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througho-t  the Reynolds nurnber  range.

1. Intwoduction

  Accurate estimation  of  ship's  drag (res!staiLce) is

 very  important from the  propulsive performance  point

 of  view.  Since ship's  drag is generated through  viscous

 and  inviscid interactions, neither  the powerfui poten-

 tial theory nor  the boundary-layer theory can  estima'te

 the drag accurately  by itse}f NS solvers,  l.e. CFD,
whieh  contaim  the  abeve  two  theories as  sllbsets,  seem
to be the only  means  that can  achieve  tkis goal.

  CFD  (Computationa:[ Flnid Dynamics) has been
mak5ng  Temarkable  progresg, and  S±s field ef  a,pplica-

tion is quite wide  already.  Since CFD  can  provide de-
tailed information of  fiow fields, it is payticularly use-
ful in obtaining  qualitative informatiolls such  

as
 flow

stiructures. However, using  CFD,  to obtain  macro･･

$copic  or illtegrated informatiQn  such  as  lift or  drag
acting  en  a  body in flow is dSMcult, Especially, accu-

rate  computation  ef  the drag ef  a  streamlined  body
like a  ship  hull is dificult, since  the pressure drag
component  comes  out  as  a  smal1  diffbrence between
the large pressure values  at  bow  and  stern.

  One  of the mdjor  sources  of  the diMculty  is the
ambiguity  in the way  the drag is computed.  A
computed  drag value  may  depend Qm  the imtegra-
tion path  it tabes,  or  on  the way  the surface  shear

stress  is computed.  In order  to remove  this a:rnbi-

guity, the auther  propo3ed  am  NS  solver  with  
.fflobal

  
'Ship

 Perforrnance  Divisom, Ship Research  Institute

 conseryatioll,i),2),3):4).  The  word  
"global

 conservation"

 mealls  that  ±he conserva(/i.oll  property  is satisfied  ev-

 erywhere  in the cornputed  fiow domain, all the way

 down to boimdaTies. [I]lte global conservation  prop-

 erty  automatically  assures  that computed  macroscopic
forces such  as  iift aud  drag do  not  depend on  the D e
mtegratio"  path, i.e., the computed  force values  are

unique.  In tke globally conservative  scheme,  there  is
no  arnbiguity  in the  way  ihe snrface  stress  terxns are
estimated,  siice  lt is made  fu11.y consisteni/  with  the
solver  itself,

  Usi]g the solver,  the dritg of  a  two-dimeMsion  al  cir-

cular  cylinder  was  computed  at  the Reynoids number
fte='4e, and  the  corrLputed  drag  agreed  well  with  other

wel}･pestablished  computed  valuesi>.  [rhe sclteme  was

exiiencled  to three dimensions, and  the fiow past a  Se-
ries  60 (CB=e.60) ship  hull was  computed3>.  In the
Reynolds number  ra"ge  ,N. =  3.0 x  106 -"  4.0 x  106,
th<t computed  drag agreed  weU  witk  th.e measured  

val-

ues.  However, in computlng  drag  of the same  ship  in
the range  R. =  4.0 x  105 fiv 4.0 x  107,  the computed

drag tended  te devia'te systematically  toward  higher
values  from the measurezne"ts4)  at  h,igher ReyRolds
number  ra]ge.

  The  presellt work  shows  an  effort  to clarify  the cause

of  the deviation and  to campute  the drag more  accu-
rately.

 The dTttg of  the sarne  ship  is computed  using

grids with  various  degree of  c}ustering.  The  drag of a

fiat plate as also computed,  since  the fiow around  it has
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  wlLere  (i,j,k) are  tite number:,iLgs  iR 6-, ny-, emd  C-
directions. The  negative  signs  in 1;]ne last equality

corne  from  the  definition of  iihe "e;t  normai  
'vectvr

 rm

, which  i･s always  in the positive 4, vr, or  C-divection.
(Sns)f++,J.,k , the aTea  elt  

'ne

 i+  } snrface  projected  iu

the x-ftxis  direction, Is compiited  using  the arelt  for-
mula,  for a  quadi,'ilateral shown  below

(Sn.)f-+},j･,k ==  tl･[(y2 -ya)(z3 -･･ z"  -･ (x2 -xd )(y3 -yi )]
                                (8)
where

  { fl: ;,l･ ilr:i/ iku;/;:/,iT; i･: tIII;:i/;;:;/';:.-l:

Note thaL', usSng  the above  ferxnula, 
iLhe

 prejected areu
ef  a  ctose.d  body sllrface  mede  nlp  -f quaririlatei'als,
exactL/y  suvas  f.o zc='o.  1]'tis property, named  here, as
"t},.e

 
,t'ctl.f/el.irlL/J./or.

 
'.'.'f

 p]'ojectedi uLreasl  aUtorrla{lic.nj]Y
assir,r,es'i tl'L.u,: i,ke. integrated pressure dra,g ce.lliporsent,
ot' a  clc.er'd  

ivody
 is exttciily  zero･  Sf the  pressure is con･･

staitt  eveTywhere.

 The  other  terxns ill eq.(4)  are  treated  siinilarly,  and

the  dlscretized governing equation  shown  below Ss de-
r:ved

T'E",k ll ,,,,,  "(F"  -- F;.' )t+ i- -(lf'+ lfig )s "} +(d+dw  ),+}

 
-(G+a.),--.}+(fi+Ill>h.ij-(ff+El)k-g

 =O,  (9)
where,  for example,  ( )i+} rneans(  )i+},ik amd

    F  =  (Sn.)CF +  (Sn,)CG -"- (Sn.)Ell

    C  =:  (Sn.)nF+(Sn,)nG -e- (Sn.)nyH

    "  =  (Sn. >C F  +  (Sn, )CG +  (Sn,)C ff,

and  similarly  with  }its, G., and  ff.,

(le)

2.2 Zwayiscid terms

 [l.rhe values  of  ,iRvj.scid terms  a,t eaclx  cell  face is cozn-
pllted usimg  the  third-order a £ curnte  upwind  difi"er-
encing  constructed  wSthin  the finx-d.1fference spl5tting

framewor.k. The third-order  aceeracy  is attained  in
the  preprocessing  (MUSCL) maimer7),  Sn which  t}Le
nonuTLiforrnity  of  grid spax:Sngs  Ss takeiL into a=count.
                 R
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:The flux difference i.q. divided i]te positive and  nega-

tive compone:Lts  depending cn  the signs  of the eigen-

values  as

 6rv"" =,  SS'"' +  tii}Tnv where  fiV)± =  A ± Eq. (13)
Then theinviscid fiux n,t. iti } as defined as

   (,i:l
i

,Ij[g

-ftii-l
'

g:,[l:Illrg.22L

l. ,,,,

Substituting i--1 int,o i in the seceadi  haif of  the  above

equation,  an6  eqllat,ing  it･ with  the first half produces
eq.(2:}),  wkicli  meaiis  thttt the. present. scheme  is con-

serv?rtlve.

 
'I'le,.e

 gl' aixdi gR  are  de'[/ermined in an  upwind  diffbr-
encin.g  xrzanncr.  7."a]ting the m,oiL-uniform  spacing  into
af.'count  as  shown  in Fig. 2
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'i1l'lIu
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Sawada8) gives a slightly  difrerent definition of  g,L.+}.

The differencing showll  in eq.(15)  will  be caked  the  up-

wind  differencing NU  (the letter for "non-ll]iform"),

The diffhnci"g in whlch  the non-uniform  spacingis  not

tfliken into account  will  be called  IJ.

  It is straightforward  to extend  this formula  to the

3D  case,  in which  the grid spacing  is computed  by ta:k･-

Sng the  average  of  the four corner  points at  each  cell

face. Fig. 3 shows  an  example  of  computed  results,

Fig. 3(a) shows  agrid  around  a  ship  hull, in which  tlte

grid po!nts  k=5  (k is the numbeT  in C-directien, svith

k=1  being  at  soUd  wall)  is relocated  by linear inteT-

polat2ou towa'rd  the k=4  points  with  the new  distance

between k=4  aEd  k=:5 being omly  1%  of  the original.

The  arro'ws  in the figure shews  lts location. Fig. 3(b)

shows  the pressure contours  obta:,xted  using  tho  
'ttp-

wSnd  diffl]rencing U. Fig. 3'(c) s]iows  u ,tim.i:,t'.r. /resul+.

using  the  upwSnd  diSferenclr{]i NU,  i`14ompa.eiitg  t,lie twc.

f{gures, it is evad'ettt  thnt t] e  dl',tierei'}ckLg NV  produces
a  result  betteT than  the  difft)rellcJ:],.g' U "N}ien  the gTid

spacing  is not  uniform.

  It should  be noted  that the  differencing NU  does not

rernedy  the adverse  effect  of  grid singu}a[ciL'ies  suck  tts

l"'nks a[nd  skew"ess.

ua"thGlobai  Censervation

  On  the  solid  waM  surface,  the  flux value  is computed

direct}y by substitutSng  u=  v=  w=O  a-d  pressure p be-

in.cr made  equal  to that at  the adjacent  cell  center,  i.e.,

zera  extrapolation  by half the grid cell  length.

2.3 Viscous  eerrrms

  The  Gauss iutegral theoTern  eq.(6)  is used  in de-

termining the  first derivatives of velocity  components.

Tinis results  in the  formally 2nd-order accuracy.  At

the solid  wal}  (k---l), using  the  two  integTation vol-

umes  iil and  Vii shown  in F;g. 4, usk..3f4  and  umlt..3/2

are  determined.

Lurdv -  u.3f4 L,uxdY -  ust3f2

I,rig. 3(a) G]id  with  sudden  ckamge  i] C-spacSng ltt

k=  5.

" XxX t
tl

-r"'xl'.E..?kagza.g-l!Si.cr

            .-'/"X..

 .Z. 'rm' .tt  n t"t-t

x
)-.5/>Kk'x.

Then  tlte u.  at  the sDlid  wall  is deteT.miiied im the

ioilowing two ways.

Ist-order accuracy  (zero extTapolat.ioll),

                 u., L. ± ux  .s- (] 7)
                   24

The  scherne  which  uses  this equation  will  be called  Vl,

:,.e. the viscous  terms w!th  lst-order accuracy.

2md-order accuracy  (linear extrapo!ation)

      4 1
Urc5 ÷

 inm}- gu.}
This  will  be called  V2,

   ..];;'.=.;5-/?"y{xXxl'.N.iit-.
 .

       / "x

Flg. 3(b) }'Tessure contours  by
ingV.  R. =:  104,AOp  ==  O,02.

.il;....-J .,i-' 
--"`=:ifi.t/'iill'i'

    ./. 
.t.

the  llvvwigd  clifferellc-

 

Fig. 3(c) Pressllre contours  by  the upwind  differenc]ng
NU.  R, =  104, ACp  =  O.02,

(18)

2.4 Edidy viscosgty  ve

  
'The

 Baldwin-Lomax zero  equation  turbulence

model  is used.  Ill most  of  the cemputation,  smoeth-

ing is applied  by averaging  with  the four nelghboring

points  on  the same  k plane.  The  smoothing  seems  to

increase tlite nllmerical  stebility.  The  cases  in which

the srnoothing  is applied  will  be ca]led  SM,  amd  the

cases  without  it will  be ealled  NSM.

2.5 Time  integraeiome
  The  Pade  tim.e diffeucing forrn is used  for tirne in-
tegration  with  e=1,O, i.e. the Euler implicit. In tine
inviscid terms  of  the  llns'teady  part, the lsVorder  up-

wied  di:,fEerencing is iise{,  by  settirLg  ¢ 1=  ¢ 2=  O. Whls

does not  affect  the stead}r-state  part, that is, the  con-

verged  inviscid purL  has 3rd-order accux'acy.  The  IAF

procediire is adopted.

            

            

            

            

            

            

           

            

           
            
            
            

            

F;g. 4 Volume  of  Gauss imtegration for yiscous terms
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Table 1 Boundary conditions

Boundary utvlw p
Vpstreamu==1,v=w=Ozeroextr.

Dowmstreamzeroextr. p=O
Left&Rightsymmetrysymmetry

Top ll:=1,v=w==Op=O

Bottom u==v=w=:Ozeroextr.

Table  2 Computed  drag of u  flat plate. Part
1...minimumspacings.  Parameters; IM=81,KM=41,
IFp=16, IAp=60, Routet="1･O, Xup=HO･5,  Xdown=:2･O,

r,1=O.3,  fi=1.0, NU,  V2, SM,  At:::o.i.

Table 3 Coxnputed drag of  a  fiat plate. Part 2...com-

putationpaTameters, R, ==  4.0x106.  0ther paramr
eters  are  cornmon  with  CI)uble 2.

]rid?'clInvisc{dtermViscoustermCTx10wwB-O.3
NU V2 O.3331

-;tlt
U'rm"1 O,3331

;,ylnv-'N･u Vl O.3330

eqO.1 i! V2 O.3330

Grid
ReAmin 4x10･CTxle3 4x10(Sxlo2)4x10

A20x10-
'

5.1821.26)3.379(4,e)2.428(12.6)
B10x10-5.i74(O.63)3.331(2.0)2,685(6.32)

c5x10"5.174(O,32)3.325{1,O)2.528{3.16)
D2,5x10- 3.3e7(O.5)2.391(1.5S)

E1,25x10- -" 3.311(O.25)2.346(O,79)

Sehoenherr 5.294 3.423 2.365

(s

2.7xlO'3 TrTrrrTir"TvmTrTTTTtnvTr

2.fi2,52,4kg/

 
c

2.3 ti,mit.,an.-

B

2.6 Roundary  conditions

 The  boundary  conditions  are  surmnarized  in Tar

ble 1. At the llpstream  boundamy, xero  extrapola"

tion is used  for pressilre, Iu case  the  conditien  p=::O Ss
used,  a  slight  pressure  jump occurred  at  the boulld-
ary.  Therefore the  zero  extrapo!atioll  condition  has

been adopted,

   3. Flat pgate with  a  gero  attack  angle

 The  gTids ibr fiat plate computation  were  generated
analytically  with  H-giid topology.  They  are  similar  to

those used  in ref.9).  Table 2 shows  the  parameters  for
the  grrid ge-eration. IM  is the n'umber  o's" grid points in
the streamwise  directien. IFp is the poillt number  at

the leading edge,  IAp is that at  the trailing edge.  KM
is the number  of  grid points in z-(lirection,  i.e. the

normal-to-wall  diTection. X.p and  Xdowll are  the  x-

coordinztes  of  the npstream  and  downstrearn bound-

aries, while  those of  the leading alld  traillng edges  be-
ing 0.0 and  1.0, Tespective}y.  A,.i. is the ininimum

grid spacing  adjacent  to the solid  wall.  Router is the
distance in the z-direction  between the  plate and  tine

top  beundary. In ship  fiows this parameter  denotes
the outer  radius  of  the top boundary. r.i  is the clus-
tering ratio  in the x(i)-directlon.  It is defined as  the

ratio  of  the x  spacing  (Ax) at  FP  or  AP  and  the av-

erage  spacing  between FP  and  AP,  5 is the parameter
deftlled using  the equatlon

                    ff

             
Amin

 
=

 vt?Z;'

a  criterion  frequently used  to  determine  the  min-

imum  grid spacing  with  fi=O.05 in the pTevioas
Complltations2>,3),4),9).

           O.O {}.2 O.4 O.6 O.8

                   A?,i. x  1olO

      Fig. 5 Total drag CT  of  flat plate vs.  A;ti･..

      Re  =  4.0 x  lo7.

 The  taole al.so sh,ows  ti,Le computed  ClzT (total drag)
vaJues  ut  various  Reymolds' numbers  with  various  g]/ids.
In this cmse  there  is Ro  pressure drag component  Cpres,
ttitd there'fore Or  contains  only  the frictional compe

anent  Cfri.. if]he grid expamsion  ratio  tn the  z-di]ection

Ss approximately  1.3, Tht: cempui/ations  were  centin-

ued  until  the  CrT value  i].":egrated on  the plate agrees
w.lth  that  integrated at  outer  bounaaries agree  with

su.ficient  accurax:y,  sav  up  to four significamt  figures,

The  CT  vallles tend to (:onveTge  as  A.i.  decreases.

Clrlte CIi values  at  R. =-  4.0 x  107 are  plotted with

A:i. in the horlzoatal axls  in Fig. $. The  values  foT
tke grids C, D, ana  E  couverge  linearlM which  proves
that t}te viscaus  term  hev 2nd-order accuraK]y.  In the
range  of  t}Le Reynolds  number  listed, it seems  that ff
should  be a,bout  O.O05 in the above  equation,i.e.,

                   O.O05

             
Amin

 
=

 v[ll/lg 
'

ten tlmes smal]er  thfiii thz,t iiL previo'us computatiolls,
ill order  to compute  the drag wlthill  1%  convergence

(vif,it}i respect  to grid resohition)  erTor.  The  converged

CT, valv.es  are  slightly  st,neaJer  than  the Schoenherr
vtdi'ues.

 Tab],e 3 sltows  the cases  R. :.=rm 4.0 x  106 with  various

a(}curzcy  of  the dlffeTencimgs. 

'I]he
 NV  and  U  differnc-

iiigs were  used  in the irLviscid terrrts, and  Vl  and  V2
were  nsed  in the viscous  terms, FurA/her, the effect  of

t}te c:hange  im the clustering  ratio  rd  was  tested,  since

the wall  shear  stress  chaii.ffes  very  rapidly  at  both the
edges,  as  shown  ln ref.  2) and  9). The  Vl  and  V2

p/roduced the same  C:, value,  which  seem  to suggest

that the grid points  are well  within  the  viscous  sub-

layer, where  the velocity  has lineaT distribution. The
fa£ t that NU  and  U produced  the  same  CT  value  is

1.e
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su.Npported  by the fact th..": there  iE only  ii,rictional (i.iii F.-

cous)  coit]pome"t  in this aLra･ g'.

FSg. 6(b) Stern gridi B ot' Serles 60 lallll,

             .
Fi.e;. 7 N.,'Val:e contoiii's  att

      Case 6 (R. ='L 4 x

             tt.

            r' 
-e,o2

             '

 

FEg. 8 Pressure contolirs.  Case
Grid  B)  (a) Bow

            1
.'}',P (ji=LO) sectE,oi,..

/to6, G,,Sd Y.)

         .. t
   ''''' t.--v'/
･- -------/

f
 1- ...t ==  7-

 
-
 

,
 .1

 
y'/

 "
   ･. t .iv tt.

      Z  
y-

    -   '  ]t

-'
 7

6 (Re= 4.e x  lo6,

          di. Serges  esg (crB==o.de'th) k'x.lmzg

   
t.."vompu'tatiolls

 were  i,nade  foL,' the SeTjes 6'e
 i(CB='O.60)  hull !,n the Reyuelds mnm.ber  ,range  R.  ::'

 4.0 x  :, SS Nw  4..o x  loT.

   
"the

 grSd uras  gemerated  usrmg  the implic;'t geome'.-

 t':,ca,1 method5),  -i･;iig. 6(u),(b) shew  g"he  grl(1 near  bow

 nndi  stey.n.  ZPhe .crr,id poluts are  clus'ter,ea toiftrki'c't bcw

 {i･m. c) .".term. Tn,ble 4 shows  
'tlle

 coinp,  tt･ i,n,'tSon pn,vameters,

 1,.n:'tiall.v, t/ke -uow :,s un.!ft>rnz  eveTyvaxite':a.  {1;'omputa.

 
't,ions

 were  made  }isiug  tst: O.S/. :,it ff/!gst cn,ses  excel･'t

 the fierst 4e  o,r 5e. steps,  :'n whieh  rtk'S ･,nya,s /enaxie  :･mllc}..

 sy  i&]ler.  
"WSth

 At:='C.OT, t'h.p. 
'noixtina],.

 ttjio"ra"t' "umb`.'r

 beco/rnes 4,OOe am. t,.he s:,nfi,ll,es't rkt.,,i,.. tt.rid. t'y'ici=put･a,-
 o
 I;]enF. were  ce,rried  ox'-' 

','/p
 t･o tite /#c},ud!･;nemsice.ti.l  z't/me

 oi  uppj-'oxiTnatei}r  te'n. 
'.Y."1.Lep

 t/rie. dra,g ift.t'egrated at

 
'LeLe

 outer  

'b'
 oumd.as/,r  ,=.gi's{.;,  

's･r.'.tll
 
.t,ik,h

 
'.･ha.t

 at  1'1.e sh;'p

 
'lt'a!!,

 althov.ff..h "o  s."''t:t･, lt:/ oi. tt/ls..,/- ,:/i'.'Mverff.em,et' wi.F.

 
'i//ar/.'Eei.･

 .'j ".t'd tc s.11rr.i'.･'.1/, (-:･ '.t;  .- ,:t･i/'tt.:,t, oi// stv.dLL  ,/'･i-v.Tb･tt.

. 1

Sehce  stixnt',h,/,to]/'F.) 7s$ed  gxx e'xp. erimen'L's,  'the, 'Ro'vv wns

 asszarned  SamSna.. s,y･ te  t'1/ie poiy.tt 5ge tt'i'oin Lh.e oow
ttx=-e.OS),

 anc!, ±hereafter t;,ine edd,y  viscosi,.'Ly  wus  addedi..

  
Vl.cr,

 
'7

 shows  
,t'he

 wake  contours  a,t Al/P (';'i-=,- 1, .a), coin-
pnr.ed  wEth  the  rneasurementsi')l.  Althout ehe overaU
B,greement  :'s reasom.able,  

'Lhe
 coinputed'  resi]]t  fails to

p. Tedict'  tbe 
'bulge

 of  ?,he bo"ndaLfy ]taye/e at  the center.

Sut 
't]his

 
'btzlge

 ;'s pai:'tly due  ta the 'iirope]}er h-'b o:.
tke model  ship. , not  prese"'ti'e, 

'tke
 corrrDuted  ki]l].

  F.ig, S shows  t'he :otnputed  p. /res-suz'e contours  e ±

fi, =L' 
S..O

 )< lg6 us:,.ng  the grid a  (¢ ase  6). At t}e
bow  (.rcig. 8(a)), the pressuye  sud.demliy  rises, axtd

this causes  sgight  oscillation  im tke Mtreamwise  dS.r.ee-
tiion. A,t 'che

 ster.R  (Fig. 8(io)), theTe is p. ressure  recDv-

eTy,  Tit' ehlghest  pressure poimt in the sterp  ig lccated
sh'ghtly  aft of  the stern  eltd.

  The  iabie  4 also shows  the cornp'uted  to't al dre.g coeS
ficient･ Cr. a,s &function  o/f the minimuin spacing  A.in.
Cf,{. is tlte fric'tSonal component,  and  Cp,., Ss the  pres-
siire  corxxponent.  The  same  da,ta is p],otted in F,g. IO.'LT:,kty

 show  clearly  that  CT  decreases as  L] e  aeyi.Lol,ls
number  increases. At  constant  Reynolds mumher,  S･n
con'trast  te the ilat plate ;esult,  t/he dependency  of  (Ii,
on  the minimnm  g]rid spacin.v  A.i. i･s mot  ver.y  cLeaT,

 
 

 
 

 

 

Fig. 8(b) Stern
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aathoitgh  at  R. =  ,l.O  x  107 CV  a,e"ds to decrease ns
A,ni. aecrea,ses. 

"-T"l.l's
 phemomenon  was  also observed

in the fio.t plate  case.  The same  Ss true wl'th  the foic-
tl'oiia3 component  (;f,i, and  the pre,s$ure co.vnponen{.'
Cprea. This is pe.r'haps due  to the com.plex  viscous  an<1

inviscid interact-Sou in ful!y 3D  {IGvv. Onfi caiL"ot  see

am.v  clear  dependei!ce  o'f the lorm factor 1-}-K on  the
iteyllolds na  mher.

[Yal)le 4 Corriputed a'Tag  of Series 60 (CB= O.60) skip

i/'"ill, Paxt i ,.. rr!inSmai]ir). spaK;li'ftgs. Pn,Tnme-
ters: I"M='81, jM=25,  KM:=41, IFp=16, lf.Ap=60･
eesuter::-,1･O, xup=,-O-5,  xaevvll  =-2.e,  f'cl ==O･3,  /?:=･1.0, NIJI
V?., ,gftN,  At.--o.ez.

,k

-Ii-, .-il
i

i

i

giiiji
witk  ajobul Conservatio.m.

[fable 5 Computed  drag of Series 6e
hllll. Pnrt 2...cornputatioit parameters.
106. 0ther paraffieteTs are  coznrrioem  wSth

,No.GTidrdfmvisctdll/!IIEIIIS!Iliillrm'.SnnLeoth;,ltmMeoivt.L!.ler.x-um1s'..{tl,

l,BD.aNUtSMo.3Ts6"
lsttttULltIn,38d9ottttNU NSM,O.378{

tsBlO.ltt sMIn.:iTr,n

(CB :r.O.6o)
   g.  =-  4.o

   L'rable 4.

xll･ll･iuf;i',tti,llill
 o3471-  -'o=o2tl]

O,04 .Cp=O.02

7//7tv
'

--:=;-r/  o.o

gtLgi

s'}Llp

  x

//･/-J

KT
          

-
 Cernputed (NV/ case  6). Cp...= O.oo4

       
---

 
-
 Computed (U/ ease  8}, Cp...=-.O.341

Fig, 9 Coinparison of  measuTed  and  compnted  pres-
s'are  contours.  Cases 6 and  8. (a) Bow

  

Fig. 9(b) Stern

-  Computed (NU: case  6)

      Computed (U/ case  8)ll"'='-
 Measured[iO]

mea,sared

towang  tanks. In order  to  Etvoid  the wave  effect,  only

t'he velues  at  smaller  Froude nurr]bers,  say  ],ess than
e.23,

 wet'e pio'tted, [;','h,v' agreement  oi  the computed

values
 c,f Cvi with  tl'te rnaasurements  are  very  good in

 Tuble 5 shows  the Terci]lts  
'.ris:,ng

 various  differencing

 forinulas. in 
'the

 casc:  8, tlLe apvvind  diiFerencimg U

 
wns

 
used,

 Cl,g. rernaiiLed  unc}Langedi  bnt Cp.., in-
 creasedi.  by           2096. SSnce the chaJLge was  ouly  with  the

 invisc:,(ik' terrns, tha ± s]w)llld  hifi{Een(]e only  the inviscid
 coinpoment,  ti.e. (;p,.s. :lrhe case.  9 skows  tlie lnfiu-

 eitce  e,f the s)moov"hing  ot" tite eddy  viscosSty  i.t. It

 hsrns out  t]te smaootlt:,zag  of  ag causes  llttle infiuence.

 7:ke case  9 was  compllttt.''ct' with  Ai, =:O,Ol,  wliich  means

 S,hat the moth-smoot'hise:1:  8Ecl not  eause  it'ny degradar
 tio;,.s En u'uine)i.ral  st･al}l, i.lty k't th' Ss case. The  case  10

 shows  t'rLe li'Lfiuence ot" 
'Site

 cl."ister-hig  ratio  ?'.1 toward

 bc,w and  stei'ft. Sinee, as sltomrn  in Fig. S, there is

 a  hGg}L alldi  stee,p  pres/svir.e pea,k  at  the  bew, di'fferent
 g.rr.2d resolutioll  may  ca,"se  sig'nificant  change  in [breG･

 {?lrsc mwy  aiso  c}La･nge  signiAcant]y,  
'because

 mos't  of

tl.F.e coniributloft  coznes'  ft'om th,e 
'i
 ow  area,  

'where
 the

 boaa]xdary i.ayer is sl,i). 
'.'.'ery

 th' in. E,.;''ut :,t 'tiii'ned 
o"t

 thu,'i', tine ckEtiLge  is '･.rer}' sxn;..la. 
':･

 S',ls is pe."-.ka,ps due
 :/o the  g}obai co-servatlscfn  }exo.p;.":,/,3r whieh  iihe preseo,t
sck,'tme  vosesse;i.       4

  
'Eg'ig.

 9 sitodes  the pressure colltours  on  
`:he

 shSp  itull
:, it the cases  6 and  8. Througitout t}te hitll surfak:e,  the
(;ontours

 of  
'the

 {:aF.e 6 ltxe locorted slight]y  ilpstream

of  those  oi' the caseD  8, (]onsgdering the  fact th,at the    pmin'
 xi  rnurn  prEssure  at  thit- bovv remafns  essentially  con-

stazLt,  It is cleai'  that th:s seemingiy  very  small  differ-
ence  inas caused  the diM).rence ift Op,., b,y a,s much  ns

;tO%. I'hiF shovvs  kow  se]tsitSve  tlLe integration of  (;5...
is. i,?' ig. 9(b) also  shews  {･l'ie comparison  wlrh  rneusllre-
Tnemts.  [I]he m,greement  with  the computecl  va･lues  is
good. [rhe dSscrepancy :Lt the sterit  eiLd  is dlle to  the
propeller hub present i,v.ith the medel  ship,

  Assuming  tha,t tlLe results  witk  the  minlmum  Ami.
are  the best ones,  t".VT apd  Ck,l. kL the cases  3, 4, 7,
ll, arLd  g5 '"vere plotted ?n Fig. 1]., togetheT with  the

        valuesi>].  The measureinemts  were  
made

 in   '

'vtuEwgey.aEolt)

6xlD'1

s4321oK
'T

,J

""'V"rmT-"'-'tr'rrrT-T7...

     x

tt

A  6rldA--s-
 Grid Be
 GriclCu
 aridD

mi"I

Fl'g. 10 Cemputed

ber.

tOSR{,;]wwotdsnumbe;1ts

total drag  (J7T vs.

-t"a="

Reynolds num-



The Society of Naval Architects of Japan

NII-Electronic Library Service

TheSociety  ofNavalArchitects  ofJapan

28Complltationof

 Ship's R,esistanceUSing an  :VSSolver withGlobalConservation

all  the Reynolds mumber  range  computed.  The Shoen-
herr line is also  plotted. Of,i. is consSstently  slightly

larger than  the Schoenherr  vaiue.  [E]his may  s"ggesL

that the form fuctoT comes  Rot  emly  froii], the  pressure

component  b-t also from  the frictional compoftent.

  
'The

 vadidity  of  CFD  for cornpll".ing  the aTag of  a

ship  hull with  snMcient  accuracy  usipg  a  reasonabie

amoumt  of  grid points, has thus  bee" establisined.
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