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                                 Summary

    The  present  paper describes a  method  tor caleulatiRg  viscous  resistance  of  ships

based  on  a  higher  order  boundary  layer theory,  which  is solved  ,by the integral method.
Higher  order  terms  in the direction normal  to the hull surface  were  thoroughly  ex-

amined  on  the basis of  the fiow characteristics  measured  near  the stern  ior an  8 meter

long  ship  model,  Viscous-inviscid  interaction is taken  into account  bv  an  iterative
calculation  procedure  with  underrelaxation  method.  The  frictional andviscous  pres-
sure  res]stance  components  are  calculated  separately  by integrating wall  shear  stress

and  pressure  over  the  huil $urface  to obtain  explicitly  the cerrelation  between  hull
form  and  viscous  resistance  components.  Furthermore, in order  to change  the  ship
hull iorm systematically.and  easily,  the  ship  form  is represented  by use  oi  the  expo-
llential  splines.

    From  cornparison  between  calculations  and  measurements,  it is found that  the

present  method  predicts the viscous  resistance  oi  full form  ships  with  allowable  ac-

curacy  and  wM  become  a  useful  tool for systematic  investigations ef various  ship
forms  in the  course  of  hull foTm design.

              1. Introduction

  It is the reeent  trend  in the  hull form  develop-
ment  that means  based on  towing  tank  testings
are  complemented  by  advanced  hydrodynamic

theories. Determining  a  ship  hull form with  low
viscous  resistance  is one  of the important technieal
items in the design  of  full hull form. To  obtain

viscous  resistance  theoretically, calculation  of

viscous  flow around  ship  hull is necessary,  and

there are  two  niethods  available  nowadays.  One
is the integral methed  and  the other  the  differ-
ential  one.  The  latter has  high  potential to predict
complicated  turbulent  stern  flow with  three-
dimensional  separation,  which  is very  dililcult to
predict by the former rnethod.  From  the aspects

of cost  and  easiness  to use,  however,  the integral
method  is advantageous  ior routine  use,  especial-

ly when  use  is made  for a  large number  of  itera-
tion such  as optimization  procedure.') The  meth-

od  is a!F.o  effective  to formulate the correlation

between ship  hull form and  its viscous resistance

explicitly.

  In the author's  previous  paper2), the  integral
method  was  adopted  to solve  higher order  bound-
ary  layer equatiens  taking into account  pressure
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variation  across  the boundary  layer and  viscous-

invisctd interaction, and  ship  viscous  resistance

was  calculated  as  a  sum  of  frictional and  viscous

pressure  resistance  obtained  by  integrating  wall

shear  stress  and  pressure  over  the hull surface

respectively.  This method  for calculating  viscous

resistance  is usefu}  to know  directly the  contribu-

tion of  local ship  form to each  component  of  vis-

cous  resistance  as  compared  with  a  method  using

Squire-Young  formula, which  estimates  only

total viscous  resistance,

  The  method  descTibed in the present paper is
a  result  of some  improvemenbs  over  the au ±hor's

previous method.

(I) The  variation  of  metrics  and  curvatures  in
    the  direction normal  to the hull surface  is
    taken  into acceunt.

(2> All convective  terms  in the  directioll normal

    to the hull surface  are  taken  into account  on

    the basis oi  the fiow characteristics  measured

    near  the  stern.

(3) Fer  faster convergence  in numerical  calcula-

    tien, an  iterative procedure  with  under-

    relaxation  for viscous-inviscid  interaction is
    adopted.

<4) Viscous pressure  resistance  component  pro-
    duced at  the Tegion  downstream  of  numerical

    breakdown  is estimated  by  referring  to the

    pressure measurement  close  to the stern  end.
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  Furthermore,  ior the handy  use  oi  the present
computational  method  in hull form  desjgn, the

ship  form is represented  by  use  of  exponential

splines  which  is simple  and  improves  the degree
of  fitting of hull iorms.

  Lastly, some  calculated  examples  are  shown

and  the applicabirity  of  the present method  ior

design purpose  is discussed.

     2. Governing Equations for Thick

       Boundary  Layer Near  the  Stern

  2.1 Higher  order  boundary layer eguations

  From  many  experiments  and  calculations  Tnade

in the last decade, it is found  that the ordinary
first order  boundary  layer equations  can  be  ap-

plicable to tbe fiow over  a  large part  of  a  ship

hull, but not  to the  flow  clese  te the ship  stern,

where  the  boundary  layer thickness  is non-uniform
along  frameline, The  boundary  layer is thin  at

the bottom  due to the extreme  divergence of

streamlines  and  thick at  the side,  especially  at

a  concave  part  of  frameline  near  a  half oi  drauhgt,

due te convergence  of  strearnlines  in addition  to

the decrease of  the body  sectional  area,  Such

±hick beundary  layer is characterized  by, ier
instance, strong  viscous-inviscid  interaction, pres-
sure  variation  across  the  beundary  Iayer, lower
turbulence level than  that  in thin  boundary  layer

and  noticeable  rnagnitude  ofi normal  velocity

component.  On  the other  hand, it is well  l<nown
that  viscous  pressure resistance  is closely  con-

nected  to the shape  oi  ship  stern.  Therefore,

instead oi  the ordinary  boundary  layer equations,
higher order  boundary  layer equations  including
above  characteristics  of  the  thick b6undary  layer

should  be  derived to calcula ±e viscous  pressure  .reslstance,

  Streamline coordinate  system  (g, -rp, g) shown  iii

Fig, 1 is adopted  in the  present study,  g-axis
coincides  with  the projection of inviscid strearn-

lines just outside  the boundary  Iayer to the ship

hull surface,  and  op-axis intersects orthogonally  to

the g-axis on  the hull surface.  gaxis is outward
normal  to the hull surface,  hi, h2 and  hs are  metrjc

coefflcients  of the streamline  coordinates,  If
he is assumed  from  the boundary  layer approxi-

mation  to  be unity,  hi and  h2 at  an  arbitrary

positign in space  can  be expressed  as

    hi==]liw(1+Ki3wO,  h2=h2w(1+K23wg) (1)

where  subscript  w  means  the  value  at  the  wall.

Ki3  and  K:3  are  normal  curvaimres  and  defined
as3)

          Kt3w                        K23w

    
Kia=i+K,,.g'
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  Norma!  curvatures,  which  are  not  considered

in the  ordinary  boundary  layer equations,  play
an  important  role  on  characterizing  the pressure
variation  across  the  boundar}r layer and  turbulent

shear  stresses  in the  stern  flow, so  that  the terms

of  normal  curvatures  should  be retained  in the

governing equations.  Thus, higher  order  boand-
ary  layer equations  applicable  to the thicl{ bound-
ary  !ayer near  the  stern  are  derived as
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and  the continuity  equation  becomes

      l Ou l 0v Ow

     
'71T

 og +Uil,i 
WbijL+

 og 
+K2izt+ffi2v

        +(Kts+K23}w=e  (9)
where  ris and  723 are  the shear  stress  components

includin.cr Reynolds stresses.  These equations  are

identical with  those  in the previous paper2) except
the first three terms  in Eq. (8>. Eq.  (8) describes
the pressure  vaTiation  across  the  boundary  layer
and  then closely  relates  to the viscous  pressure   'Tes]stance,

 It is thereiore important to evaluate

the order  o ± magnitude  of  each  term  of  Eq. (8)
precisely based on  the  experimental  investigation.

  2.2 Experimental  evaluation  of  higher order

      terms

  For the purpose te examine  the order  of  magni-

tude  of  each  term  of  Eq.  (8), flow measurements

were  carried  out  along  potential streamlihes

calculated  by  Hess-Smith  method  near  the stern

of  a  full form ship  model,  Ship-A, as  shown  in
Fig, 2. The  ship  model  is geometrically  similar  to
the medel  used  in research  program  SRI074).
The  length between  perpendiculars  is 8.0m  and

2 1 lf2 AP

Fiocr･ 2After-body
Ship-A

planandstreamlines  of

the block  coethcient  O.83. A  five-hole probe of

NPL  type  oi  3 nim  in diameter  was  used  for the
measurements  oi  velocity  eomponents  and  pres-
sure.  The  probe  was  traversed in the  direction
normal  te the  hull surface.  The  spatial  deriva-
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Fig. SComparison
 of  magnitude  of higher order  terms in Eq. (8)
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tives of  velocity  components  were  obtained  frem

the gradient  oi the curves  fitted to the measured

values  and  then  each  term of Eq.  (8) was  evalu-

ated,  Some  examples  are  shown  in Fig. 3. The

values  oE the normal  curvatures  Ki3w and  K23w

calculated  on  the body  surface  were  used  here.

  The  measuring  points are  not  so  dense  to evalu-

ate  precisely the velocity  gradients included in

Eq. (8), so  that  the  diagrams  in Fig, 3 are  
not

fully valid  quantitatively but may  be suthcient

to compare  the order  oi  magnitude  ef  the  each

term  qualitatively. It is found  that  the  fourth

term  in Eq.  (8) is the most  dominant  term,  The

first three terms  in Eq.  (8> are  as  same  as  or larger

rather  than  the fiith term. From  this fact, all

terms  in Eq. (8) are  retained  in the present study,

while  the pTesent  author  dropped  the fir$t three

terms in the  previous  paper2), and  Larsson  and

Chang  dropped  the second  and  the  fifth terms

under  the small  cross  flow assumption5).

  2.3 Equations for boundary  layer calculation

  In the present paper, the integral method  is

adopted  to solve  the aforementioned  governin.cr
equations.  The  mornentum  jntegral equations

based on  the streamline  coordinate  system  are

 derived from  the  similar  manner  to the previous

 paper and  are  "rritten  as

     hl. 
0oegi!+[20ll+Si:k+2CKiswii--K23wi:-ia)l

        xtumhOittS+hl.0oei2+(e-.+e',,)
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 where  the integral parameters  are  defined in

 Appendix,

  The  Coles' wall-wake  law is

profile in the boundary  layer

    .=.,fi/lg*,-l)cos6+uk,fi(gls)

    , =  ,,.ft  ("*,g) sin  ff + uk  ,, fi (gl6}

where

fh(.'*,g)-ti.(zut*-,g)+B

A(gl6)=-2i-[i-cos(IIS()]L

used  as  the irelecitv

)
s

and

    K=O.41,  B=O,50

6 and  tt*  are  "rall cross  fiow angle  and

velocity  respectively  and  defined  by

          r23w

    tan fi=
          T13w

    u*=Vl'i'v/7P,  Twe=Ti3w2+T!utoZ

hi and  k2 are  obtained  by  substituting  c"-=6

Eq. C12) as  follows.

    ht=i-!ug!tJfh('-f*v-6')cos13 
i

t
    k, =  - eu!ii fi (U*v6)sin 6 )
  Furthermore,  velocity  profile ior

velocity  component  iv is necessary  to

above  higher order  equations.  For  sim

oi  the experimental  results,  although

be determined to satisfy  th

Fig. 4 shows  the  normal  velocity

measured  near  the stern  o ± Ship-A.

results,  the profile of  w  can  a

expressed  as

    w=  }v･ gfe

 The  normal  velocity  component

 ary  layer edge  is obtained  by  

'

 continuity  equation,  Nal<ayama  et

 Larsson and  Chang5) are  used  the

 sion  oi  w.

  The  distribution of  turbulent  sheai

 T! and  T2 in Eqs.  (10) and  (11).
 turbulence  characteristics  measured

 stern'),  the mixing  1
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  An  entrainment  equation  ior three-dimensional

fiew is employed  as  the auxiliary  equation.

      1 o(e-a,*) l oS,*

     lr.. eg h,. oop

      =  F-  (n- LS!") iii h?.Uig' +  
Ksrto]

        +oJ"2' (iF h9.Utv 
+  Knw)

        
mu
 IY {Kisw 5'+K23wS} -STOhil.l2o3gW {21)

where  F  is the  entrainment  rate  and  Head's
reration  for twe-dimensional flow  is applied  along

the streamline  for the  three-dimensional  fiow as

    F=O.0306(H*L3.0)-06sB  )

    El*:::(n'-S,*)le',, l (22)

  2.4 Viscous-inviscidinteraction

  As  mentioned  before, the  interaction between
the boundary  layer and  the external  inviscid flow
may  become  remarkable  near  the  stern,  where  the
fiow chaTacteristics  are  closelv  related  to the                           . t t
vlsceus  pressure reslstance.

  The  viscous-inviscid  interaction probleni  is
usually  solved  by  an  iterative procedure in which
the  potential flow and  the  boundary  layer calcu-
lations are  repeated  alternately  tal<ing the rnutual

infiuence into account,  A  method  adopted  in the

present  paper  is the  same  in the  previous  paper.
and  is the so-called  surface  source  method6>,9).

In  the method,  the  source  distribution is deter-
mined  to allow  the specified  transpiratien  velocity

on  the  body  surface,  resulting  from  interaction
with  the boundary  layer. The  transpiration  ve-

locity is determined  to satisiy  tlie outer  boundary
condition  whieh  combines  smeothly  both normal

and  tangential  velocities  outside  and  inside the

boundary  Iayer.a)

    IVpte= hU,,. 
Ooigi"+

 hll.fi 
Oobi"

          +a-i"(h?."Uignv+K2tuU)

          +S2*(  h?.:op +Ki2wU)  -  Ua  
OhK,.2o3gto

          -S(K23tu+2Kiaw>(h?.TUo"gL+K2iwU) (23>
  The  transpiration  velocity  VVpw  tends  to in-

crease  unreasonably  near  the stern  due to insllfii-
ciency  of  the boundary  Iayer approximation.

Followin.tr Hoekstra  and  RaveniO), an  under-

relaxation  inethocl  is adopted  for the iterative
procedure in the present  paper, which  is effective
to improve the covergence  or  to avoid  diver.crence.

    v}a+i=pvi+cz("t'i+i-Ivi)  {24)

where  iis the iteration count  and  a  is the under-
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Fig. 5 Transpiration velocity  at  S.S.1

relaxation  factor.

  The  iterative procedure is terminated  when  the

transpiratien velocity-  tVpm  attains  the  value  of

convergence.  As an  example,  Fig. 5 shows  the

change  oi  the transpiration velocity  at  S.S.1 o £

Ship-A.  From  the diagram,  the  iterative proce-
dure  may  be considered  practically to.be  con-

verged  at  6th iteration. It is also  iound that, at

S.S.!, the transpiration velocity  is negative  on

the bottom of  ship  and  positive on  the side, This

produces extra-sink  distributions on  the  bottom

and  extra-source  distributions on  the side  at  S,S.1

due  to the viscous-inviscid  interaction. An  inten-

sive  discussion on  the effect  of  viscous-inviscid

interaction is made  in Ref, C3).

     3. Represefltation ofShip  Hull Ferm

  3.1 Exponential splines

  Mathematical  expression  of. Imll ierm  i$ con-

venient
 to construdt  the  curvilinear  body  fitted

coordinate  system  for viscous  fiow ealculations

 and  to change  hull iorm  systernatically  for

parametric studies.  In this connection,  a  method

proposedi by von  Kerczeck and  Tuckit) was

 adopted  in the author's  previous  paper, In  the

 method,  each  cross  section  of  a  ship  hull is repre-

 sented  by use  oi  tlie conEormal  mapping.  The

 mapping  coeMcients  at  each  eross  section  are

 approximated  by  polyllomials of  x.  Although

 this method  is simple  and  expresses  a  hull form

 with  reasonable  accura ¢ y, there are  some  room

 for improvements:

 (1) Representation  of  cross  sections  near  aft  end

     is difflcult,  '

 {2) The  cross  sections.  always  intersect with  load

     water  line at  right  ang!e'  (recently this is

     improved l)y von  Kerczeck and  Sternt2)).

 (3) Undesirable waviness  in the longitudinal

    direction of  cross  section  occurs.

(4L) Representation oi  flat plane such  as  bottom

    and  verticahvall  is impossible.
In  the present  paper, to improve  this situation,

exponential  splines  method  is introduced for the

expression  oi hull form.

  In  general, when  x  and  y are  an  independent

and  a dependent variables  respectively,  and  values

of  y are  given at  discrete points  x;xt,  the  expo-

nential  spline  is defined as  the solution  to the

boundary  valne  problem on  each  subinterval

(xi, xi+!)  (i =T-  1, ･･-, N)

    [b{-piD2]y=O, xi<rxSxi+i  (25)

and  the boundarv  conditions  are              J

    Y(Xi)=Yt,  Y(Xi+i) =Yi+t  ,

    y"(xi}  ==  y"t, y"(xi+i) ==  y"t+t  <26)

where  1/) is differential operator  and  prim  means

differential with  respect  to x, A  tention  parame-
ter pi is determined  by  iterative procedure in

order  to eliminate  extraneous  infiection pointsi3).

  If pt is zero,  Eq.  (25) becdMes  a differential

equation  for a  cubic  spline  and  ii pi tends  to

infinity, the  solution  of  Eq. (25) becomes  to be

lilce the poly.crQnal or  brol{en line interpolation.

  The  general  selution  of  Eg.  {25) is written  as

     y  ==A*  cosh  (ptx) +B'  sinh  {ptx)

        +C*x+･  D*  (27}

where  constants  A*,  B*,  C* and  D*  are  deter-

mined  to satisfv  the boundary  coh6itton  <26).              -                     '
This results  in

             1
                    {y"tsinh[pi{xi+i,-ic)]     y=
        pt2 sinh  <pthi)
        +y"i+isinh[pi(x-xi)]}

        +(yi-  
Y.',2t

 ) "t+six

        + (y,+, 
-
 
"y-pa",z,+1

 )gx- 
,xt

 (2s)

 where

     ht=xi+r-xi (29>

   The  quadra.tic differential yt" (iJ=1,-･･,N+1)
 are  determined  to $atistv  the continuity  of first

 differential at  x=xi,  and  are  obtained  by solving

 the fellowing tri-diagonal slmultaneous  equations,

    rp, cosli  (p izi-i.) -!. ly"!.rl rm pi 
'l
 y"2

    k sinh(pi]zi)  h!J pi2 
:Lhi

 sinh(piki)1  pi2

       =Y2-Y'  rmy,, for i=l
           h,

    rl.--- pu  iy"i-i
    Lhi- si'nh(pl'LihtnDl  p2t-i

           fp,",cosh(puiH,hi-,) 1 X 1         '

           L'         
T

 sinh{piuJilimi)  

'-7ii-':1,
 p2i.-t
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        +(tt-:･:eee.:e.li)-,i,.)s,,y-i

        '(-it"sinn' {'la;-hrm,)) 
Y;',f;'

      
..ZLC

±-hi:Yi-YITi.i.uYi-i
 iori..2,.･.,N

   ( fJiN T  Ei/1fi-h'7p".h,,) ) 'Yp:iiYL

        +(Pir,:S,h,Y),N,,IN)-tt-.-)Y;'.iV;･i
         , YN+1-YN
                                for i=N+1      

=Y
 N+1-

                 hN

                                      (30)
  3.2 Representation of  ship  hull form

  Now,  let us  expr･  ess  a  hull form by  use  of  the
exponential  splines.  x,  y and  g  are  the Cartesian
coordinates  as  shown  in Fig. 1, and  they  are  made

dimensionless by a  hali of  ship  len.crth. A  new

parameter t is inttroduced along  the irameline at

each  stztion  and  defined as  non-dimensional  arc

Iength measured  from keel line"==:O corresponds
te the keel line and  i-- l to  the  load  waterline.

y  and  g  coordinates  along  frameline at  each  sta-

tion are  expressed  as  a  function of  t by usin.cr  the

o

exponential  splines  respectively,

     y=f(t),  ri---g(t)  (Sl)

  Fig. 6 shows  a  comparison  of cross  sections  of

Ship-A  expressed  by  the  exponential  splines  and

conformal  mapping  method.  The  superiority  of

the exponential  splines  can  be seen.  As  frameline
expressed  by  exponential  splines  coincides  com-

pletely with  one  drawn  by  use  of  batten, the
deviation can  nct  be  detected  in Fig. 6, Next,
s-line is defined ]ongltudinally  .as a  curve  of  t==
constant  on  the hull surface.  y and  xcoordi,nates

on  s-curve  are  also  expressed  as  a  function  of  x

by using  the exponential  splines.

    y=F(x),  x=G(x>  (32)

  As an  example,  Fig, 7 shows  the body  plan and
s-curves  expressed  by the exponential  splines,

It can  be  seen  that  the representation  oi ship  hull
iorm  b}r the  exponential  splines  is satisfactory.

  Once  Eqs. <31) and  (32} are  determined for a

parent ship  form, parametric variations  of  ship

form  are  easily  condueted,  For  example,  a  new
ship  form with  different ratio  of  the principal
dirnensions is obtained  as

    :"lll;if.1`;,', ll=-:-::g.(i%, l (33)

where  7i and  
"/2

 are  constant  representing  ratios

of  principal dimensions. Therefore, systematic

series  of  principa,1 dimensions  of  ship  hulls can  be
constructed  immediately by  changing  the values

---

Givtn  points

Exponentlal  spUnes

Conformal  mapping

Fig. 6 Comparison  of  framelines expressed

      mathematically  by two  methods

of  7i and  7,2. Fig, 8 shows  an  example:  body  plan
ior the  values  of  7i==1.0  and  72=I.l54  (B!d--
2,25) whose  parent ship  is Ship-A  (B!d=2.6)
shown  in Fig. 7. Next. when  we  want  to make

minor  change  ef frameline shape'locally,  only
neighbouring  iramelines and  s-lines  of  the  inter-
ested  part are  recalculated  to determine their
exponential  splines.  Such a  local change  of

frameline shape  is diMcult for the conformal

mapping  method.  Further, irameline  shape  being
kept  unchanged.  parametric changes  of  sectional

area  curve  andfor  fullness of ships  rnay  also  be
possible. It can  be  therefore said  that  the present
method  expressing  ship  form  by  exponential

splines  is satisfactory  and  u$eful  te investigate on
a  wide  variety  of  ship  forms  in the design stage.

This  method  can  also  be eficiently  used  in optimi-
zation  problem by  non-linear  programming.

     4. Calculation ofViscous  Resistance

  4,1 Method  for calculating  viscous  resistance

      of  ships

  V'iscous resistance  of  a  ship  is obtained  as  a
sum  of  frictional resistallce  RF  and  viscous  pres-
sure  resistance  Rvp. Accordin.cr to their physical
properties, Re  can  be obtained  by  inte.arating
the shear  stress  over  the hull surface  and  Rvp b}r
mtegrating  the  pressure. Frictional resistance

coeficient  Cn  is expressed  as
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S,,d  2:S   In order  to understand  physical properties of

viseous  pressure  resistance,  Eq.  (38) is divided
into three parts as

    CVP=Cvpl+CVP2+CVp3

where

CVPI=Lpp2

CVP2=:2SLpp22SLpp22S

     .rO,-m)

 .e 
dx )-,,x,

ItB, dx It,.,,
i:. dX  iZ.,,

(Cpe-Cpw} (71 dg5

Fig. 8 Body  plan ofaship  form  changed  by

      use  of  exponential  splines

    CF=(lf2)fle.,s=1;II.(l/2T)"pXu.,ds

      
=

 
L2rsPZ

 Ii"L? cidx+ii.c.rdx]  (34)

where  Tw=  is x-component  ef waJl  shear  stress. S
and  U.  are  hull surface  aiea  and  uni £orm  velocity

respectively,  and  xB  denotes the position of  nu-

merical  breakdown  in the boundary  layer calcu-
Jation. CT'  is frictional resistance  ceefficient  at

each  transverse  cross  section  and  is given  as

    Ce'=  IO-.i, a/2')W-p=u., odip  (3s>

where  surface  element  dS is written  as

    ds ..  
Lgp-2

 ff dx dip (36)

¢  is argument  when  cross  section  is transformed

te the unit  cirele  by  confermal  mapping.

  In  the present paper, the second  term of  the
Tight  hand  side  of  Eq.  (34) is omitted  because its
contribution  $eem$  to be negligibly  small.  Viscous

pressure  resistance  coeilicient  Cvp is written  as

           Rvp

    
Cvp==af2)pi7Z-2s

       =  
L2"sp2Ii"-i

 dx iO- 
.n

 (cp.-cpm) oi  dip

        +!i.. d" !OH. 
./,
 (CpoHCpzo> al dg5] c37)

where  l is x-cornponent  of  the  outward  normal

unit  vector  on  the hull surfaee.  Cpw, Cpe and  Cpo
are  pressure coethcients  defined by

    cpw=(7t"2T)p"uOO..2･ Cpe=(:3:pPi;.2 l
                                    (38)

    Cpo ==  (i;ipPi.2 )
where  pw  and  po are  the  pressure at  the hull
surface  in viscous  and  potential fiows respective-
ly, and  p.. and  pe represent  the  reference  pressure
and  the pressure  at  the  boundary  ]ayer edge

respectively.

CVP3=

(Cpo- Cpe) al  ddi

(Cpo- Cp.) ag  dg5

(39)

                                    (40)
Cvpt represents  the  pressure resistance  caused  by
the pressure  variation  across  the boundary  layer
and  Cvp2 caused  by the viscous-inviscid  inter-
action.  Cvp3 is the pressure resistance  at  t]ie hull

part  downstream  of  the position of  numerical

breakdown  xB.

  An  integrand oi  Cvpi can  be evaluated  by  inte-

grating Eq.  (8) in g direction.

    c.-c..=-2(8co)Z{ACpi+ACp2+ACp3

             +ACp4+bCps}  (41)
[ICpi  (i=I,2,3,4,5) correspond  to  the first five
terms  of  Eq. (8) and  are  given as

    ACpi=  
`.'-,

 Ii , .  .ge`,,.g dg･ A' i/IJ ,Og ( IXI )

    1[lii:tlu(
'i,Ii.i):'Xlawgd`'z'ITwToOii(:Ii) .,,

                              AA

    aCp,=:-K,3.{(O-61*-el,)-K,,.･(a-6,*
           -

         -e,,)}
                     A

    ACps=K2a.(e22-K23.e22)

Using the velocity  components  U  and  PV at  the

boundary  layer edge,  the  pressure coefficient  Cpe
at  the boundary  layer edge  is evaluated  by

    Cpae=l-(U2+IV2) (43)
  As riCpi, ACp2  and  riCps depend  on  the  giowth
of  the boundary  layer, it may  be dithcult to know
beforehand the correlatioll  between them  und

geometrical ship  form explicitly.  On  the  other

handi, ZCpt and  ACps are  directly connected  to

the normal  curvatures  Ki3w  and  K23w. If potentjal
streamline  is convex,  Ka3w  is positive and  then

ACpi becomes  negative.  This leads increase of

viscous  pressure  resistance.  riCpi is usually  small-

er than  zi Cp, because  cross  flew  angles  are  not  so

Iarge.

  In order  to examine  aecuracy  of  the  present
method,  the calculated  pressure Cpw on  the hull

surface  is cempared  with  the  nieasured  one  m
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Fig, 9

Calculation

Comparison of  pressure
along  trameline  at  S.S.1distributions

Fig. 9, The  measurements  were  made  twice  on

different days  for an  8 m  long ship  model.  There
is small  quantitative gap between  calculations

and  measurements,  but  a  qualitative agreement
is fairly well.

  Next,  let us  describe a  method  tD evaluate

Cvp3, The  characteristics  of  (Cpo-Cpw) values

after  the position of  numerical  breakdown  were

examined  on  the basis of  fiow measurements,

The  pressure Cpm  on  the hull sllrface  oi  the stern

along  the four streamlines  shown  in Fig. 2 was

experimentally  obtained  first and  then they  are

compared  with  the pressure Cpo on  the hull sur-
face in the potential flow in Fig. 10. It is noticed
that  the  difference between Cpo and  Cpw  inereases

gradually tewards the stern  end.  The  same  is

observed  in other  experiments  by, for example,

Larssont4) and  Hatano  et  al.i5) However, an  in-

c.rement  of the difference is very  small.  therefore
it may  be assumed  that  the difference between
Cpo and  Cpto is eonstant  along  the  streamlines,  viz.

    Cvp3== 
!}2
 
?s"l'
 Il.. (Cpo 

-
 Cpw} dy clg (44)

                      const.  along

                      each  streami'ine

  4.2 Calculated results  and  diiscussion

  The  viscous  resistance  ceefiicients  oi  Ship-A

are  calculated  b.,r the  method  described  above

and  are  shown  ln'Table 1. In the  case  of  Ship-A,
Cvp!, Cvp2 and  Cvpt are  almost  same  magnitude,

thougli  Cvp2 is negatisre  value.

Cp

Cp

O.4o.]e,1O.1

 o-e.To.]o.?O.1

 D.e.1

  O.T

  a.1Cp

 
e

  .O,1

  .O,2

  C,1

  O.1

   oCp

  -O.T

  .o.z

  .D.]

Fig

Ship-A

rerrvent}

nt}

nt)

      1 ]t4 li?

             Station

,10 Pressure  distri

    near  the  stern

114

butions

menr)

AP

measured

  CF,o, the frictional resistance  coeflicient  for a

flat plate, is calculated  by  applying  the present
method,  andi  form  factor Kf  due to the frictional
resistance  and  Kp  due to the viscous'pressure

resistance  are  calculated  by

    1+Krt=CFICFo,  Kp=Cvp,tCeo  (45}
Kp  is eonsiderably･  larger than  Kf  as  can  be seen

in Table l. Thereiore, it is said  that much  atten-

tion should  be paid to the viscous  pressure  re-

sistallce  in the design of  full form  ships,  The

calculated  form factor K  is slightly  smaller  than

the experimental  one  Kexp  obtained  from the
res.istance  test. However,  the degree of  this

discrepancy seems  to be acceptable  in practical
use,

  Next, viscous  resistance  calculations  were

performed for full forrn ships  whose  breadth-
draught  ratio  was  changed  by  use  oi  aforemen-

tioned exponential  splines.  Bedy  plan ef the ship"s
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Tablel  Princ{paldimensionsand  calculuted  results  of  viscous  resistance

Ship-A
'

Ship-B ship-c
Items Original Bldser ±es U-form V-forra
Lpp(m} 8.00 8.00 8.00 5.00 5.00

LpplB 6.83 6.83 6.83 6.00 6.00

Bld 2,.6O 2.25 3.00 2.76 2.76

Cb O.83 O.83 O.83 O.80 O.80
Rnxlo-6 12.2 12.2 12.2 s.o 5.0
C o.eo26gO.O0269O.O0269o.eo3osO.O0308

Kexp O.322 ----t- --"-- O,.425 O.3S8'
Cvpl O.OOOS6O.OO066O.OOI03O.OO043O.OOOB6

cvp2t. --O.OOO5O-O.OO079-e.ooego-Lo.oeo21･-o.ooo5g

.Cvp3 O.OO044O.OO09BOLOOO]5O.OO128O.OO070

c O.O0293O.O0295O.O0291O.O0332O.O0340li Kp O.186 O.316 O.178 O.487 O.313.

Kf O.089 O.097 O.082 O.07B e.Io4

K O.27S O.41] O.260 O.56S O.417
Cyrcal!CvexpO.964 ---r" N-+-F- 1.098 1.043

Note;Cvcal  
=
 Cvp  +  C

                   F 'Cvexp  
=

 CFo(  1+Kexp  )

Shtip-B ------
 Ship-:

J

xXxN,"NN

txx
lf2

   in

",. ":.,. >.ly.N"xx ,

91la .
    gt

gs

Fig. 11 Body  plans  oi twe  tanlcer models

J

IH

  XG

   1,c,pirr

Fig. 12

F

Ship.B

 s.s.[

  Ex..

 
Dc

 B

IH

 G

 RFC,p`K[

Ship-C

 S.S.1

DCB

          A A

Distributions of'viscous  pressure  re-

sistanee  cemponent  at  S,S.1

with  breadtl',-draught ratio  of 2.25 is shovgii  hi
Fig. 8. According te the calculatetl  iesults  shown

in Table  1, the viscous  resistance  of the ship  with

smaller  Bld. is larger than  that  "'ith  larger Bld.
This trend  agrees  with  the experimental  resultsi).

It is also  found  that the difference oi  viscous  re-

sistance  among  them  comes  irom  the  difference of
the  viscou$  pressure resistance,  bec:.Luse fii¢ tional
resistance  is ahnost  same.

  Lastlv, i'iscous  resistance  calculated  anCt  rneas-

ured  for two  tanker  modelsiS),  Ship-B  and  Ship-
C, are  shown  in Table 1. TheiT  fore-bodies are

identical an.'1  the shape  oi  irameline of  t]ieir after-
bodies are  slightly  different as  shown  in Fig. I1.
The  calculated  results  agree  with  the  measured

ones  fairly well  and  the present method  detect$
the difference of  visceus  resistance  caused  from
small  difference of  frameline  shapes  as  well  as

measurements,  Fig, 12 shows  the girthwise
distribu･itions ef viscous  pressure  resistance  com-

ponent ealculated  at  S.S.1. An  evident  differ-
ence  between  Ship-B and  Ship-C  is observed  alon.cr

the girth from pesition C  to G. The  viscous  pres-
sure  resistance  is obtained  by multipling  the
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Fig. 13 Comparison of  directional cosine  and

       normal  curvature

directional eosine  J at  the  hull surlace  to (Cpe-
Cpw), and  the normal  curvatures  Ki3w and  Kz3w
are  closely  connected  to  <Cpo-Cpw) as  known
from  Eq.  (42), Consequently, directional cosine
J and  normal  eurvatures,  especially  Ki3w, are

important geometrical quantities, The  girthwise

distributions ef  l and  Kt3th at  S.S.1 oi both  ship

models  are  compared  in Fig. 13. A  considerable

difference of  Ki3w  is observed  between  positions C

anct  E,  while  l is almost  same  magnitude  in both

models.  This implies that  larger viscous  pressure
resistance  component  of  Ship-B  shown  in Fig. 12

is mainly  caused  from  larger normal  curvature

Ki3w･
  As described  above,  the present  calculation

method  can  predict viscous  resistance  of  iull form
-ships and  understand  the  relationship  between

the viscous  pressure resistance  and  local hull

form. Therefore, the  present method  may  be-

ceme  a  useful  tool for design  and  impiovement  of

hull form.

           5. CencludingRemarks

  An  improved  method  for calculating  ship

viscous  resistance  is presented.  The  viscous  re-

sistance  is calculated  as  a  sum  of  frictional and

viscous  pressure  resistance,  which  are  obtained  by

integrating shear  stress  and  pressure over  the hull

surface  in order  to kno"r directly the correlation

between the  huli lorm  and  viscous  resistance

component$.  The  shear  stress  and  pressure on

the hull surface  are  obtained  by  solving  the

momentum  integral equations  of  the boundary

layer, including higher order  terrns and  xriscous-

inviscid interaction which  characterize  thick

boundary  layer near  the  stern.

  Furthermore, in order  to make  systematic

changes  of  ship  form  easily  and  to examine  many

candidates  of  the  ship  on  their viscous  resistance

quickly  and  cheaply  at  the design stage,  ship

form  is represellted  mathematically  by  use  oE  the

exponential  splines,  It is found that  this method

representing  hull iorm  is satisfactory  and  effec-

tive for practical use,

  The  calculated  results  of  viscous  resistance  of

full form  ships  by the present method  agiee  well

with  the  measured  enes.  And  then  it is expected

that  the present  method  including  mathematical

representation  of  hull forms may  become  a  useiul

tooHor  designing ship  huli forms.
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 Appendix DefiRition of  integral parameters
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e2i=em+K23wem,

0-E2= e22+K23tee22 ,

e-13 ==  0-+K23.e"ls 
,

eT2s =e23+K23we"2a  
,

tiBl=e31+K23tvial 
,

ct-i*=01*+K2s.Si* 
,

a-"=s+ff23.S 
,

it=f2+K23wA,

i2=I2+.if,,.I".. 
,

IH,..I3+K23wfs 
,

Ti=Ti+Ksawl  
,

where  S is the  boundarv  la

       s･ =l'  6,
         2

Ti3tv and  T23to are  the wall  shear  stresses  in
op directions.
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ff-2L= e21+413.e"2,

eN22=e22+Ki3.eA22

eN13==013+KlswO'ts

e-23==e2s+Kls.eA2s

e-3t=e31+Kl3we-31
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5 =6+K,,.S

iz=Ii+Ki3.t"i

iv.==I2tKi3.I"E
i3=1'e+KiswJ"3

T2==T2+Kl#wT2

yer  thickness  and

g and


