yertical,  infinite, citcular  

''

                  cylinder  andasemi  gubmerged  sphbre  at  16w speed  
.

  Calculation of  wave  pattern･around'bow･of  a･ship' by use  
'of

 
･the

 present theOry  makes  it possible
to''cbmpare  directly witn'  the obdervation.  ･ However,  this calculation  heeds  lengthy  humerieal  work･

even  foic 
'a
 geometrically simple  form.  

'
 For  the  preliminary Stage to verify  the,validity oi  the  present

theory, 
'it

 may  be etioug･h  to calculate-wave  making  resistance  ef simple  fovms., - ･ ･ .･ .//

  For the convenience  of analytical  wOrk,  
'a

 yettieal,  irifinite Circular ,Cylinder  and  a  seini  submerged

;oPl?oewres.are 
COnSidered

 
as

 
the

 
exam?les

 
of
 
fu]1

 
form.s･

 
The

 
rigid-y,all

 
yelocity

 
potentials

 
are

 
written

 
as

         dir(x,y, z)=diKx,y)=U(x+x,a+2t:;t)  for a vertical,  cirdular  cylinder  of raditis a, (26)
                          t t

               eKX,y,2)=U(x+2(x,+ayS,X+z,),x,) foraseml  submerged  sphere.  , (27)
                                                                        '

From  (11) we  haye the  follewing non-dimensional  expre$sion  for 'D{x,'y). . ･.
 

-
                                                                                    '           '                          '                                                                                  '

                            giliiFii,)=-}-p(s)cos･p+:l-qs)cQs3p, for s2.i,  .' (2s)

where  the origin  is .flxed at  the cepter  of  the ctossplan,g  of ghp cylinder  o.r the sphere  and  the still

water  plane, and  E,= V7V2igia, xla=scosP,  yta=ssinP,  s=  Vx2+y2/a,
                                '

          P(s) =2s-4-s-6,  
'
 

'
 

'
 Q(s)---s-2 for a  vertical,  Cireular  cylinder,

    P(s)=-fl6/s-s-t-}Zg"6- /Es-g, Q(s)=-l+PsLs+;9s-sTitys'sn? fotasemisubmergedsphereL

Substituting D(s,P)  into (24), we  have .

        
c(e)+i-

 s(e)==Ti4a secs  o l,co,s e !r p(svl ( SieweC2 e) ds-cosi  3e !: qsvi.(S2SIe,hC: 
e.
 ) ds ],

where  Jl, fo 
'are

 Bessel ･functions. and  ･the cross  area  
'of/

 a ,body and.-the still water  plane is exCluded'

froni the'integral range,'since･D(s,B)  =o  inside the body. .･･ ･ '
 ,',/.,i.,.',,
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  s .....,....}.gal!ges2sExs-gl-!gzsp,!mthta,eekthgzaai37g,
  The  asymptotic-expansion  oi  the amplitude  function in the  IQw speed  is expressed  as                                                                               '         '

,,
 c<e)+i s(e>N-i 

iv6-#
 E,s[pa) cos  e+  Q(i) cos  3e] cos  (2k, sec2  o-  f)+o(F;,s), (29)

                    '
                     '

where  P{1)=1,  Q(1)=-1 for a  cylinder,  and  P(1)==751128, Q(1)=-27/128 for a  semi  subrnerged  sphere.

  The  wave  making  resistan6e  coeMcient  Cw  in low speed  limit is' expresse'd  as  fb!lows. ･

    
',
 

'

 Cw=iRthISpU2{2a>2N83119s2Ei6+O(F},s) foravertical,  circular  cylinder,  
--
 (30)

           Cw-･S3o3E,6+g Vli`J7;b:sin(ili;,+{/)+O(IiU8) fgr a semi  submerged  
sphere.

 (31)

℃w'values  arel',shown  in Fig: 12 comparing  with  expefiihentar'values  of a  simple'  ship  model  M.  2201

used  for the flow measurement  in section  2 and  of  a  cg.n,vept..iongl full form  of  Cb :O,84.
 It is found

that  the  order  of  magnitude  ef  theoretical values  agrees  with  that  of  experimental  values  which  are

det'ermined by Hughes' method  (Cw=C,.,.!T-(1+k)Cr..,,.s, ic is-the form  factor). It is a!so  shown

hat the  trend  of  theoretical Cw curves  with  respect  to Froude  number  resembles  that oi experimental

cgrvesr . , .,
 

,

  This result  encourages  us  te apply  the present theory to the sYu.dY  of  free surface  fiow around

slowly  moving  full forms.

  For  the comparison  with  other  thegries we  calculated  w4ve  making  re.sistance  of a venical,  
circular

cylinder  by  two  other  methods.  The first method  is to calculate  wave  making  resistance  due  to the

surface  source  distributien on  th' e  cylinder  which  is deterinined 
'bY

 the  so-called  zero-Froude-number

approximation6).  
'
 This is the conventional  method  of  calculating  wave  making  resistance.  The second

method  ig the Brar'd's one  which  indludes the contribution  of the line singularity  qreund  the interr

Sectie'n of the  body  and  the  sti-11 water.plape  in addition  to the above  surface.source  distrlbution7}.

  In the conventional  method  the zimplitude fuhctiQn due to the surface  source  distribution for a'v,ertica1,

b-ircularlcylihder (bla=E----1.in' (39)･ of  Brard's Paper together with  C,ti:-U) is written  as  
'

 
''
 

'
 

'
 B,(e)4iAKe)=-i4an(2k,sec2e).  (g2?

The  asymptotic  form of  Cw at low speed  limit is expressed  as

                                                 '

                       c. ..  
ii2s8

 iin2-s fz F"s sin(k,  +f)+qFh').  (33)
/ tt

The  order  of  magrlitude  ef Cto is different from (30) by Fh`. Therefore it is evident  that this formula

gives practically unacceptable  high  values  in low speed.  
･.
 , .

  In the second  method,  the  amplitude  function due  to the  line singularity  is derived as  follows for a

v6ttical  circular  cylihder  (t.1  in (52) of Brard's paper):
            '

  
'
 

'
 

'
 6Bs(e)+ifiAsce)=i4aA(2il,sec2e)+i8aAi2sececos3elh(2k,sec2e)

                                ttt  t                                                            /t                                       '

                               ri  32aF;ei cose  cos3eA(2il  .sec2  e). (34)
      '

It shoyld  be noted  that the #;st term  c'ancels  the  amplitud.g  function dtae to the surface  
source

 
dis-

tribution. The  asyrnptotic  form  of  the sum  of both amplitude  functibns (32) and  (34) in low speed

is written  as  ･ ･,･
 

'

         , B,(e)+iAg(e)+tiBste)+inAs(e)Ni  
iv6-#

 E,s cos3e  cgs(2k,  sec2  e--Z)+o(ais).  (3s)

This' is qrkite similar  to,the  amplitude  function (29} derived by the present theory. The  order  of

magnitude  of both  expressiens  agrees  each  o.tber; viz.,  O(F;ie). The asymptotic  form  ,of Cw  at  low
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speed  limit is eXpressed  as  - ･ t

                        C;e ･- 
636is6

 Ri6+32 VT  E}7 sin (illl,+f)+O(FhS)･ (36)
                                 '                                          '
Cw values  expressed  by (36) are  also  shown  in Fig. 12.' 

'
 Cw  cufve  by  Brard's theory  is rather  oscillatory

eompared  with･that  by  the'present  theory  where･.the  esCillatory  term  is disappeared as  a  higher order
                                                                           '     t t           ttl tt  t

               
L4

 

             4t,)O 

                 

             's  

･1

2

1

                 
              O 

                 

                      Fig. 12 Comparison  of wave  making  resistance
                                        '                                             '

quantity for･the case  of a virtical, circular  cylinder.  The  reason.for  the strong  oscillatory  property

is due te the linearization of  the preblem  in Brard's theory  as  explained  in the followings.

  Foir a' vertical,  circular  cylinder  D(x', y)' is tewritten from (ll) as  1 
'
 

'
 

'

                                                           '                                                    tt

  
･
 qx, y)t=(u+  p..)1-fpr..-i  o-ex(g?.+ gl,)l 

'

                              
'''4grvl-:iiprxv'Si}ii}(p;x+g?y)l,

 
'
 (37)

wffere  pr is th6 perturbation  velocity  potential of  the  double model  approximation:

                 epKx, y)=eKx,  y)-  Che=xll/fyX, for a verticti1, 6ireuiar cyl{nder.

  Neglecting the square  and  the cubic  terms  of the perturbation velocitie's,.we  tiave

      
/
 

''
 

,

 
''
 
'
 ptx,y)=-Ug2' ip).le(x,y).2UgSa2[ixX,S++3yf)'Y,2].

The  non-dimensional  expresgiQn  of D(x, y) in the polar coordinate  system  is written  as

                                  D(s, P)
                                        =-s-Scos3P.  (38)
                                  4 UIFn2

This  expression  coincides  with  the  second  term  of  the  righ't  hand  slde  of  (28), viz.,  P(s)= O. There-

fore the  asymptotic  form of  the  amplitude  function in the low speed  limit is expressed  from (29) as

                    c(e)+i  s(e) --i  
iv6mf

 E,s cos  3e cos  (2ilt, sec2  e-f)+o<fi;,s),  (39)

which  is exactly  the same  as  Brard's amplitude  function (35), This  theoretical  result  indicates that

the  reason  for the  strong  oscillatory  property  in Brardi's theory  is due to the  linearization of  the  pro"

blem. In the low speed  limit, as  Brard suspected,  the  !inearized free surface  condition  becomes  less

and  less accurate.  Then  we  may  say  that  the  present higher  order  theory  is one  of the  ways  tO
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 .. 1. .1 
･･
 ... .･ .. 

･..
 ..･ Hlk iath fig lf,S denfi es 137.g  ,. .                                                                              '

overcome
 the lack of accuracy  arising  in the low  speed  problem  with  the linearizgd,free 'sqrfac.e

c,ondition.

                                              '

                                 5., Coneluding remarks                        '                                                                                      '                                                                              t t
,,The present theoretical study  was  ･metivated by the results  of  flow measurement  around  bow  of-  a

s!owly  moving  full forrn. By the extension  of  Ogilvie's wave  resistance  theery  in low speed  limit, a

theory
 to analyze  the thin  boundary  layer near  the  free surface  areund  full forms was  developed.

From  the calculation  of  wave  making  resistance  of  a  vertical,  i'i finite, eircular  6yli'nder and  a  semi

submerged  sphere  it was  found  that the  present theery  is app!icable  to 
'the

 analytical  study  ot  the
free surface  flow around  conventional  full forms in the low speed.''.Galculation  of.wave  making  re-

sistance  for conventional  full forms is left as  a  future work.  Further  the  ¢ alcu!ation  of waye  pattern
around

 
bow

 
of

 
full

 forms is also'  awaited  for the･dlreet certiparise･g/.with obsetiyations.  As  Ogilvie

stated,
 
for

 
reasenable

 
deterrnination

 of  tPe level of  viscoqs-resistance  cu{.ve  in low speed  limit, the

present theory  is hQped" te be used.-  Fbrther the present theory  is' 
'expected'to

 give a  new  understand-

ing
 
of
 
complex

 
free

 
surface

 phenomena  around  bow.p.fiull forms. .. i
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