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　研究成果の概要

　本研究の内容は次のような3つの課題に分類することが出来る。

1）細長体理論を船体まわりの自由表面流れに適用し，自由表面形状，船体表面流線

圧力分布，造波抵抗等の計算を行う。

2）船体まわりの自由表面上の非線形境界条件を満足する解を，境界要素法の繰り返

し計算によって数値的に求め，自由表面形状，船体表面圧力分布，造波抵抗の計算を

行う。

3）模型船の船首付近の自由表面現象について，特に表面張力の影響に着目して実験

観察を行い，理論を用いてこの現象を解明する。

　課題　1）については昭和58年度までに予備的研究が行われており、理論式の展

開等はほぼ完成しているが，数値計算法についていくつかの問題点が残されていた。

今回の研究ではこれらの問題点を解決し，さらに実用を目的とした計算に便利なプ獄

グラムの開発を行った。またこれまでに取り上げられていなかった斜航する船体に関

する計算も行い，水面上の波紋，横方向の力およびモ憎メソトの計算も行った。しか

し得られた結果は精度の面で不充分な点が多いことが見出されたので，さらに精度の

高い計算法の開発を行ったが，最：終結果を得るには至っていない。

　課題　2）については肥大船のまわりの自由表面流れの計算法として考案された低

速理論を出発点として，自由表面条件の非線形項を取り入れた境界値問題を繰り返し

計算によって解く力法を開発した。簡単な数式で表示される船型および，Series－60

船型について，自由表面形状，圧力分布，造波抵抗を計算し，水槽実験と比較した結

果は良好な一致を示し，肥大船を含む実用船型の造波抵抗計算法として実用性が確認

された◎

　課題　3）については界面活性剤を用いて表面張力を除去して水槽試験を行うこと

により，模型船首まわりの自由表面現象は表面張力によって顕著な影響を受けること

が確認された。また模型船の抵抗は前進速度が約しO鵜／sec以下において，表面張力

が作用する時と作用しない時とで異ることが示された。さらに表面張力を考慮して水

面の波紋を理論解析し，相似則について検討を加えた。
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 A Contribution to the Slender Body Theory in Ship Hydrodynamics

          byHajimeMaruo (Lecture)

             Yokohama Natienal Universiy

              I56 Tbkiwadai Hodogaya-ku Yokohama Japalt
                                 '

The application ef the $lender body theory to ship hydrodyRamics

was proposed more than twenty years ago. In spite of the rem-

arkable success of the slender body theory in aerodynamies, it

has been reveaXed that the formulation in ship hydrodynamics

proposed so far yields only disappointing results'by"'numert･¢al

computation. Thoughsomeimprovementhasbeenobservedin

the problem of oscillRting ships in waves, progress in the

problem of steady forward motion is rather poor.

In this paper, a new formulation of the slender body t･heory

for a ship with coRstant.forward speed is developed. .It is

based oB a suitable asymptotic expansio" of the Kelvin source

alongltstrack. Itderivesaboundaryvalueproblemwhichhas
A･z- quite different form from that of the formulation proposed

befoTe. Samplecomputationsoftheshipwavepatterltand

wave resistance show good agreement with measured results.

It is concluded that the present theory is feasrkble as a

prediction method of ship waves and wave resistance of arbitrary

hull forms.
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以下の頁は著作権者の許諾を得ていな

いため、公表できません。



A Method of Cornputation for Steady Ship･-Weves with Non-linear Free Surface Conditions

Yokohe ma
   Hsjime Meruo
Netinal University, Yokohama

lshikewe
          Seikoo Ogiwera
jime-Harime Heevy lndustriess Yokohama

El. X;;troducxion

      The theory of si"tlp waves is a su}"xstantidly nort--

 linear prohiern.The ruethod wta¢h has been cora rnorily
 used in ordier to salve this p. rohlera is tfie pacturbation

 analysis with the assuraption ofi srnalt beam/Length
 :atio ofi trhe sl"Lip. The Michell. dn ship theory Ss che

 fust approxirnation of ehe perkurbatio" and a great
 nuraber eE exarnples ef wave resistance computation
 has beefi pulutshed so ffar. Tsutsumi et aL(1} cornparedi

 thff wave resistance determinedi by trhe wave patrtern
 anal'y$i's of matrhernaticaby detined s}-tSp rnode! of

 vadtable bxeadth with co:responding ¢otaputatiens by
 "Sicheit's formul.a, and conaluded ehat Michdl's
 formul.a could pre(iiSct tlie wave resistance withiri t}ie

 eoralahle accuracy in ¢ase of beamAength ratie Rot
 greater than one fi.iireench.
     Since practical huji forms exceed ck:ls limitation,
 Miche]1's fotmtxLa Ss not useful foer trl}e-purpese ofi

 prediedon of wave resisitance. The higher
 ageproximation'off the trhin ship perturbatiofi has been

 atrtempted by several researchers{2}{3}{4>, but the
 results are "ot so promi.slng, because oe the }tighly
 Ki-ngular behavior off the Ke}vtri source which prevents
 the feasilj1litry of it2"ie higher approxim atien.

     Another pa$sibility of thQ perturbation arial!ysis is

 the low Freude nurabey es¥)preach. This methedi
 itssumes the $eries empan$ion ef the saluicion witrh
scespect te the Frovde numbeg. The strairdng pei.ritc is
the EItow et zEro Froude nu ra bef which is vaentical witti

the fiLow arcund a double modal in aR unbovndied fiuidi.

The free surface condition for the <iiisturbance
petttntial is then lti"earized and the selution is
sirapl.ified to a greae exitenL This idea was fu$rky

suggested by OgitvietS} £oif 2he ruotion in twe--
dimenKions, and eppl.ications tn the tc}"}reEbedimenstonal

case have been dscu$sed by Baba et ed-(S} end Maruo
eit alff>. Dawson{8> proposed a puraly numerical
raelthod to salve the boundayy value pro{!iera wSth ithe

£ree sutface condiition sSmilinr to the above
app:oximatio" by ijhe aidi eff the cilstxibution off
Ranki.ne sources over the stili water Pl.aBe together
witii ithe hL3JlLsurifBce. A c6vaputer pregyam fesc thig

met2)od appt5cahie to arhitrary hdi fforras wets
devalopod by･ O{ggwarn{9} who calculaiteG the wave
pgeffike, geressure (listri})ution oit the hdi surface eeftd

Zhe wave xes£sitaBce and examined the Seasibility ofi
ds suQtl'}od in the practical fiedd.

         Apart firom the technfque of boeadzed firee
 sutface condrdons, the possibi]itry oE the (lireet
 salutio" ofi trhe boendary value prohlem k"i Sts o!iginal

 noft-lineer form depends ealy en numerical rnethods.
  A trypical method ef this kind is the ti.rrite cliEference
  technique, by whick the salution is obtai)'}ed by the
 step by step intregration ofi the uzzsiteady Eul.er er
  Navier-Stokes equation with xespect tn time. Several
 resu!ts off computation by the Ei-nite ciiEference
 bechnique app]ied to hu]L Sorms have been publtshed by

 Chan et aL{iO) andi Aoki eit al.fil}. Serious
 disadivantages of this raethod are that aR enorraous
 coraputer tirne is required beEo:e the steady $tate is
 finajJ[y airt4S.ned Bnd that a proper treatment of the
 condibion at the open boundary wSth which the dora aim
 oE cornputation is encevapassed is hardly possihie. On
 account oS these defects, Str is cgttite unlikaly for the

 a¢cllracy ef computrarioR by tl"tis method tn be aale to
 attaiA the Xevei of prractical feasibi}ity.

    The methed proposed here is a kind oE the boundary
 alernent raethod with the Rankine souxce as the kernel
 funedon. The gkeady nortrrllr}enr free surface flew
 around e hlll3. gelacedi in a gniforra streara is cletermined
 by Steration so es tro fultil. the non-th}ear tiree surface

 coHdition andi the huU sutface con<ilition, starting ftova

 the $alutSon oE dovhlE model ]ineadzabion such as
 Dawson's prohlem. An advantage of this vaethod is
 t?iat the compute: progyam for thff dioubl.e raodal
:boearization rwhich as now at hand, is Sully vtllized.

 Other pein{s ofi merit is thatr an analyiti¢al e>cprefssion

caR be given tp the salution at the fual stage by
 mQans oE the source disedbutrion over the boundery andi
khait the condition ait infinite diept2} is EultZilted
asuteraatically. !t ha$ been found on carryi.ng outr it3"te

cora vuitatioB, ehat the stsbll.ity in cora putation pro¢e$s

ks a sexiot3s prob!em, End several techniques bo
suppress tne instab".iity are imdspenahle. XR order to
exarai"e pxghlems assoalated tx} numerical technique,
ccrnpueatioRs are execuhed tio: the itw<>--{3imensional.
raotSon otf a subraerged cry:LS.ndiey<12). Then nifvaericali.

ffxamptes of three diraNmienal ealculEitton etre shown
wil l} xespect to t!3e wave palrtezn, pressure disedbution

and weve xe$Sstance of sutstheragI£calLy defianed hkalG.
foscm$(k3}.;

-- 22 ---
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 2. Basie for!ii ulabon

     Take cartesian coorCli.nates with axes of x and y in

 trhe undisturbed f:ee surfacet and z axis in the
 vertically upward dixection. Consider a $hip hull. Ebced

 in a uniforrn tlow o£ veloalty U in the d!-rectrion ofi x
 a>cis and assume an irrotational raotion off an indscid

 and incompressible fLuld around the hull- The flow
 tie]ri is ithen detined by a velioedty potential ¢ whieh
 sabistied the ilaptace equatien in t!}e dornain eccupied
 by the fiuid.

                               tt
               iprx+diyy+¢:r==O (1}

 wltere sub$cript$ mean pardal derivatives. Oesignat'e

 trhe free sGrface alevation by the equatlon

                  z=C(x, y) (2}

 andi the bouRdary condltrLoBs on tiie ftee surface are as

 £CutS3WS.

 }<ineraatieal.condition¢.c.+ab,c,--¢t---"O o>'

                        (2=C) '

 dynamiealcondition -ll.(¢.2+¢,2-t-¢,2-Ui)-}-gC==e <aj>

                      (z =<)

 where g is the accaleration off graviiry. There is a
condition at infiialty such astp=ux at x2"yUzZ=co.
 Ke h,ave te considier generalJLy the radiatiofi cof3dition
that sthere is no wave raotion aif infiSnite upstrearat hut

gesults otf computrations have shown that tl"Lis･condition

is fulEi].edi by adoption a sttSltablre coraputBtion
algorithm. The £ree surface couditions, f3} andi {4>,
have to be $at2sfied on the eievated free surface
z=C(x.y}t bue trial computation has shown that the
adoptSon off values at the real Eree surface at each
skep ofi iteration cau$es an unaveiciahle itendency of
divergenee. Theifefore we erageioy an approximation
ckatr each value ait z= C is empanded in Tay!or serieg
areund z:e and highGif order iteCm$ are oraisttced.
Resu].ting equation$ axe

        ¢r4x+diveym¢xww¢n<

       n¢s<R+¢,<,-¢,-Y(pt..+O,,xmee (:----e) {5)

                      '
           -ll-((5.e-+¢,2+¢,.e-if2)

           -i-lg5x{j5txme}-4}y{fixy-¢:(¢xx-"-{Puv)IC

           +gC--e (z :O) <6)
These epsations aece satisXed on the ptane zrmg.

       The method ofi salution is based efi ljhe
diecota posttrion oE ithe valodty patential inte cke diouhle
raode]. EIDw peeentia]. ipe ane the deviai ion st:em itc suck

as

                  gE,=:<Pe-}-{]5t {7)

The.doubXe raodel peitential. is regardied as a ltnown
Eu"ction. SubsnttutiMg (7) in (5) and f6), one obtral.ns
atiitest some redittction

         diexCx+¢tsC'ex+95evCy+<PwCey

           ---ipt,+Di(x,y) :e (z='O) {s}

     t=:di(UR･--(Pe.i--¢,ay2"-2¢e=¢sx"-2ipeydity)

          +Dt(x,y) (i=O) ･ (9)

where

          Cett 21g (U2-¢e"--dieyi) ag}

      vt(x,y)=:g5ix(C'x---{ex)+OiygCv---Cey)

             '+(¢exx-}-¢eyy÷`;etxx+¢:yv){' {ll}

      D2(x, y)x - 21g (¢t.t+ip!ye÷¢,,e)

              ----l-{(¢exhl-ipix)ipisx`l"(¢eer÷¢iy)¢tty

                g
              -w<Pit((;5exx+¢eyy'}"<]5ixx-}'(Ptyy)}C {ll.2}

Ds(:,y) andi D2(x,y) indieate ti}e noretinear effectr. if

we ovaitr the non--Xnear trermsg Le. Ps(x,y):O,
 D!(x,y)=O we have the boundary ¢on(Mtion for the
diouhle taodiel :ttnearizedi so].ut:ion. i

      Flir{g5a=(ipos2+ipetr')x÷diev(¢exe-l-(26"yt)u}

        +{diox((Aox¢ix+{Pey{Piy)s

        +¢ey(¢exditx'l-¢ev¢ty)y}

        -}nt'Ill-{¢;s((#iexe÷¢eyt)x-i-¢ty({f)exa-}'ipey!)e}

        +gdi,,=:e (z=O) - gi3)

]li we take the length s alDng the streamboe on the
plane z:G of the doubie mediel Silows trhe above
equatioR can be transforraedi inte

    {g5gse¢}es÷2¢es(Pess(Ptsre-g{S}w:-"-¢ese{Z,ese (z:g) {i4>

Tl?is equation is vaen{ical. with the douhle vaedel
lk}eartzed stscee sutface condition wbich was era i)]s3yed

tsY P fi WSCn.

    The boundary conciilrioR on cke huXi sutface Ss ithe

usgal tiost m

             gO-.- wh- io¢,7+-{li/i.2!"- =g "s}

where sc is bekere along the outrward itosc ra al. eff the hiAJ!.

surfaee. Sis"ice the dotthie vaodal ff]x)w sadstie$ lhe htil!.

suscEaee concilitiofte Le.egsi!1[Pfg.lh'e p cke bouRdary

eenditrSoit afcitr fa! be¢ova es ･

          a(p,
              =:<Pixnx-}-{#serny-+-¢itnx=:G <l.6)           3n

wkeere nx, ns, n: aere dSzection ¢o$ineg of the noff m aJL

-- 23 -



      we express the diouhle modiel. petential. by a
{iisdibutioft of sources ever ifhe douhle hLdl surface

such as

w hefe

¢e(x, y, z) : Ux -- JL .ae(-ilt + 7'L, )ds

y, =tV(x-x72:-ir:-'7;; :";;;Xll'cr-;:Mi-'X'i(y y)2+(x-2)

{17}

eomputaeion. !ri oderto e]ininate thSs ksitabmatl;e a
relaxabion ffactott cr,<l. is mutipUed to the non-rllneasc

terms D!(x,y)and 02(x,y) .

        The numerieal,werrk is ¢arded ouit with
dlscretizatrion oE cke boundary surfaces. Ke make the
hull. surface Se censisit'ef Mh pafials and take a ti.rdte

area St on the I)laBe zurO, whict} is dividied ir?te il{f,

eieraents, as the diomals? oC compttitation. Xti the
density of sou:ce is eonstanit in one panel., vedDedtry of
the (iiistucrbance petentXal eg are gSven by

y,=vfifli:-:'Ii'7ii"iiiTV=V';'ii'i-iVWIiiiix')2-l-(y-y)2-}-(2+2)

    The vekocity peitenbial ¢i.e
e>rpste$sed by sources dismbueedi
ar}d saflt wetest [Leine outstde the
             g

                         o( le      ¢i(x,y,2)== -fL,da -

                 -fA di nt;: ds

oR ic}}e oekwr 'nandi, is

on tr}"te kgtll. sur£ac6 Se

ktal3. Si as ECkllaWS.

÷
-S-l-)ds

ag}

g5ix-'-

{g!blnv-..

¢li --'

 3Se MI ,;il,tide(]')cxts(is)+,.Eldi,o')cx,<ii)

 jte .ISI ;ll 3ae(f) C Ye(i]') -}- ;ll ess(D C k'i(i2')

               i'Sl'tieeo')czg(if).-]XleE(f)czi(iy)

whbste(cxe,cye,cZe) aRdi(eM,c:Yi,CZJ:are

eue tc ungit sources <Msedhttting oee each penei
gSven by

{2 ej

veiic edt teg

anrf esge

where

rt : (x-ac')--}-<y-y')2T' 2:

   New the beuRdaer:if value prrohlem ls $tated 1" such tt

manner ithat ehe sou:ce dsmbifrkofi diensities at,dats

are be be eetrervained so as bo make the veioedhy
peirentiaj.s ¢e esBd (Pi sa{isgy khe boundagy ccscditioris
{8)e<9) 3nd (l6).

3. The mssrderkg a[g. raethedi ofi $al.ixbon

    njhe meckodi ofi solut:ion is an ke:ative precedttre
ckah the tiscee surface conditiofis {g} and <9) itxe
sairisfied by assuming the ncn--l.inear eerms D,(x,y)andi

D,(x,y) are given by trhe salution of pre¢edng sttege off
iiteration. Irt the tirse pt!ace, the eouhie raediel seuifce

dswibution ae in {i7) is deteifmiBed in such a way thae
the hLut bottndagy cendition.

Odie-. ..e

0n
"9}

!s sadstied. Then the fixst appro>cimatton is obteimed
by deeescrairting khe seurce diensities Jtie and dt in Cig)

so as bo sBdsEy the douhle modal. linearized Eree
surface con(Mtion a4) together with the h{ul boundary
condition a6}. Next the ffunctions D,(x,y),and D2(x,y)
are calcu!Bited vaaking use of hhe first ageproximation
for ¢i.. The fiirst approxirnatcSon for the tiree surfaee
alevation is detereqinedi by $ubstitrution ofi ipi in {9> by

the E!rst approxiraation obtalned above. The seeond
approximation for ithe source densitles liae ard ei i.ri
{i8) is dietermined so a$ tu satisfy the hull boandary
condition {M) and the free surface condition {8} in

which P,(x,y) is determiRed by the £irst
approximation. .J A.stmilag p:ocess is repeated in
fiurt her approxi m ation.

        'irhe eemputation ptogram, which has been
dqvaloped Eor the sQiution oE douhle medei
ttnearization, is effectively utiMzed in thSs iterative

salUtion. Xt is found by a sample calcalation, that
inherenic in$tabi[!Lty resu±tri; dSve:gence in repeaited

{:Xe(i]')

C :Ye(ij')

{ Ze(i]'>

CX,(i]')

C Y,(ij')

･CZ,(iD

 :fL,s("vs--:j)(

:fL,s(yt--yp(

-ma
fLss(

fLiy

fL,,

-fL

        roljs + fiel]

        reLa ÷ relj

  ¥,",,ZL-e--EL;-:2,iiiL

 xt -- f2 ds

  rttj

 Ys -- YL ds

  r!tj

  xt    e dS
tl rltj"

  a)a's

  3)gs

)ds

(2 Y

Xntegrra)s ate peyEormedi in each panal on the hu!L
surfacff or cn ithe st i]k wgter plane.

    Because ofi the application ofi the relaxatien facbor
diig tkie Eyee su:face con(itttion takes the storeq like

¢ex"-}-<Pi-ev･Ce=-l"(PeyCy÷¢tv<ey'm'{P!.e

 +at･Pi(x,y)=O

cnc 21ti' (Ue-{l3e"--(X)ev2-2(?5exe5i--,

  -2{S,ey(l5iy)-Fcxi･D2(x,y)

Substitucki9

where

(u) in (22), one ebltai.ns

¢txAx-}'`PkerAv÷cri'C(¢i=x-}-ipiyy)-¢i:--'"B

Ax= <ex÷ai(Cx-<ex)

Av=:<e,v+at(Cypt-Cgv)

{22}

{23)

(24}

{2S}

{26>
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      B----diexCx--¢eyCu-evi'<(¢exx-i-¢a'yu)

The fyge surface al.avation is calcul.atedi by

ticlibws.

       ,,,.-g- Ye-¢sx¢e;,$?:1-ttr2,ki¢."X6i,E+{pg

          2

(23}g

t2 )

{27}

(k2} ffs

             g-l-ai{¢x¢sxrv-.･-I-¢y¢i,y-ipi,(¢..-}-¢yge)} {2g}

 Tke bounSery ¢osc(iitions oR the S:ee stssttiaee and oit itke
 h<silk surfacdi asce wrttljezz in dscstetized stearm$ itke

     'jXticte(]')Ae(ij'>÷i2i16t("')Aa(is),"2rsgt(i)::S(g') {2s}

                       (g'---1,2,･･･,Af, on S!)

           Me 3Sl          J¥,dtie(i)iX'e(ij')-g-celdi(?')Nt(i]'):O <3c}

                      (i--l,2,･･･,Afs gn Se)

 w here

      Rm(ib=C;kfm(ij')Ax(i)-÷'CYnt(ii)Ay<i)
                                              (31}
             ÷cr,C<CXX.+CYY,.)

      g(i) :'-' {ttex(i')Cx(i) - ¢}ey(i)C bl(i)

           ---a,<(i){{iSczx(i)-}"(t'eyy(i)} {32}

     CXXen= {CKm(X=:Xt) '-- CXpt(X "Xt-' dX)lfjx

     c}'ly.=={CY.(y=:yt)-CYnt<y=yt-･tiy)]idy (33}

      iv'.(gj')=:CX.(ij')･nx(i)÷CYm(i'j`>･n,(i)

             -i-(Zm(il')'nr(i) {3aj>
      iy6(i{) = 2i-.r÷nt(i)fL,, eti,Sg

gabscrtpt m=O raeaRs ic}ie ¢ofitribution of souscceg oft
the huXi.$ur{iace and msuk vaenns th&t on the $eiU waeer
plane. The equation {29} and (3e) give ts sysitera efi
girat21taneous e(l{"ations wttich deeescmiiie the soGrce
densilies cta and dde

aj. A simplscIedi sueehed

   The method o£ com lpBtm{ion stated in the preceding
seedoR sce(rtiires long compuger tirae because.el}e
boundary conditions on the kdl su:face and those on
the free surfiace shgulJj be sadsfied stmultafteousty.
This fact is a''sertous disadvantrage in view off cke
practi¢al appl.ication. A s;irapli{iiad rdethod !s proposed
here under this circumstance. Assurae the hull. surtface
source de,{k) and tfttee $urface alevation <{k} atr k-th
step to be given. TlteR the firee surface source 6t(twi}
at {k+i>-th step is deirest rained by ithe equatiom

       jtI       Ma,(.i){ft"!;A(if)-F2rrct,(i)(n"t}=C(i){ft} {3s}

         (i-v--: i, 2, ･･･, M! on Si)

 wheste

                    Me        C(ij{ft)ttg(i)--atiae(f){,k}ke(iD {35}

                                    '

 rehe scijxee (li$ei:ibttirion e:i}us obeedned inducess the
 fter en al vdeedtr¥ on khe ktilXsBrfaee giyee inrlrr

              sh't
        v.(g)=:.X{ae(j')<k"!)-di<3')(k>}Ns(i?') {37>

in erder tu compensatw ljk}e gbevg valeci?ye seuree og'
diensity

                    l,
               e=-4. vrc(S ･ {3g}

 a:e ndaedi ix3 ithe hulitsBrface seuyces. Theft Zhe source
 distiribution on trlie hdi sutfecg ts off itke fienfxllry

 dee(ij÷s. The coraputabion begit"as w!l:?"i the tix$e
 gpproximatioR wkich is obicalried freee the doclile--
 medelr-}Snearized sa!ution wlt}3 Evae $iftfacg conditiore

 <X4}. The fii.xst spproxira at £cft fer c.ts ebitainedi fiwpt

        c(x,y)=21g(U'-dies'-'"'thepte--2¢es{?E'aer c3g}

               "2¢ey¢iy) '

The second approxiraation gor the Eree surface sour¢e
dertsity e! is deitescmined by sodving ithe $Smaltaneous
eguabieng {35) and the huXl sljrface scuree denslty is
cbtalned fixem {37) andi {38}. T'ne sirai:laer gescocess ix

gepeated in ithe fuither apprc>(!rnabion ifn{i}k a
stationary valee ig obtained. Iit has beeR ffound diuriAg

itrial eompuinations, khat adiusitraeftit ef inberval
beicweeR each sitep is needed diuriE3g iijerairion Sr2 erdmpx

tc keep stnbSMty. The£efore acetrhex erelaxatioR hectoer
 cre`<3.e by which ( ln the {k"l}-tk stege is me<Xled such

es

                                             '
      `e(i){k"a)za:c(g){ft;÷ate{<(g)tk"i,-c(g)(R}} {4e)

Yhe SIIi}w diagram ofi ehe "uwterical werk is shown in
Fig.i. The paxirial dierivatives, whick are necessary ffor
rke detexmination ofi coeffZScierk in <3S), exe calk tdatred
by the afeXtowieng fiashioft.

    Constdey a funedon f{x,y} in )e-y plane and defue a

ptafte given byehe equfftion .

             ax -l-by÷cf :i {4 1>

           hi -en which three painlj(xt,yt,A, i--l,2,3) axe iceated.
Then the paschiaX dertvat!yes ofi fi{x,y) are approximitted

by

                 di b            kme--? fy==--? (42}
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      A dial cornputiatlon for the twordimenstonal
p:obZera oE a subraerged eUipbic cylSnder shows that
results obtalned by the straInified rnethod are
sufficientity accu:ate when eompared wi{h the results
by the more corapl.!cated method in the precediAg

seedon.
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S. 7ine $snve yereffbe eS a suhreecrged eMigetie eyliskdex

   Xn odgrc to exaraltie trhe vaiidity of the eorn putatrion

reeit2ied vaen{ionerk itbove, the raecked of secbion 3 is
apptiee to tr}}e twe-dieeen$aoBal prohleea off the ygave
vrefXe which ae=ogTiyaRy tt subraerged cylSnaer eff
eesSptic $eet:Son. Tke Ruvagr:{eai. exava pte is con¢erriing
cke shffpa with the erago beitween blweaxe$ a/bsu4.
   Fig.2 shews t:}}e･ergsuklsg cf ce su pifeaeion ait eacit sbep

ef kescatriors fecr khg cesg ef Fnuaif/ntga=e.S, f/antX.7 {f

is e}ie deget±} off imwaersioR og t:he eeRker) where 9hg
xEttlaxatien hactor tti, tNs axe noti app3iedi. XnshabAilry DE

¢empecaticzz ts ohseervetf ifgtlck in&ke the re$ultr diverge
tsit t}]e ?th step. Aftcer sovae gtrGdy, !ij is fegnfi thatr

ssitabXe xesalstg ere ebitalneg by epl]lacatien ef g:he
yp;liaxation factoer ec!zaC.7Se ct2nte.25'as shown in Fig.3.

The cffnvergecce oti the computrgtSon ts exami.ned tsy
the aguaeetiity
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Thn ls a verstoft of Wigley mode3., with fiuker entrance.

The panel division on the hull surfa¢e and on the stijl£
water p]fine is shown in Fig.9. The nuraber oE paneis
en che httll sunface on one stde is 27xiO and {hae on the
still water pl.line is aj4x9.

    The effect ofi the rel.axation facto:s is skudiedi in

e}}e £irst place b: corapstrations with variahle ai and
ate.. Fig.10 giveg the wave proewes wich changing afi
apg]lied. The effect ofi variabion iri a2 is shown in
FSg.ll. According tc} t:hese xesults, $tahle itexation
may be obtained by the adoption ofi `xitte.5e,and
 aa=O.ie, bue lristrab!ttty stili. takes pince at
Fnmgptg-L"--C.267 in this case. rt is understoodi trhait the

irisicabliity dige to notw:ttnearity appears in a liraStred

zo"e near bo{h ends ofi the ktul., andi trhe appllcation off

 criis Beeded oaly in lhe above zone. ThereSoge we
apFily iche eralaxatioB factor in itwo ckcuJLa: regioris off

eradius X/2 with centers att F.?. andi A.P. cf t}xe hul2 as

shcwn is} Fig.l2. Heste X ls the wave lengthA==2rrU2!g
                                                  -The disbibutioR of tyi is given by

Flga7 Ce mpgrisen of veleclty
 free surfece <f!a =3e7)

distribution beneeth

,,,..ieg-}-2r(aA-a:g)ia (esrsRi2)

   t`xA (r>a/2)
{46}

We erapl£y ecAual.ee crfitte'.2S, aa=e.1 in ffurithfitr
eompublat:Sons. Fig.i3 shows the xesdits of
corapghattcn alj each stiep oE iinegatioR pso¢ess. Change
of vaiue is sigrirdcanet atr both ends of the hull.. The

xes{alts ofiMT4eoraputatieR are ¢ompared with
¥rieasuerementg in {he ijowing taRk. Flg.X shows ithe
ccvapadson oti wave proiiiLe alDngstde cke modal {Modal

A>, aitd F2g.IS shows the computed and vaeeisusted
psce$sure ci{isedbubioB esit the leve]. z/d=-e.52. Much
beteey agreemenit wick measuree vesults is obtai.nee by

cke peresenc methed ithaR by the MichelL{hiyx ship
theory.
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Table 1 Mathematicalrepresentetion of half breadth y for M ode} S

Ellipticform Parallelpart Parabelicferm

x LL LLesx$z pt-Sxgm- -iKxsg

B (x+Li3)2
1 B lii.i-(x-Li6)td---gzse

2 7 (Li6)2
"li'

2(Ll3)t
.

BVi- (x÷r3y(z+dl--2)r B (z-}-di2)t
1--

,Ell

1--
(x-L16)i )Vl--(i-l-d/2)2

'ii' (Lt6)2- (dl2)2 'li-
(d12)2 2 (Li3)t(d12)2

L;shlp length B;ship breadtlx d ; draft

rehe wave res;istance is detiined by the

over the huli surface. ILf the ptessurre
each point and is assumed uniCorrn ln
the wave tesistance is given by

pressure integral
is calculated at
each pane! ds(ij,

              Me         R.=:--X{p(i)-pe}n.(i)ds(i) (g8}
              J-l

Though the fluid veloaities are detinedi Sn the space
balow the stllL water ptane zttO, the pressure integra].
TTi ust be taken over the :eal wetted huU surEace underr

the elevated free surface. Therefore the pressure
acbi-ng on the hull. surface between :eal free sgrfiace
and the strM water pl.ane should be eaken into account.
in the present aornutationi we a$surae a linear
vadationofpress;uresuckas ･ ･

S}-Pe=Pw(i----l})
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where p. is the
sBgnvface. One caft

tegm to be &dded

peressuste calcutaeed air tr!}e stftiS. wateor

 vttit Pw :pgC(x). Then itS}e cexrection

te equation {4g> is

JR.
= whfig.Ylii<2<x)･n,･dx

{go}

     Flg.2e shows ithe eresutit oE crcva gettic&tion ofi R. efi

}tlDdal A ain each stap oti iitevation. Xit i$ ohsegvee Z}'}Be

lthe 2iceratioit coscverges at abovg fouritli $tep. Cttrves

fo: ithe wave resisljknce coefaficient as a f:fiction cff

Fxozade fiurabesc corepuljed ity exffeerefiic methedis fixe
ccvascanxed in Yig.2k. Eft t2"tisg tiguscQ, D.M.X,ir2ear raeaft$

tl3e eotthla si?cdal lifteec saliftivn w}ach is the ffirsh

app[oxZmatioR of {he ikeration pxoceduye. Tbe
ivaperkfince of blhe ftcgk-]iReit: gf£ecit ei}d ighair eE tiie
wavE coscxecljkcR itexma `tSR. are edeesrky ol)served.

   Fig.22 cofi} pa:es klie eompueefi aesS raettsured wave
stesisijecee of Kedf}l 8. :,R thesg figures, cke resell.ts b>s

t}kei :xesent reeithod have atzained a reranxkable
2me provopmenix 2n agxeemenlj wiljk muasuye wt eRbl.

g. CoRc:lxiCliix3g stere ax:ks

      Wlne preseisk werk has proposed a waethod efi
itYueoreticaX cogeputctiosu Seif the wave pattzeern and
wave ttes!stanee by wXich khe non-lineastty in the Escee

suriace con(iition is kaken ir}to account. The wave
                           ,proiii[!e, pre$sure C!i$tribubion cit tt}e hLilJ! surface and

waye xesiGtance of modeis wieh stmlRie hu3Il. fostvas are

computedi and'' tke resuJl.ts,are compared with
vaeasureesenit lre ljhe tewing tank. The conaluslon is as

ffoM,ows.

{l} The ge$ults off cora putation by the presefit raeit}}ed

    show faixiy good agreeraent with measureraents,
    so ehat this raeikod has afeasibil!:lt: as a praetical.
    mechod of co pm puitation fer arbitrary hulJl. Eor ras.

(2} The adoption ofi trhe fal.Rxation fgctor exi andi ag
    enalk].eg the itescation procffss to be stahie.･eq has
    a stitscctiofi ef sugexessing non-:KneBr isistabtuty ait

    exeessively high wavg erest by which the wewe
    breaking is xxahle bo trake plaee.
<3} The compueedi wave prothe, pressusce ciisedbut!efi
    and witve .resistance show a ptausihke agxeemesuit
    wS{3a raeasc:esugftt irt botrk th3e and fftsill vacrdal$ in

    general, butr sorue di.screpancy is observed iri ?he
    wave gerofiike and pregsu:e dlistribution ait l:he stern

   cf Edi eqodel where {he boundiagy layex sepaeration
   is :l:!keky tc eake f)l.ace

{aj} Thg Roft-XrieELir efifiecit S$ stgnt{iSeantc Rear ljhe bow

    azzdi siteg# effds ofi the hu]X whe:e lrhe wave eresit is

    pa"ch siceeperr itinasc that prediciced by blhe dotthlE}--

    m odekrrbeeari2ed apprcxi ra atSon.

{S} The wave xe$istarice computed hy lrhe gesteseRe
    raechodi is considierahiy higbler thaft {hatr predicted
   iny tke bo"ble-･ ra odell:rlLinGairized a.oyroxiva ation.

AeknowJgefigesElieRls

      rehe nuraeitittal vgeyk was efiyrted cuit by llsing

i{ZTAC K--2gCil eowtputer c:" t:he Cmprapubest Center off
g;}ivecrsilry cS Tokyo, thrcugh cke xemDite $tabon ese

Yokchema Nabional ifniversity CcmpGtest eenljex. Tke
autheerg mpxperess stkekx thnnkg to 9er.X.SBzuki andi
x er.2.o kaga tiesc assist&"ce in ithe cc va puication.

   The exparSm eenital westk was caerried ouh at the siytp

ewedek. hasir} of Research XBsdiruee ef :£si-tlkawa}iraa--
ggrima geEivy Znduswie$ Co.,Led. The author$ axff
graiteftil. ijo Preff.T.Jinnakg, Dr.R.Wasaki,
Mr.M.Navairaa{su,- }4:.T.Yamasakt and 9r.T.T$utsumi
Sor their usefial advice.
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ABS'rRACT:

     In order to elucidate the free surface
phenoenena around the ship bow, experiments of
simple wedge-shaped raodels,are conducted in the
towiRgtenk. Itisfoundthatthesurface
tension has a remitrkable effect oR the free ･
surfacepatternaroundtheracdel. itis
shcwn that the surface activatgr compcund is
very effective in erder to remove the effect ef
khesurfacetension. Freesurfacecofifigu-
rations free from ithe surface' tension observed
by photographs after applicabien of iche surface
activatorareexandneciindeta". Ifiorder
to apply el'}e theoretical aBalysis to the wave
pattern under iche effect of iche surface ten-
sion,, the ray theory is effectively emp}oyed,
anci a differential equation which detsrwtnes
the curve ci' the cap"IGry wave frcnt arouRd
thewedgeisobta3ned. The¥'ayicheeryis
appiied also ito the wave paticerfi at ithe bow
when ehe surface tension is eliminated, and it
is concluded that the wave conf4guratiofi chan-
ges lts characeerGsticg, when the eRtritsuce
a:gleexceeds60degrees. Thi.sf&cica$
clearly proved by the exper5mifntgl obs$rvabign.
Nexe the effect gf $ureacg iteftsion eo the resS-
stgnce o" shlp models ig exemaned by megns of
the applicatiog ef ithe suyface ftctivgtor te the
resistlimcetesit;. Ace#siderabiedi"ference
ift the resisitance i$ observed whefi the gurfface
teR$ionSsreraoved. "i'here"oreehescgle
ef'i'ecic due te itine s"ri'ace teRsicn sheu3d be

eakeR into itcccunt in ithe lower $pe$d raRge.

I. M'l'ReDljC'l"ION

     The fyee surfftce flow grcliftci iche ship bow
hlts drgwn aZeenbicn in "ftva3 ftrchitgcts in
rec$nst yeayse.? Areoftg "ree g"rffice pheficeseRij,
the brgakang e" w&ves gt the bew i$ ef specSgl
iragort3nce because of lts re3evan:e to stine
  sresisZgeRce cg fuY--hul}-formg.-Tkgyff kgvw beeg
ssveral iticicerageXs ec $1ijc$cigte iche eq$chitzzasrc gf

wgve-bregkSscg 3Z iche bow se fitr, wkSch prcvcse
varGg¥s kifid$ cf hygeothegig. Mowever eeesit iff
ehege' kypcekesgs Gy"e nct ]lkely tc be &<<eptfi-
ble by ehe rgticR&3 ijg$ls of hytiredynawtc$ cf
Newicoft1&ft flgici, ftRd $cme cySicicit3 coi?agnes gfi

Xh,s,X.aEeo¥･ fi 2y,g2X2ssg?･,gg,Csr,,?Fop?xeg,Rgv,e

quence, one' can.regard -that the reechanisra cf

the bow-weve-breaking is not yet unvailed, IR
orcier te uBdersicand the true situation of the
physfical phenomena, the detai3ed observation
and accurate measurecaefit of the phenomena ave
indispensable. Photo l give$ a typical pi¢ture
ef the wave pattern around the bow of a }arge
egnker<VLCC) Gn fuU scale. One caB observe
$everal wave crests in front of the stem and
the breaking waves take plaGe itt these wave
crests, However this sort of wave pattern 3s
hardly reproduced in model scale ln the towang
tank. A typical coBfigur&tiofi of free surface
itround the bew of ship model 1$ shown in Photo
2. Although £he huH form of the ship 4n Photo
l and that of the model are not identical, the
dGf'ferencG beicweeg these pictut'es seems to be a
cemmon feature i" such a coraparisoR. A preli-
minary cbservaeion in the towtng tank has indi-
cated the possib"ity of exisstence cf a scale
effect due tc the surface teng5ofi in the ccnfi-
guration of tche free surfftce. The free suti'acg
diseurbane under ehe effect of surffnce teftslcn
was fiyst described by Scott Rifsse}3) and

Kelvin3) and maZheesatica3 investigation wfis
glven by RayleSgh.S> Typical wave patterns
associated with a point disturbance were showR
in Lamb's text.6) It is pos$1ljle tc take ac--

count of Zhg $urface tension in the thin ship
theory lts veebster did"7> Accerdlng to these

theeries, the effect cf surfece tensioB may be
fteglectect if ithe speed of itdvance Ss suiescieR-
e?y syeater than the critical ve3ecity of
grav3ey-capillarity wavws i.e. O.23m!sec, be-
c$asse the rRtio between the 3engths cf the
gravGty wave and the cgpillfiyy uipples is veyy
grgat. in crder Zo exawiRe how ¢he $urfecw
teR$acfi 1#"lueRces the co:figuresljon o"f "ree
surfgce, fi series cff QxperisueRsts wGtk wecige-
skitpgct mode3s ingve been coeeduciceci Sfi the tgwiBg
taftk.g] It hfig bifgB found that the itpp]icatioit

cf ggrffecg eceivctor ccmpc¥ftd csc the water
surfgce rGdijces the surface XemsSon tc a great
extGgt. The corapltriscn beicweeB thw grge sgr--
fgce geateeree whefi the surface gctivator com-
paif#ci i$ &pplleci kg ths witter sljrfa¢e ln frone
gf khe racdGl 3ftd ehat wixhgst such prvcess, fcr
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   Photo l Bow Wave P6ttern of a Tanker

whlch the surface tensloR is Gntact, andicates
that the conclusion of bbove theorSes is diffe-
rent frora the truth. The difference in free
surfece pattern in front of the model is signi-
ficant even if the speed of advitnce exceeds the
crStaca} speed considerably. Specifacally, a
considerable difference is observed ln the wave
breaking between two cases.
     I£ is taken for granted in today's prac-
tice of ship rcodel test in the towing tank,
that Froude's hypothesis is valid, that meaRs
iche resistance origSnated frora free surface
phenomena is a function of Froude number and
the chsfige in Reyn'olds i}umbffr or Weber nuraber
can glve only a negliglble effect. If the free
surface flow around the ship raodel is subjecit
to the lnfluence of the surface tension to a
considerable extent, however, the influence to
the mode} resistance mity Bot be neglected.
SIRce the Weber Bumber for the shap 3fi y"ull
scale is extreme]y grekt aRd her registaace a$
free from the effect of $urface tensiofi, the
scale efifect ciue Zo the surfa£e 1;eRsGon seems
to be present in the model scale. If this 3s
trve, the existing practice ef ¢he model-shap
correletaon raethod, which is bitsed on the its-･
sumpeion thitt- the resisititfice coefficient Ss e
functioft of Reypold$ number itnd Froude nureber,
may Aee<i Xo revisG. One of iche purpose of sthe
present GRvest3gecion is sto examiae how the
f?ow pBttern arotiitd tke motiEl i$ inftaenced by
Xhs surface eens3cn.
     $lnce the applicatlgR of ehe sur'face ac℃i-
vatoy ccrnpound to the fre,e surfece almost Gli-
raiR&te tt}e surface tengioe near the model, the
free sixrgace p&tter# free frova the surface
ten$iom caR be cbsgrved. 'rhen ofie can exandBG
the free surface phe"omenft free from surface
tension, whSch can be cerre}ated with phenomena
in full scale. 'rhis prQces$ w"1 enablG ij
-sotinci dlscussion of the mechanism of wave-
breaking.

2, OBSERVATION OF TI-IE FREE SURFACE ARCUND
 ' KEDGE-SliAPED MODEL$

     lt has beeB fgund by the prelfiwiRary expe-
riraent, thBt the surface activator Gs very
effective "Lo reraove the surface tensGon. For
the purpose of cemparison of the f}ow pattern
under the effect of sttrface te"sion with that
free frova the surface teRsaoR, a so}ution of
surface BctGvator corapouRd a$ spread on the
free surface by a sprayer iR front of the
mode) which 3s tewed through ehe towang tank.

Photo 2 Bow Wave Profile of 5 metre Model of
         a Bulk Carrier

CoBceBtratibn of the compound in the solutien
is smal], in order to avoid the pollution of
tank weter, Bevertheless the effect is proved
enough to reduce the surface tension to a great
extent. Models employed in the experiraent &re
wedges with 230rgm breadth aRd 950mm draft.
Entritnce ang3es (l!2 apex angles) of the wedges
are 36", 45", 60e, 70" and 80". The models are
fixed te the carriage of the towing taBk and
towed with speed from O.8m/$ec to 1.35mlsec.
The free surface is observed by taking pictures
frora model side and from ahead. In order to
reinforce contrast of the picture, a screen
bobrd with white and black stripes is placed
behind the model. Typical samples of the pic-
ture lire given iR Photo 3--a through Photo ]7-b.
Stripes en the water surface in the pacture are
the amage of the beck screen. Plctures on the
left itre ic1')e case ior which the surface act fiva-'
tor ls not ftpplled wh"e those on the right are
the case for which the surface tension as re-
moved by the application of the surface activa-
ter. One can observe a remarkable change of
the free surface conflguratlcR after the proce-
ss of' ellminatlng surface tension. Phetos 3--a,
4-a, 5-'a show the case of entritnce ang]e 30a
when the surfitce tenslon is lnicitct. At lower
speed sitch as O.8m/sec, there is a curved liRe
of step･wave frGnt circuvascribiRg the wedge bow
and citp"3itry rippkes appear cutsfide the wave
'frone liRe. In$ide this line, there is the
s"ent zone where no wave exists. Thas type cf
witve pettern is a charactsrist5c feature of the
freg surfdce arouBd ithe bow at low $peed when
the surface teRsion is present. Vlhen the speed
iRcreases, the wave--breaking take$ plitce at the
weve front 3ine above-me"tioned (PhotD 2--a),
and at hSgher speed, the breakSng wave is fully
cieveleped u:til the wedge bow is encircled by a
cheotic turblileRt zone <Pheto 3-al. T}"}e free
surfbce after the surface tension ls removed by
the appltcataon of surface activatcr is shewn
in Photos 3-･b, 4-･b, S-b. The cBpi?lary wave
froBt Zogeicher with rGpples disappeitr and oee
crkn cbserve Ke3vin-type dGverging wavs systera
starting from the apex of the wedge <Pheto 3-
b). At slight3y higher speGd such as l.Om/sec,
a smitll wave crest appears in front of the bow
(Phcto 4･-b> afid as the speed increeses, wave-
breitking takes place at the pesGtioR of this
wave crest <Photo 5--b). When the speed in-
creases further more, the wave-breaking stret-
che$ eut oB wider area, aBd the difference
between the case uRder iche effect of surface
tensioR aRci that free frora the sur"face tension
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disappears. At greater angle of entrance such
as 45e, the inception of wave--breaking take$
place at higher speed irrespective of the exis-
itence of surface tensiofi <Photos 7-a,8-b). The
wsve crest an front of t-he bow, which appears
when the surface teRsion i$ e]im3nated, i･s more
prominent than that of entrance aBg}e 30"(Photo
7--b). The anception of wave-break3ng occurs at
further higher speed in greater entracce itngle
such as 60". The configuration of the free
surfac6 uRder gritvity can be examiBed c3early
by the itpp3ication of the sitrface activator.
As shown in Photo 9･-b, a second cre$t which is
mcre gently-sloping than the first crest just
in fronthL of ehe mociel &ppears forward with the
entrance itngle 60e, and inceptaon of the wave-
breaking titkes place gt the$e ewc wave crests
<Photo ?l-b>, The case of Ggerance &ng?e 70"
shows s3m"ew phegevaena. WheR the eRtraRce
e#gle tscreases to 80as, ee third wave crest
dippGavs further forward (Pheto l5-b). The
wave-breeking $tkrts 3t the$e cre$t3tssc higiner
speed.
     In Bny case the wltve:breakiRg takes iche
eype ef sp"ISng breitker ig the surface sceRsion
ls not presene. Cther type$ $uch as the plun--
giBg oy sijrging typG breaking waves have nct
bee" ebserved. There hit$ bgen en epinion such
ickat the wave-breakiRg ls it phencmenon which is
analggous tg the hydritulic jurep cr the free
surfftce shgck wave9) in the shal}ew ptater flotsv,

but the present ebsey-vatioB indacitices ehitt such
an analogy rasy nct be werrexted. 'i'}"ie breBking
witve in iit$ int-tial gst3ge it$ gbservgd Sn the
pScZljres looks eo be simllar tc sthG br.eitkafig gf
otwneage waves exLi crleacal steGpi3e$$. The anstit- '

b"Xy st itke po$nXsd wave cyest raity becorae ij
tyigger ef the wesve-bregkiRg.-
     rlext the vaek$#:fiment of f}ow vskecity SR
the cefiter p3itne gorwitrd to the model ls
carrSed euk by raGitR$ cf a sesall vane wheel of i
dta$eter 3fT}m. Xg. I shcws sthe resuie fgr bl.h$
raodel with efttritnce itngle 30e fit 1.} ra/see i"
bcth cE$ec. wfi tuLh and wiXho#at the process o'f

e]irainatiitg $#rface stsnsicn. Fag. 2 $hcws ehe
ye$u3e ffey the sgme model itt l.2 ra/se- c. Ne
difference $s ebserved 3n the vG3ecS'L-' y di$£yi-
kljtSon betw6fifi two eftse$ Sft gptte o?" aLhG dlsife-n

reRce i# tinfi gr$ff $¥rface shfipe. Ift th$ pare
whfire tsLhe wkve-byeeitkG*g t$ ?"ully deve3oped, it

remltykabls ve3ecGXy gradient ls ebgerved negr
ithg fyee sljrljitce (r3g. 2>. Thi$ phenomenog 1$
$hewfi reors clgfty?y ist Fig. 3, which gives ethe
resg}t fger sntyance itfigle 45e itt l.3 ra/sec.
nowevey sljch fi reraitrkable veigcity grgdient is
nct ebserveG af ehe witve-breaklftg eoes not take
p3sce evfi" if itine wavy e?evGXiQn appeRrs ofi the
fyee gurfacg Sn frcnt of the vaccie3 its shovgft in
Fig. #, w}}ich give$ {he resljlt for eBtraRce
s"g3G 8gse ite l.2 mfsec. There"l'ore £he sheitr
tayer, which has beeft cb$erveti by several re--
$'serchers g}cftg itha fre2 $urfitce, seems to lj.e
as$oclated wiith "Lhe preseRce s'f wave--brerkkageg.
1"he c{>IRion;g) tket t}}e free sttr"facs sbeftr ficw
is it coa$eqlje"ce of ehe effeet of utscos2ty on
sthe cljrvgd ffree sljrfltce waithout byeitking, i$

do"btfg3 ttnless the greitt ¢urvature of the free
sgrface such as ithe c&p"}itry wftve frcRt. as
presant. The formdtlofi ef necklace vGrtex may
net be a#edeggus to the horse shoe vortex at

u/U
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.s

the base of a body attached to a plane wall;')
for which the shear flow in the boundary layer
plays an important r6]e.

3. SOMEMATHEMATICALANALYSIS

     Let us consider the fluid motion around a
body fixed in a free surface of a uniform flow
of 6R inviscid incompressible fluid. Take
cartesian coordinates ×, y, in the'.undisturbed
free surface and the axis of z verticaUy up-
wards. The uniform flow is assuraed in the
direction Qf positive x. Now we define veloci･-
ties ue, ve, we, which are flow velocities when
the free surface does not cleform 6s if it were
a rigid plane, or they are regarded as veloci-
ties arovnd a double body in an unbounded
fluid. Because oif the free sur"face elevatiofi,
actval flow velecities deviate from uo, ve and
w,, and we introduce the velocity potential (#)
assuming the irrotational motien in such a way
that the velocities are expres$ed by

     U" Uv + `Sk,V= Ve " 41y,W= We + <2a <l)

where subscripts mean partial derivatives. The
velocity potential satisfies the Laplace
equation

      9K+ (Pr7+¢.2"e <2)
If we assurae the speed of advance is low so
that the Froude number is sufficiently small,
the free surface elevatien is very small and
the.f}ew deviates only slightly frorn the double
body flow. Therefore the disturbance veloci-

ties, grad¢ are much smaller than the base
flow velocities of the double body flow. Fur--
ther we assume that u,, v. and w. are slowly
varying while the disturbance velocities vary
more rapidly on account ef their wavy nature.
Introdlicing the expression <l) in the boundary
coBdition at the free surf'ace under gravity itnd
surface tensien, and taking only terms of the
lewest order with the consideration of above
assumptions, we obtain the linearized free
surface condition fortp such as

     ua.{iPl,.+2u.v.`'lt7+Vg¢7i -"

           "g `#lr ' K<Atax ="il2<X ;Y) (3)

where g is the acgeleration of gravity and >cis
the kinernatical capillarity defined byK=T!r, T
being the surface tensioB per unit 3ength.
This equation is regarded to be satisfied en
the plane z=O. "l"he functioR'Eg(x,y) on the
right hand side is the forcing function and
determinecl by the base f3ow velocities u. aBd
ve. Now let us apply the ray theory to the
present case. Since the ray theory deals with
the propagation of free waves, we employ the
homogeneous equation by putting '[g(×,y)wO as the
free surface condition. Assvme the infinite
depth of water and define the wave potential of
the form

    ,il, .Ae;F(xty･z) (4)
Let us cofisider the case of short waves and

 assume

      grad F<x,y,z) = o( e"')

 where a is B srnall quantity o'f the first order.
 Then the taplace equat4on results the re}ation
 in the lewest order such as

    [Fn<x,y,O)J2 -+- [F,<'x,y,o)]2

                 g-[FR<x,y,O>]2:O <5)

Because ¢ gives the free wave without the expo-
nential clecay, FK (x,y,O) and Ff(x,y,O) ere real
functions, while F.(x,y,O> is pure imagifiary.
Therefore one can define the phase fuBctiop

     S(x,y)=F(x,y,O> (6)
Sipce the fluid motion decays downwards,
iF2<x,y,O)>O. Then one can define t}"}e local
wave number

     iF.(x,y,o)mvris;li--;'-"ii"2i", sy=k (7)

Substitut4ng (3) an the homogeneous free
surface cendition

     U: 9,tx + 2UeVo ¢xr + ve2 ¢ry

                  +g`ilx+K¢xxx=O <8)

and taking terms of the lowest order, we obtain

 <u,s, + v, s7}2 # V"{iZ,ll-" ;-"{i"il;7 [g + K(s,2 + s,2>] (g)

This equation defines the dfispersion relation
of waves under gravity and capillarity, and
becomes the basis of the ray theory. Now we
define the wave Bumber vector

     grad S(x,y) ak <IO)
and writeg fer the yelocity u., v. on zmO.
Then the dispersion relation becomes

     <g･k>2n lkl<g +Klk 6 <11)

lf the velocity q makes an ang3e xSt with respect
to positive x arRl the wave number vector makes
an angle X <Fig.5>, the following equation is
valid.

     kq2cos2(Ne-pa)=g+Kk2 02)

Fi g.5

k

q

$ e COn St･

7x w
..--.:L-l-..--.ww-

      v

Schematic diagyam of the Wave Nvmber
Vector
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where q=Rl. The angle2 defines the dlrection
                                       theof the ray of elementary waves. So)ving
above equation with respect to k, one obtains

     k # (l12K)[q2cos2(xit .. 'x)

           ±qcoslt('Nitr-X>-4gK･] (l3)
                            4ln the case of qcos(y,-X)>(4g><) , there are two
wave systems, which have differefit relations of
dispersien. The region where q ces(ae-X)<(4gK)Vdy

is the silent zone within wh4ch Be wave exists.
The forward border cf the silent zone is the
curve of capillary wave front as shown in the
pictures of the preceding section. The curve
is an･iso-phasal line S<x,y>=const. along which
the foUowing relation is valid,

     qcos<'yf-rc)=<4gK}va <14>

and rhe ngrmal te the curve makes an angle
wSth respect to x axis. If we write the
equation ef the wave front in the form ･

     r= f<e) 05)
meking use of cylindrical coordinates x=rcoss,
y=rsine, the followigg relation is derived frora

(l4). '
 'cos<"yLr-e) - sin('tY-e)f'(e)/r

           "(<4gK)ua/q) l+{f'<e)/r} (l6)

or

 f,(e)- rt2cos('hii-e)sin(y･- s)-Mr l

 zz 'z-Zsana<y･-s)-l {l7)
where"r=q/<4gK};k>1. The $olution ef thi$

eq#ation determines the curve of the wave
front. In order to apply the abeve equation$
to the wedge-shaped mode3, we employ the two
dimensional f3cw iHustrated in Fig. 6 as a
flew model. A wedge ls placed in a uniform
stream and is accompanied by the dead flow
bounded by two free streamlines a3ong which the
pressure is constant. A complete solutiog for
this flow pattern,M)cbtaGned by the two-
dimensiofial free streamline theory, is expanded
around the stBgnati'on point. Then the conju･-

       -"-s--
            ghNssss r
                  s/ ×'ptX

                    ae        -. --...-.t.-.-.-.- .-..3".-

                    ax

              -t--t/

          --t"t
        -"

 -
 Fig.6 Flow Model around a Wedge

gate complex velocity uo-ivo near the apex of
the wedge is expressed by

                                         '     u, - iv, = -v(areie)C"L!'(Tr-ct) as)

                          '
where oc is the angle of entrdnce, and a is a ･
coefficient determined by the dimensioR and the
angle of the wedge, gaven by the equatlon

     a=(fle)<1-at!'T() . 09)
where Z is the length of each side of the wedge
and f is a fuRction of oc. IB the case oi'4the
flow model ef Fig. 6, the function f is g,iven
by

     f m l!4 -i- ot14'Tr -i- (l12){ct1'ir>2 [ptl,<} - ct)tt2T{)

        -･YS<l12- (X!2'rr)] <20)

where"Y(ct) Gs the dagamma function defined by
r'<ct)lr{ct). Then the parameter 'trin eq.<l7) is
expres$ed by

    '"r k ql(4gK>}n` x v(ar)`'t!("r-et)<4g>c)ptva {2"

The curve of capillary wave front passes the
peint x=e. on the x itxis whereT=l. Therefore
we have the relation

                        iT72X ･- i
     e/e.=f<l -oc!7r) r, (22)
where ar,=v/(4grc)Y` <23)
Fig. 7 shows computed results ef £12e versus 'r;
for several ang}es of eBtrance. The curve of

    .y te

     IO,

                       So
                    o

     }os Sct
                       A6     IOa

                       60
     IO

                        90
                             V/{4 .)VC,

       l23 ag 56789 IO
Fig.7 LocatioR of the Capillary Wave Front

cap"lary wave front is obtained by numerical
4ntegration of eq.<l7). Fig. 8 skows the re-
sult of computatien fer the cases ef the angle
ef entrance 300, 45", and 600. 0ne vaay find in
these figures that there exists a similarity
relat4on that the curve of wave front for geo-
metrically similar models is determined by the
parameter 'T',. Because ef the relatien

     z= <vf@>((2!2)yffg 7x)'/Z (24)
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Froude's law is valid-under the condition that
evrlg57X is kept constant.

     If the surface tensien is eliwinated, the
dispersion relation of wave becomes much
sSmpler $uch as

     (u.s. + v.sy)2 :gyllii,T-'igYr <25)

when >c vanishes in eq.<l3;), the wave nuraber of
cap"lary ripples tends to infinity, while the
wave number of gravity waves has the relation

                                              '    ,k= g/[q cos{'Ny-X)]2 (26)
The ray theory iB this condition was applled to
ship waves first by KeHer'g) iaj>and extended
investigations have been carried out by YimiS>
and Tulin.`$) According to this theory, the
wave pattern is obtained from the solution ef
the differential equation (25>. If we trans-
forra (25) in the cylindrical coerdinates, we
obtain

     (u.Sr+ueSe)2=gYrli"!,!"-"1 e <2n

where ug, ue are velocity components in r and s
directien respectavely, and Sr, Se are gra-
dients of S in r end e direction respectively.
tet us consider the elementary wave along the
wedge boundary emeX･-ct. Then we can put Se=O,
ue=O, so ichat the phase function becomes

           r     S=gL"/qa>dr <28)
The flow velocity is given by <18) such as

     q= v(ar >cti( Tr "" ca) <2g)

       e!fct<60 , we have the solutign

     s.<glv2)a-2ct1(7r-e9r(T"SctY{lr-et) <3o>

A similar relabien is va14d along ithe center
lineg=O. There exist straight rays passing
through the apex of the wedge, and caustics
describe the wave pattern which is like the
Kelvin-wave syseem as "lustrated in Fig. 9.
The cusp Mne of iche dSverging wave makes an
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                     s                  7;c X
                       sX
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                           tt
                          71
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                IX

                                             e Fig･9 K<asvcehePmaaxxecT}n around the Model ct<go

angle Y with the wecige surface, which is giveB
by

     Y= O -si!rr} Xk

where YM l's the Kelvin angle <l9"28'}.
Ifctk60e, the integral <28) diverges and there
Ss no solutioB for the phase function aroljRd ..
the wedge bow, so that the Kelvin-witve system
does net exist, and the disturbance given.at ･
the free surface in front of the model does not･
prepagate towards downstreama 4n ℃he form of ' ,.
Eed,gslg:2 :gxgss, ;??,gew,,tg,e?･xeF?･gs.sgg ?x..a i.

                                             ttthiscase. Thesephenomenacanbeobserved .
                                              tt
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                                             aMg.IO Kave Pattern around the Mode3 ctk6e
        (scheraatic>

cleitrly in the experiment by removing the
surface ten$ion as shewn in Photo 18 forc<<60"
and Photos l9, 20forec)60". The phenoraena at
the bew of entrance angle net less than 600 may
iraplicate the non--existence of the continuous
flow at the bluff bow and relevance to the
generation of the necklace vortex around the
bow of fuH huU forms.
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Photo 18 Bow Wave free frora Surface Tension
        c( = 45: V = l.lmlsec

'

Photo l9 Bow Wave free from Surface Tension

         at=6o",v=1.3mlsec .

Photo 20 Bow Wave free from Surface Tension
        (x = 70; v = 1.lm!sec

4. RESIS"l-ANCEOFSHIPFGODEI-S

     It has been shown that the free surface
ctinfiguration around the raodel is influenced
consiclerably by the surface tension even at
mederete speed. Then the effect of surface
tenslon is suspected in the value of the resis-
tance ef ship raodels at the tank test. In
order to exawine whether the resistance of
models is ififluenced by the surface tension,
ship mode}s are towed in the towing tank
through water, to which the surface activator
cpmpeund is applied by spreading on the free
surface in front of the models. The resistance
measured under this condStion is compared with
the resfistance in unN processed water in whlch
the effect cf surface tension is presefit. Two
raode]s are eraployed Sn the experiment. ORe of
them is a 3 raetre mode] of fu]l-hull--form with
a cylindrica] stem. The other is a 4 raetre
raodel of fuH-huH-form vAth a wedge--shaped bow
ef entrance angle 400. Body plafis cf the
raede}s are showg in Hgs. I}, l2. Tke 3 metre
model is tesled in two loading conditicRs,
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e RESISTANCE UNOER SURFACETENSION

O DO. FRE:- FROMSURFnCETENSION

"E=ewewgey.
wwt OE E RCTO COEF CETC
   RESIOUAL RESISTANCE 90EFFICIENT Crt.Cr-Ct

O.IO OJ2 O $4 O.I6 O,IS O.20 Fn

            O.6 O.7 08 O.9 l.O l.lml$cc

Fig.13 Resistance Curve of the 3 metre Model
        Full Load Condition

naraely full-load and light-lead. Hg. I3 shows
the result of 3 metre model in full load
condition. Consistent difference is observed
between the resistance coefficieBt under the
influence of surface tension and that frEe from
surfece tension throughout the test speed up to
l.2 mlsec. Photes 21, 22 gives the samaple of
observation ef the free surface, in whGch we
can recognize the effect of surface tension.
The turbulent zone around the rnodel which                                         has
been explained in the preceding section is
observed 5n Photo 22, in which the surface
activater is applied. At higher speed, O.9
m/sec say, the free surface breaks out even
when thb surface tension is not preseBt,, The
differeBce in the resistance between both cases
is possibly due to difference Gn the area of
the wave breaking zone. Fig. I4 shows the
resistaRce coefficients of the same model in
light draft. Oifferent from the former case,
the effect of surfece tensiofi dimialshes with
Sncreasing speed, and the difference between
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Photo 21 Bow Wave Profile of the 3 metre Model
under.SurfeceTension V=O.8mlsec

  W
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Lemal.L....-

Photo 22
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Bow WBve Profile ef the 3 metre Model
free frora Surface TeRsion V rc O.8m/sec

e RESISTANCE UNDER SURFACE TENSION

e OO. rREE tweMSVRFACETENSION

TOTAL RESISTANCg COEFSIC;ENT Cr

where r, is the radins of the cylinder or the
                                         ten-                                 surfacesphere. Therefore the effect of
sion is less in a shallower draft.
     The 4 rnetre raodel is icested only at the
full load condition. Curves ef resistance
coefficieRts are shown in Fig. I5. The diffe-

o.oos
 SCHOENHeRR FRtCTION COEFrl¢IENT Ct

gESIDVAL R£SISTANCE COEFFICIENT Cn.C,-Cr

                   e

O.OlO

R

e' REsls'rANcEuNOEri$uRFACEI'ffNSION

eOO.FREEFROMSvRFACETEN$ION

TOTALRe$1$TANCECOEFFICIENTCr
o,oos

SCHOENNERRFRICTIONCOEFFICIENT cfi

RESiOUALRESISTltNCEeOEFFICIENT cfl.ct-ce

o o.loo.l2o.t4oreo.le O.20Fn
o,Go.7o.eo.gtotl t2 l.3mls

o
C.IO O.l2 O,}4 O.I6 O.l6 O.2o e.22 Fn

            o.G e.7 o,g os l.e l,1 I.2 fnlsec

Fig.l4 Resiseance Curve of the 3 rneicre Model
        Light Condition

two curves almost vanish at V=l.Om!sec. The
wave breaking takes place at lower speed in the
case cf light draft than in the case ef full
load drafk. This seems to be one ef the rea-
sons of the differefiCe in the effect of surface
tenslon to the resistaRce cifrves between the
full load draft and Mght draft. As taentioned
in the preceding section, the effect gf surface
tension is related to the ratioel2e given in
eq. (22), where f is a functio" of the entrance
angle ec. !f the draft is finite, f is related
to the drafit too, in such a way that tlee in-
creases as drBft decreases. This tendency can
be understood by the coraparison between a ver-
tical. cir¢ular cylinder and g sphere wSth its
ceRter on thE "ree surface. Approxiraate esti-
raate$ shew that

     r,!e.g-2"tl foracircularcylGnder

           '-.3"ll forasphere

Fig.l5 Re$igtapce Curve of "he 4 raetre Model･

rence beicween the resisitance under the effecit
ef sur"ace tension and that free from surface
teRsioR decreases as speed increases ancl vanis-
hes at abQut l.l5 mlsec, which cerresponds to "l:;
=5.0. Since ehe entrance angle of this model
is 4e", the cerresponding value of e/£v is
about 102 according to Fig. 7. "Vhus the resis-
tance of fi ship model is $ubject to the scale
effect due to surface tensien, if the tank test
is carried out under a certain critical speed.
The parameter V!(4gX)V" may be employed a$ a
criterien for the effect of surface tension.
Since Fig. 7 indicates a strong dependence of
this effect oR the entrance aBgle, the critical
speed is dependent cn the entrance angle to a
great extent. In the case of the hull form of
4 metre model, the critical speed corresponds
to the Froude number greater theR O.18. Therg-
fere the resistance test result Ss coBtawtnated
by the surface tensien throughout the whole
range of eperating speed of full-hull--forms
such as o"-taBkers and bulk carriers. Even
for lerge models of 6 metre, the critical speed
is at the Frolide nuvaber O.l5, whSch is still
within the SmportGnt speed range in practice.
Another troub}esorae fact is the difficulty in
determinatien ef the form facter fcr the va,s-
cou$ resistance. If oBe intends to determine
the form facter frora the test dara at the
Froude nliraber e.10, the error due to the sur-
face teBsion anounts ico more than 20 percent.

5. COblCLVSiONS

     Free surface phenomena around the bow are
investigated by t,he use ef wedge shaped models.
It ls found that the free surface configuraticn
is influenced by the surface teBsion to a great
extent. Therefore the free surface pheneraena
in raodel scale is not identical with these an
fuH scale, on account of the scale effect due
to the surface tensicn. A particular feature
of the existeRce of sur'face Zension is the
cap"lary wave frene which is observed in froBt
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of the model when the wave-breaking does not
take place. The wave-breaking starts at ¥he
position of this wave front as the speed is
increased.
     It is found that the sturface activator
corapound is very effective te remove the effect
of surface tension. When the surface                                     teBslon
is remeved by the application of the surface
activator, a remarkable change is ebserved in
the feature of the free surface. Therefore the
free surfece phenomena in full scale, in which
the effect ef surface tension is negligible,
can be correlated enly witih model experiraents,
in which the surface tension is eliminated by
the applicatien of the sitrface activator. The
fnge surface configuration free from the effect
of surface tension shows a wave crest or crests
in front ef the bow. The inception of wave-
breaking takes place at these wave crests,
showing the spilling type breitkiBg waves, and
the hydraulic jump or the free suyface shock
wave is irreievant to the wave-breaking at the
bow in deep water.
     The ray theory ts liseful to the raathemati-
cal analysis of the wave pattern. The curve ef
the capillary wave front caB be calculated by
this theory. The wave paetern fieitr the bow of
entrance angle less than 60" is like the Kelvin
wave system, while su¢h a wave system does not
exast when the entraBce angle Ss equal or grea-
ter than 60". In the latter case, the bew is
encGrcled by a chaotic turbu}ent zene. This
phenoraenon raay be re}evant to the generation of
the `neck]ace vortex' around the bow.
     The resistance of ship mode]s is subject
to the influence of surface tensien. The
surface tensicn results increase in resistance
te a considerable extent if the model is tewed
below a certain critical spee"d. Then the scale
effect due to the surface tension is suspected
iR the resistance test data at lew speed, espe-
cially in the case of full--hul3-forras with
bluff bows. The difference in resistance due
to the surface tension vanishes above the cri-
tical speed where the breaking waves are fuHy
developed. The crGtical speed is dependent on
the entrance angle and the draft-beitm ratio of
the model.
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