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                                 SUMIrmt'tl'Y

   In i,he p} esent  study,  sni]imizatioi:  ot' wave  iesSstaiic]e of a  special  ',3rpe  ship  i fiL high speecl
!a,]ige is  (liscusserf  accotcting  to t,he concel}t  o.f wttve  ma,ki]ig  jnteiference between a  maiii  hul1
and

 
an

 a,ii-ship  form bu]b, This bulb is formed by t･he coiuhinakion  o'l a  hydrodiyiiamic i)oint
source

 
a,nd

 
a
 
line

 skLk,  semi-splitted  fTom  the mn.iii huEl of  dispiacement t.vpc a],id, s"ppo:ted
by

 the strut.  Wave  Tesistance  of  this special  type  ship  is minimized  i,' ai(]er  sonie  design con-
ditions

 
by

 Tneans  of  iionlillea,r  prograinniing. 
'ki

 tltis paper,  experirnegit･ai  iiLvestigat{oiis a,ie

carried  out  for two  selected  inodels  which  ILave the air-sIiip forni bv.ib tiiid  t･]te ina.i'g h"Il o'f tlic,
matlLeinatical

 
wmte[Enes

 n,nd frame lines optimized  by t･he present theory. A.fter showiiig  the
modei  test resuks  of  fixed trim ceiLditions  allcl fre.e, trim conclitio.ns,  so･nte  discus'sioiLs about

the direction ef  moclel  i.tnproveinents ame  give]. b: order  to adopt  tlae aji-ship  foi[n bi]il.) as
t.lte' piactical bulbous bow, the effect of  aR  eptra,iLce  angle  of  t}Le ,m-aiie }k'all, tlae c'.onttei o'f the
tnm  and  so  o'n  are  investigated experimentaily,

1. Int]'eduetion

  Iii recent  years, many  idea,s ar(,i pioposed in or-

der go pursue the high speed  vessei.  Many  of

those  ldeas are  based on  nuco]vemtioiial  concepts

such  as  the applicatioi{  of  hydredynarnic }ift ge'ti-
eTat･ed  by wi'ngs.  In those cases,  }aewever, we  have
maay  problems  ier the purpose Df  siziug  up  and

Iong distance veyage.  As wel]  known,  conven-

tional ship,  that is a disp]acement type, has moxe
merits  tkan  uncollventiona]  ones  at  ]east from
poiiit of  view  of  buoyancy, Tkerefore it can  be
coiisidered  as  olle  of  the effective  ways  to pursue
t,he high speecl  vessel  based en  the concept  of  dis-
placement･  type.

  Maiiy ships  o})erating  on  seaway  now  h,ave con-
}rentional  bulbous bows, which  cam  reduce  t}te
wave  resistance  by the  hydrodymamic  iiiteraction
of  t-he wa,ves  between the main  }Lul'l and  the bulb.
Ilewever, resu]ts  of  t･h.e minimum  wave  resistance

theory  
i)
 show  tlin,t, the higher speed  the opti-

mum  bulb iadiiis  becomes the  la:ger. ]ft a  practi-
cal sense,  t}Lose results  are  Rot･ applicable  to mest
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lkigh spoed  ships  of  disp}aceme.]it ty, pe,

  IR the  case  ef st'te bulb  expressecl  })y a, point
d.oliblet, the  optl,muiii  positi()m ca}.elllated  })v
ineans  oi  the nomlitiea,r  progra,niniing change'k

widely  aiL respect･i've  (lesign  Yireude mimber  2),

In high speed  range,  Che wave  leiigt･lt of  e]e.men-

taxy waves  geiierated l)y a, dlst,urbamce becomes
               '

so  laTge that  the so-citlled  wave  makillg  length
bec:omes lurge too. At'co:ding to tkis cellsideta-

ti･'on, tlee relative  posit･ion of  the bulh to the tnain

kndl is 6i}e  oe  t-he imparta]ri, design fa,cgors.

  IIiL tl:e present stndi,  the a,ir-slLip forni bi]ib is
iiitrodnced iiLstead of  t,he cor"'entioiia,1. bulb. 'IJhis

bulb is formed by the coinb,ination  of a, hy{]iody-
na/mic  point source  and  a  iine sink,  semi-splitred

from the maiu  hull a,ncl siipporteci  by the  strut  as

shown  i.n Fig, l or  2 'iit
 the iiext section.  Iii the

case  ofthe  a,ii-ship  
'fo.n!i

 bulb, t･he opti[nuiu  buib
radius  cam  be suppTesse(l  smaller  thaii  t,he coB-

ventioual  oiLe  iii high st]eed  ra.nge,  Tlte degree of
freedeui o'f }ml] forrri t'Sesign  is htcTeased by the
e'tnployinent  of  this ajx-ship  ft)rin bn]b coitcept,

be.cause we  cam  se]ect  t･he bulb positlon a,rbitrar-
ily t]nder  required  desigit constra,iiits.  The  posi-
tio/[t of  tlie hulb should  })e fixed at  the fere end  of
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the  main  hul} as  iar as we  adopt  the conventional

concept.

  Series calculations  about  the minimum  wave  :e-

sistance  hull ioims with  tgie agr-ship  fomm bulb b.v

inefims  of  the moiulnear  progxainming  are  skowm  in

the reference  
3).

 IR this paper, ]noie  detnilcd ex-

perimeiital investigatioiLs are  carried  out  
'
£ot  two

}iull iorm modeis  selected  i'rom iesu}ts  of  those

series  caiculatioiis.

2. HulE  Forem with  Aiz"--skip Form  Bzieb

  As  illustrated iii Iiig. I or  2, ehe composite  hii}fi

iorm vvhich  consisths  oi  the main  ktull, tine air-ship

folln bulb and  its strut,  is employed  i" this pa-

pe'r. In oiaer  to optimize  tlie hult form, llamegy,

miti  hnize the  wave  resistamce,  eackt hual iorrn com-

peneiit mnst  be expressed  bsr mathematica}  for-

mulae.  As iilustiaae(l in Fig. 1 thnd  2, the right

ha,nd Ca!tesian coordinate  system  fixed om  tlte

ndvanciii.g  ship  witin  the origin  at  the inidsliip  o]

the stili  water  plane  aRd  x-axis  ferwaid is used,  in

which  cooTdi]ates  a,, y, z  aie  vionnalized  by the

half ship  }ength e =  L12 amdi  fuiid velocities  a,re

normal.ized  by the  advancing  ve}oeity  of  the sh'tp

U. FoT the sitke  o'f comveniemce,  t}Le inai"  }iull is

present,ed as  the tollowing eiementary  ship.

               y=f(=)g(.N)  (l)

'1'he

 shape  o{  the waterline  f(x) and  the skape

of the frame line g(i) are  defined respectively  as

follows,

    f(.) .,, ,f, :
"

..

i

,{a.
 cos  [(n m })Tii .M:]

            -"-b. siR  [nT:i::]}, (2)

                       1z ,S

              g(x) 
=:

 i'-T,  (3)

wheie  :o  is x-coordinate  of  the midship  ot' .g]ie

i"  ain  hu}l, aiid  t is the  normalized  draft as  foliows

wheR  the  xeaS  draft is given by T.

                  t=Tlg  (4)

 it.s in eq. (3), t}ie shape  of  t,he frame line is ap-

pioximated  by the parabola, of  t,he order  S.

  The  air-ship  form b]i]h is expressed  as  the ax-

isymmetric streamiine  body  foxrrred by the point
soisrce  with  the ]iouna]ized  st.r.ength m  and  ihe

]]iiifocin }iiie sillk with  the £ e-Lal  strength  
--

 
･ni

 amd

the normalized  length 2a  
4).

 
'I'he

 position of  t'he

point source,  name}y,  the  fo[e emd  of  the line siiik

is (xA, O, -tA)
 a}id  the aft  elld  of the lh!e s'illk

ls (=B, O, -'tA). Thelength of  the air-ship  form

bulb is defined  as  the lengtlt of  the  }i]ie siitk.  The

follewing :elatioms  exist,

           a  :=:  (.l)Af2)le= LA!L,  (s)

                tA=?7Ale,  (6)
where  LA  is the length of  the air-sltip  foiin bulb

as  defined above  an(l  Tk  is the  real  depth of  tlte
'bulb

 center.  
Frhis

 bulb must  he supported  by the

str'gt liaving the waterline  shape  of  tkte secend

order  parabola siich as

       y:: ±?/ (c2 -  {x -  (1 -- c) }2), (7)

wltere

          bs=(Bsl2)fe=.UslL,  (8)

           e=  (Ls12)le=LslL. C9)
Ls and  Bs  express  the  !eitgth and  the  hread th of

the strut  respectively,

                   i

"IE..- ...mai-#ii'igl'g=za ...)-H

                   y

 - -s

 ..l. ,,L -L.1" ..i..l.,..L±

  A.p'  

"1
 2 i 4 ca 6 T B eTlt s ylf: F.p m'11

     Fig. 1 Out,lime profi}e of  mode}  AS-l.

                    z

.llE-  
-i.

 
.

                    v
                                  111

T'-"t"--t--=.i= }..l',llitl.l'll'li.IS}-ll,/''"

  bo- L.L u-.ejo...lld..,..:,; le

  A,P T u 3 4 pt fi 7?]12e  g F.FTO'11

     Fig, 2 Olltline piofile ef  modek  AS-2.

  In order  to fomn"atc t,ke mini.xxiiim  wave  iesis-

tance problem  based oxi the concept  of  the aiT-

ship  foim biilb, an  objective  function and  design

constraii!ts  liave to be  defiited. As t,he objective

function, t}te following wave  resistance  coefllcieTit

})ased on  the ]ineai wave  resista,nce  theoTy  is em-

 ployed,

 Cw =  R.!(112)pU2L2

     ..  say,2 f[rf2({p(o)}2+{qco)}2)sec3ede
                                      (le)

'
-tttttt

i'

ttttttttttttttttt--"L-t."r.
t.t.
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' tt-t
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where

Amplitude

pressed  by
as  fellows.

      7o =gelU2.  (n)                          '

functions P(e) emid  q(e) can  be ex-

the p[inciple of  line&r superpesition

            sEe,i1-(sM.(e,]
         +(6te,(2,]+(,".41e,l)  (i2)

The  first alld  secQnd  term  of  the right  hand  side

ef  the above  eqnation  represent  wave  making  eF

fects of  the main  hul] and  the  stmxS  respective]y.

In both cases,  Mjchell's thill ship  theoiy is used.
The  third ters" i"epresents  a  wave  rnakiiig  effect

oJC the air-ship  fotm ba]b, which  is composed  of

amplitucle  fllnctiuiif,' for the poittt s,ou!ce  and  the
]ine sink  

5).
 The  detailed forinulae 'tor numerical

ca[lculation  of  these arn  plitude fupctiolls are  given
in Appeiidix,

  The  objective  function (IO) should  be mini--

mized  trnder  suitahle  desigR coitstraints.  At first,
the following equality  constraint  is introdliced t,o

keep the displacement constant.

       IltlB 
X+3
 i 

.2"..,

 2." 
"-A"

 i 
sm  

(2n
 E 

i)T

            8 V

          
+gtsbsc+4Tma

 
==
 8zi,7 (l3)

This constraint  js described as  the linear torm
with  respect  to design variables  explained  below.
Iil the third term  of  eq.  (13), that  means  the dSs-
placement of  the  air-ship  form bulb, the approx-
imat,e formllla is uEed  to linearize the  eqeation

with  respect  to m.  In eq.  (13),

          A=  (LMf2)/e= DMIL,  (14)
where  Lfif is the iength ofthe  

'xnai'll
 }iull, and

]ln addition
         '

are  imposed,the

  ts =  Tsle,

followiitg inequality

 f(xo +  ih)

 f(xo -  ih)

, Eqs. (]6),

(l5)

constralnts

ln this AllO
selectecl  the water-

1ine b:eadth of  the main  hull decxeases towasd  the
bow  amd  the stern  respectively  from  its midship.

<  f(xo +  (i -  1)h)

<  f(xo -  (i -  l>h)

(i7) express  that

(16)

(17)
 are
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  In Qrdinary  cases,  ceie.fiicieilts  ai  -. aiv,  bi N  blLr
of  eq.  (2) expgessing  the waterline  sliape  of  the
main  hull aRd  the strength  

'rrz
 ef  rhe  peiiLt sonrce

e.xpifessing  the buib size  call be selected  as  design
va!iabies.  In this paper, for the series  coeff  eients,
Ar =･  3 is selected.  Fnthermore, as  a special  case

og  the present pgoblem., the position ei  the poiRt
soiirce,  na,mely,  x.a  caTt  be seiected  as  a  design
variable  in order  to optimize  the position oi  the

aii-sktip form biilb 3).
 

'l]hese

 design variables  are

determined through  t,he optimization  process to
rni]imize  the ebjective  function (10) urtder  the
p/rescribed design constraints  eqs,  (l3), (l6) and

(l7) by tneans  of  nonli}iear  programming.  Many
nonlineae'  uptimizatioll  techniques  a,re developed
up, te  tlte presemt. tsiiom those techniques,  a

com.ln'ited  :,nethocl of  StJM"e' (Sequential Uncon-
strpsined  Minimization FIrec;hnique)

 
6)
 aiid  GPM

(Giudieiit Projection Metked)  
7)
 is employed,  in

wkich  linear equality  constraiiits  can  be satisfied

by GPM  and  ineqiialit,y consttajnts  can  be satis-

fied by SUMT  }]esp{.tctively 8),

3. Xgivestigh'tiorag Based  oit  Modea  Tests

3.1 ExperSmeiits of  (1)riginai Models

  Con.cemiing the seiies  calculations  shown  in the
reference  

3),
 two  examp}es  are  selected  for the

purpose of  the  experimental]y  couriparative'riiLves-

tigatkon of  resistance  c}iaracteristics  of  tlte opti-

mum  hull form with  tPie ai,]:-ship  form bulb,

Tab]e ] Particmla,:.s ef  origillal  ]nodels.

I];irt,iculder.. of N･totiels
ModelDesigii

 Ftoude Number
LengthHreadthDraftLengt,lt

 of  Main  Hult

l,eng±h ef Air-ship Form  Bulk;

Lo,ng-i of  Strut

Bteadth of Strvt

!,S.1 AS-Ltww"Fn 'o.seo'
....tt.t.tL'1.,soem
ttLB .rrO.108mlO,126t]1
"T'ITnv

O.075III'nvzl･I,i,1,/;50m1.L}eom
'TII.rvO.2L,,5rne./315m
'rTLsIo.eT･,smIne.13o-IU

b/sl'- O,O15rm111
Order of  I]arabolic FTftine Line

Disp]acemetLt Voh]me

NKiet,ted Su'ffecc Area

DisptacenLent Length Ratio
Block CoeMciemt

I'ri$matic CoeMcient

Mids. hip Area  Coetficient

   e
   v

 
'"

 s

 Vll3

  Ch'-
 c

l

itE

･:'O.O0665mlo.ocNt66

O,!933m]O,2ST2m2

O.OOIf)T'o,oelg7

O.5･t73O.{698
iO.6S"ttU/!,S73

E.o,soeo
  Pftrticulais of  two  selected  eriginal  ntodels  are

giw'ep itt Table l. The main  lns]1 of  model  AS-l
aud  AS-2  has 90 %  and  80 %  iength of  the  tota,1
one  respect･ively.  Ip both cases,  the design Frollde
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niunber  is O,5, the order  of  paraL)olic trainfT gine is
･i, a,lld t]'ie displicemellt  lengtit ratio  is selecte('i  as

O.Oe?., whicl}. is a,}]out, t}'te lowei eimit of  the ac't-uaS

v'aiae of  ]iigli speed  ships  of  disp}ace}nent type  iit

tlhe pthsg. Iix T, able  1, ]kowever, '.he
 disp]&cement

lepgth i&tios  are  s.iightly  diffe:eRt from  t･he de-

sgglled  osie, because eq.  (E3') that  is the displace-

maegit constraiiit  is the appEoxima:e  fornxala as  ex-

p]aiiied prevlonsly. eutlille p:ofiles of  botEi mod-

els  are  ill'ustrated i,ik Fig, tt･ 
,
 2, a'nd  bo(iy plams  arc

sho-,m, im Fig, 3, il.  As compared  with  modei  AS-

L/ 
,
 
'tno(]'el

 AS-2  }kns ln,iger breadtk, smagieT  blo(:k

coeffieien"L  amd  sEv)aaler  wetted  surface  area.

-.cr

lEP.I'

g T-Fi'
± .tt1N

iitt1 'i'/I'

-i
/

{ /9}･I
A

+2'

IZ

'

'be
8'I10
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l
11LI=llL.W.L.B'T
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'Ii

/.t.ttTt..t
't-

2
'

'tttttt.tttttt--
PstiBL,

642y zaMotieEEss-1

             t

biig, 3 Bodv plan oi  modek  AS-l,

t...tt
i11iti1,i'iV.-"Lst.

r
i/

1F.R1ttrtttttttt1.-
//'f'1'l･'i

venvt..'7:m
1LI･ttttttttttt1II1---rmF......1t./

'

L..t.vt. t.Il11u･--･
'-e-,,Hed
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P,//LWL.=r8
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3 s,ii8- ;4

/ lt･11--:1/･-

tr.-2

T
/

]

l･-.Z･1t
LlBL,

B642rRt aEe

ModeLAEgL-?-

Fig, 4 Bod.v plan of  ]nocie}  tAtS-2.
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                       "  C.. CFiNRd Trim}
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"

-Lnv,
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  LvrX
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  Yiig. (l E/xperimente,k :esul.ts  gf  model  AS-2.

  Model tests are  cairied  uut  fc)r 'fixed zriim cum-

ditions and  free ti:,iit cemditions.  [g]est, Eesi]l'th' oi

inodels  AS-1' amd  AS-2  a]e  giveR im Fig. 5 aiidi

6 respectively.  In t-inese figures, residuary  resis-

t,ance coe'fieients  C. obt&inec]  fiom  the towing

eest using  Schoenheri's  frictio'fi coewtciellt･s  and

w&ve  p, attein  resistance  coeMcieRts  (].,.p based on

the wa-re  amaSysis  a,re  shown  togetktem wit}i  tlie-

oretica}  wave  resistance  ceefficients  C..  Differ-

ences., between tlLe ex'periineiLt･al  iesults  Cr, CVtvp

k]}d the t}ieoretical- Tesii]ts  (:]. becoffie Iurge in

high i}, tamge,  amd  diffciences between fixod and

fie-e trii- coiiditiens  a.re also  observed.  Since the

opt,iuium  ltull forms in tlhis papt'.ix aie  obta,imed.

irom  the app]icatioR  oi the iillear wave  Tesistttitce

zheory,  in wkiicii,  t}ie effect  oi  cl:amge  of  triiti is

itot  ta,ke" iitto account,  theoret･ical esthnations

for free trlim cemditioiifi  woulcl  be suppose(i  wors.e.

Compaiing  two iesu]ts  for fixed tri.m. condit･i'ons,

however, tkeoretic:al wtave  niaking  e'ffect,s  of  the

hydirodyn amical  singularities  expressing  t･he maj  i}

hu]1 and  the air-ship  bulb  a,re  vet  true, espe-

cia]iy  iii high F. Talige.  It cajL  be a.lso coiLsia-

ere(S  t}tat. otlter  resistamce  co}npoiicsits  a,re  rela,tf:d

5 Expeii-'memta} .tes]iks of  xnede]･ AS-X.

                          t4edeT AS-2
                       

"-  C. CTheory)

                       o----･･-･oC,  {l/ixed Tri/E}

                        e  C.p {Eixed TriiD

         C'
 If'2'.Rp'biL', 

"'
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with  tliose diffexemces, })ecaase these h,'ull fosins

are  more  complex  than  the convemtional  ones.  In

order  to search  tltose Teasons  and  rea}ize  the re-

slstance  redllction,  the separation  fiew ut  the a'ft

part of  the bulb, the  effect  of  the  entia"ce  angle

oi the maitt  hull, the contiol  of  trirn aii(1 so  on

are  investiga,ted experitnenta}iy  in the followi].tg
$ectlons.

3.2Madificatiosusof  Modeis

  AccoTding to the abeve  discussioias, effects  of

 l. the aft part  shape  of  tlic) bulb

 2. the bulb sha,pe  under  tlte keel Ii]ie

 3. the emtrance  angle  ef  the main  hull

 4. Ihe trim  control

are  ktvestlgated experimemtally  b.v modificatio]s

of  original  modGls  AS-1 and  AS･･2. As for the lst

item, t}ie aft  part  gf  t'he bulb comtected  with  the

main  hul! is faired to eliminate  the effect  of  sepa-

ration  fiow on  this part. As fer tlte 2nd item, the
bulb shape  llndei  the kee] line im Fig. 3 or  4 is

cut  and  faired iro!n the piactical poimt  e'f viezz;.

As foi the 3rd item, the  eRtrance  angle  of  the

main  hull is decreased, because ielatioii  betweert
the entraRce  ang}e  and  the spray  iesistance  is re-

perted for a  displacemeiit type  high spee(1  ship  
9).

Finally, as for the  4th  item, the effect  oftriin  co,ft-

troi bv horizonta} smal}  fins attached  at  the sterR

o{  bolh sides  is studied,  because the change  of

trim  by the Iarge air-s'hip  form bu}b becomes  re-

markable  iu high 4,. raiige.  In the present study,

original  models  AS-1  aiid  AS-2 are  modified  and

tested according  to the abeve  pmoceduie. [I]here-
fore tha  }atter mede}s  keep the  effle]cts ot  io£ iner

modifications.

"i"abie2
 {"nds

   I<Lnds 6f Modcls

 model  llame
AS-1 -L)
AS.IFR'2FII

AS.-V'2;"r

AS.11･.'A'2EA

AS.tFJN  .2FIN

  T.T..

  Ilx, rree /rLhwing

 Test,
  trini comdition

of  modified  rnodels,

 experhneRtal  co"(iihom

originaifaiTing

 of aft part of  buLb

c"t  of  bulb under  keel li-e

dccvease ef  efittaTice  anglc

wLth  stern  hofizontaL fin

    W.A.:

lT,T.IW,A.'

COII(iitiOIIiiNfl'eefixfree

oooo
i,rtofbuLbtOo''

derkeelli-eOo''

,taTiceanglcOo'o
izontaLfin1-o'o

VVaveAnalysi,t

  In Table 2, nioclel  Rames  are  assigned  iespec-

tively and  expeTimentai  plans  are  summarized.

Sectional area  curves  of  m,ode]s  AS-l, AS-IFR,
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and  AS･･IW  are  compa,red  hi Fig. 7, and  those  of

mocie}s.  AS-2,  AS-'.7FR  amd  AS-2W  a.re  compared

i,'n IFig. 8. Ylat,er line v,urves  of  models  AS-1  and

PLS-IEA are  coml)ared  iu Fig. 9, and  those  of

models  AS-2t a,nd  AS-:IE･A are  a}so  compared  in

sarste figure. t('he

 eiitrance  angge  of  both modieis

AS--IEA and  AS-2EA. is 10 deg. ,im {)ac}i  side.
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I"ig. ]O, configiira,tiens  el  sterii  at,tached

horizont.a,l fiiis o'g' it'Lodels  AS-IFIN  a!id  AS-
 are  illiist･ra,ted. InctenLeiits o'f tlie "'et,ted
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 surface  arem  by sterll  horizoitta] fins are  1.20 %
 and  1.15 %  foi inodels  AS-IFIN  and  AS-2FIN me-

spective]y.  The  size  ef  fin is deteTmined from the
estimated  momeirt  to meed  to iestore  the change

of  t･riin at  design  fi;, of origina?  rriodeis  shown  im
the subsequent  figiiies ( Fig. 19 amd  Fig, 21 ).

 
o
 i 

rLvT  
'1

-e･os
 ,L --

 al -----  ----  ･
     ltS-IFIN

     t･S -2FIN L-L .ll"-. . ..i..--ll
               A.P. 112 l lt/2 2

    l;'ig. iO Position oi stern  horizontal fin.

3.3 ecxperimemts  of  Modifiedi  ftii[odels

  Accomdimg to the experimemLal  pians  expl,aimed

in the previous  section,  test results  of  modified

models  are  slaown  amd  discussed. At first, ex-

perime]tal  results  of  AS-1, AS-IFR. AS-IW  andi

AS-IEA  in fixed trim  conditions  areshowarn  im Fig,
11, and  those  in free trim  comditioits  aie  sinow]  gn
Fig. I2, In the sairte  way,  experirneRt･al  results  oi

modei  AS-2  series  are  sltown  in Fig. :･ 3 amd  14.

 C.xlol15

           Fixeri Trlm CondiLimi
          HeAS-1

          e･---fiAS-IFn
 R.

          e-----"As-!u  
Ct'i12･puT,

1.0  )----,,A5-IEA

                       
DesignS,,'DS

OS

 . y Sl}xif -"e;;s"S;lll&le'

       tit

  Nve-un
                                       F.
 O O.T C.2 O.] G.4 o.S o.fi

  F'ig, il ExperiJnenta} resugts  of  AS-1  sexies

           im fixed thriiyi conditien.

  Since it c.an  be assui"e(l  Zltat puie  effk]cts  of  re-

spectkre  modificit,tions  appear  i" experiments  of

flxed trim  coiidi.tions,  test  resu]ts  shown  in Fi･g.

11 and  a3 are  disct!ssed. T}te resistapce  Teduct･ioii

a,t desggn F. is obseEved  im cases  Df  hul] forms FR
and  W  of  niodel  AS-2  seres.  In these  of  model

AS-1 series,  .ltowever, t}ie resistaitce  reductioiL  ca,n

not  be seell. ]lm both series,  the hul} forxn EA  with

the small  entraRce  angle  shows  the iesistance  re-

duction, especially  modei  AS-2EA  shows  fairly
large resistance  ieductieii.

 Cxlo3l,5

1.e

n,sE
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Fig. 13

cxlg]1.S

I.O

tt.s
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   02 O.3

Experimental

 im fixed trim

 o,a os os

xeslllts  of  AS-2
comdition.

c.  L.R. -±
  Y2･pv,Ll

  'serles

      Free Trim Conditiom
     HAs-2  C.

       e  As-2 c.,

     
th-  ･-aAS-2FR C.

     e･-----e  AS'2U C.

     ..".-.-"  AS-2EA :.

       le es-2EA  C..

F.

                                       F.
 S D.1 02 03  O.G M5 O.E

  Fig. 14 Experimental reslllts  oi  AS-2 seTies
           iii free triin colxdition,

  Im experiments  of  fiee trii"  coAtditions,  whlch

are  importanL  m  practice, the ahove  metLt,ioned

egfects  disappear as  showp  iit Fig, 12 amd  l4,
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that  is, all  types  of  hu]1 form in both AS-1  and

AS-2 series  have almost  same  resistance  charac-

teiistics at  desigll L,. The  effects  of  the small  en-

trance  angle  become  smaller  tham  those in ixed
trim  coiidj  t･ieus.

   2rt{A,>× 1fi1
   O.B
      

      

   O.6 

   O.4

   C.2

o 2g 4g fiG se 
dee.

   2x(At)× 1ilS
    1.0
      

      

    O.S 

    :: 

    
02

,

 
,, ,, ,,nvpt.Lg,,.,

    Fig. 15 Comparison  of  wave  spectrum.

  For models  AS-IEA  and  AS-2EA  in free trim
coiiditions,  wave  analyses  are  carried  out  to in-
vestigate  wave  making  characteyistics  &bout  hu]1
foTms with  the  sina]1  entrance  angle.  

'liheir

 wave

pattern resistance  coeficients  obtained  by wavct

analyses  are  compared  with  those  of  models  AS-1
and  AS-2  in Fig, 12 and.  I4 respective]y.  Wave
spectia  at  design, a, are  also  compared  in Fig, 15
with  respect  to these hull fbrms. As we]l  known,
the re]atiom  between  the  wave  pattern iesistance
coeMcient  aii(l  the wave  spectrum  iB. Fig, 15 is as
fo]lows,

         c.,  ..  2T .fl"/2{A'(e)}2de,  (is)

where  A'(e) is a  non-dimensionalized  weighed

amplitllde  function, havi]g the follwing relation

with  the amplitude  functions P(O), (?(e) as,

 {A'(e)}2 =  4or,2({.p(e)}2 +  {e(e)}2) sec3  e, (ig)

As s}iown  in Fig. I5, characteristics  ef  free wa,ves
in free tritH conditions  are  almost  same  for orig-

i]'tal inedels  and  EA  mode]s  of  respective  series.
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If the resistance  charac{･eristics  are  cliffeTent wit,h

respect  to original  modiels  and  EA  models,  it can
be expected  tkat flew phenomena  around  the bow
iiear  field, fo}' example  pheiierri.ena oi  spray,  are

different.

  As discnssed above,  the significant･  resistance

reduction  ca]  not  be ebtaimed  bv modified  hull
forms FR, W  and  EJA {}t" both serUies, in free trim
conditiolls.  As fillal modifled  models,  AS-IFIN
und  AS-2FIN to suppress  the change  of  tThn by
stern  horizent,al fins are  tested. Experimental re-

sults  oi  these models  iit free trini conditioiis  are

showyt  in Fig, 16 a'nd  I7 including the reslllts

of  eriginal  itiode]s. in both. FIN  models,  resid-

na[y  resistance  and  wave  pattern  resistance  aie

reduced  at, design 4  as  ia thesg figures. Iu .i)artEc-
"le.r,  the resistamce  red'sectioll. of  mo(lel  A.$-2FIN
is observed  iis whole  F., range  a,s shown  in Fig.
I7.
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  Fig. 17 Experimeiita.i resnlt･s  of  model  AS-2

              and  AS-2FIN.

  Wave  making  characterist･i.cs  of  FIN nLodels  a,re

shown  in Fig. I8 as the comparisort  of  wave  spec-

tra a,t design L,, in which  spectra  of the oiigina,1
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modeas  ki bot･h trim  conditions  are  also  givegL. t'ILs

s!iown  iii this figure, wa,ve  ma,king  chara,cteristics

of  FIN  models  ln free tTiTn com.ditions  are. simi-

1,mr to those  o.f origi'pal  models  ip fixed t･rim coe-

ditioms, iL',cc,a,use
 oX  supl)re.ssi,on  of  tlte c]/taitge oi'

'Lxftni.
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O.6

O.4

 l
 [D.2
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  Fig. 19 Comparison of trim ef  AS-1 series.

  Aci(iitiona]]y, c;haJiges  o{  Viin and  sinkage  are

a}su  measttre.d  as  showii  im Fig. 19, 26  for. a},1

models  of  AS-l series,  and  in Fig, 21, 22  ior agi

models  of  AS-2  series.  in high Ila r.auge,  large
trim  callsed  by the lift of  the alr-ship  form bulb is

ebserved  with  respect  to Fl{, W  and  

'EA
 mode]s,

aitd  for same  models  large $inkage  ls also  mea-

sured,  In the case  of  FIN  iaode]s,  howe.v(:T, t"ne

trim  is restored  to horizoittai level/ -iLd  tELe simk-
nge  is reduced  at  z}{e same  leveA o.f origina]  iuod-

e]s by the effect  of  stern  horizontaS fins, wMch  are

Telated  t･o t'he resist･ance  rt.xhictioii.  As  (Sasc.nssed

.kere, cgamge.s  oft,r,iTn andi  sinke.ge  ure  paTticuiamly

i,mpo[:･,li/rtt im. Iiiglt f;E ra,nge.

   sxnr

    r

  -i.n iL s･ 
!.ii-"'･                          ,N  ftS-1

    ,
 o･ -di AS-1-YR

    1' ,t,
 ･･e As-1,u

  ZGl
    l v--+  ss-1･EA

                          .--"  AS-1･FIU
  

'i'[i

        o.i o.2 a.3 n,,i oS n.fi

oli

iiIFig.

 2e

  t.xlo2

  s.o .
   I1i!I

  mol

  zo 

  1,O   

 IllE
 -3.o ,

 
-4Di

 
'Xi･,,,,,"a･･k'

 1'il Xl "L"e'
                '                i                 '
                 

"...tr.

     21 CoinparisoKFig.

 s.× 10!-].D･2s

 

-1.e

"ee'E'e:e'g'-X'ill･･ttl.itiilli.,.tt...,,.,.,.T::'7'"--F"

              
ttpt, in./t               tt, e

               
'{..

 I'"'' 
-"-,,--"

                 
'-""e･-si/i.ir-b.･g../;,.yth

                 :esien e'.'G.i

 Compa[ison  Gf  sinkage  of  AS-1 series,

  t.-d..I"g,- 
Design

 
F.=os

     L

                    ln e o'"
 //

                   ,･7/-I'or"'l.･.c .,,1.

                 .. , i llZ･7r"-･liT.l
--,.

 da a' dfs"-.
 J

e,3

  ?"i
  tr
 if,..,;f'lr-y't

of  ttkii

o.q

e････-･･･e ,AS'Z'IS...-+
 AS-2-EAh--
 AS-2･FIH

of AS-2 series.

O,1g2

om"  AS･Zfi

 ･-" hS-2-fiR

e--e  AS-2'Wle---e

 AS-2･EA

p--.  AS-2･XN

O,5 O.E

   
O'n

 
!ertwt'e."..r..'--"-ts..p-tas.

 ;l;llM..mLl---"F"
   

['O

 

'"'{'1'lk:...'e'n

   :.: // 
X"'i

 
it','･L･tl
 ll,1//://.;./..;i/ ;" .r,..x,L: ･ije

                        Design F.;O.S

 Fig. 22  Coiuparisoi! of  simkage  of  AS-2  series.

  As the ]ast ftguTe, ihe effective  dma,g lift rat･ios

appered  in ref.  10) are  estimatecl  as  20e m  lengtl}
s}iips "rith  the air-ship  forni bulb b.v using  t}te

NII-Electronic  
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preseiit experimemtal  results  abon[,  model  AS-l
and  AS-IFIN. These are  shown  iR Fig. 23, where

IIP is the hourse power ef  respective  tiansport
ve}-icies.  In these estimatiolls,  the  pay load le{b
is assinRed  as  30%  of  tlie lotai dispiacement and

the  propu]sive  coeficient  is assumed  asi 0.6. As
shown  in Fig. 23, it can  he expected  that the
ships  with  the  aiT-ship  forni biilb axe  more  eM,-

cient  than  conveiitional  hydrofoi}es.
  102 p"'tr'p'r.=7'r.nr'1"

     l "  super sonic Trarsport. 

'-M'"'JTny-"n''r"7"z

10-2

i/

F･''

-ogoe-d

'''

Jet Air Liner
Prop. iljrcraft .',.,

Heli¢ opter

i'l
ru

ili･:･i,xb.iesg/11j
pm

,.

'

.o,t6:1'i

            e/

       A
 

R.iLoT"st,3;S
 .,･/

        l"A meeg/
        :  

Trllekeo,.

       t'
       

A-n  /        nt

       
in
 .r ee AS-1

       
di
 ./ O  AS-IFIN

      ./' i/ :L a Hydrofoii     tw     tkA
    :'  .S  dSmall  Liner

  ./
 P:. A  Lnrge Liner

,/ g.-l:. t:. v Bulk  Carrter

        gW":. 
e
 

or
 
TankeT

''''''''
.i1iiil

i

  lo'3L..4"--,--L.-..LmL--.-..J7deiLuj
    100 lel lo2 le3

            Maximum  Speed  V<kmlhr)

       Fig. 23 Effk,ctive drag lift, ratio,

             4. Cortclusions

  lii the piesent  paper, the air-ship  k)rm bulb
which  reduces  the wave  resistamce  ip kigh speed

raiLge  by the hydrodynainical interaction with  the

maim  huil has been propoged.  The composite  hull
form  with  the air-ship  form bulb anG  its strut  has
been optimized  to ininimize  the wave  resjstance

based on  the  lineam theory llndeT  suitable  design
constraints  by means  of  nonlinear  programming.
Ibi twe  selected  models,  detailed expeiimental

investigat,ions have been carried  out.  The  maiii

conclusions  of  this paper are  as  follows.

 1. I,iL expeTinientftl  resll]ts  ofthe  o!iginal  models

   with  the air-ship  form bulb, differences be-
   tween  the experimental  results  and  the the-

   oretical  results  are  seen  to become  large ln

t;･11

11lo4
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   high 4, range,  a"d  differeitces between fixed

   aftd  free trim comiltions  are  a]so  observed.

2. Caiicerming to these  results,  effects  of  the aft

   pait  shape  of  the  bu]b  ( FR  medeD,  the  bulb

   shape  under  the le/eel liiie ( W  modei  ), the
   entrance  angle  of  t,he ipt ain  hull ( EA  model  )
   aiid  She  t]/im coiRt,r.o] by stern  horjzont,ai fiiis

   ( FI-N tnoclel 
')
 hmve bec}n investigated exl)eii-

   mentally,  However, the  sigRificaitt  resistance

   re(iuction  can  itot  be obtaimed  by fiiR, W  and

   EA  mode}.s  modified  from  t}te origiiia,1 inod-

  els, in fmee trim  cenditioTks,

3. in the ca,se of  FIN  models  to s"ppiess  the

  change  ol 1,rir'i.li by st･ern  horizoiital fins, at  the

  diesigR .g"., tke trim  is restored  to horizontal
  ]eval, ftitd resista,nce  eitara,cteristi(/.s  are  im-

  pTavef]., The  c}iaRge  of  trim and  sinkage  are

  particu]'arly importamt iR higin I'. range.

4. By  estimatioR  o{' the effect･ive  drag lift ratio

  from the experimentai  iesa]t･s, it ca,n  be ex-

  pected that  t}.te ships  with  the air-ship  form

  buib are  more.  eMcieitt  thau coRventional  hy-
  dxefoiles.
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3. Amplitude  functions of  air-ship  forrm biil}),
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where  (xA,O, -tA)  is the positioii of  polnt  source,

iiamely,  the fore end  ofiille  sink,  arid  (xff,O, 
-tA)

is the aft  end  of  Iine sink,


