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                                 Summary

   A  simple  integral-type boundary-layer calculation  method  is applied  to the prediction
of ship  viscous  resistance,  A  calcu]ation  method  for the  vortex  resistance  due  to the  stern

bilge vortex  is evaluated  irom  the  energy-loss  concept  using  the crossfiow  quantities in the

stern  boundary  layer. Thc  ship  viscous  resistance  thus  consists  both  of  the  streamwise

momentum  loss and  of  the cross  fiow energy  loss. A  rcgrcssion  analysis  of  the resistance

shows  a  fairly good  agreement  betweep  the  theory and  experiments.

   Thc  lecal development  of  the  viscous  resistance  components  near  stern  is also  discussed

in terrns o'E the  boundary  layer quantities. The  potential-flow quantities like pressure gra-
dient  and  streamline  converg'ence  are  related  to the  boundai'y layer development  and  thell

thc  viscous  rcsistance.  The  prcscnt method  can  be  applied  to ship  stern  form  improvement

for reducing  viscous  resistance.

1. Introduction

  Among  the calculation  metbods  of  ship

boundary !ayer, kinds of  the second  order

theory which  take into account  the effect  of

pressure field on  the stern  boundary  layer
development,  Iike Soejima,i) Nagamatsu,2)  and

Muraoka,3) seem  at  present to be most  p. ro-

spective.  However, more  effort  would  be
necessary  for the  prediction of  the  velocity

field near  propeller disk even  by  these methods.

  On  the other  hand, it is also  important  to
use  existing  simple  integral methods,  like
Hatano,`) Hirneno,5) Tanaka,S) and  Okuno'sO
mcthods  for the improvement of ship  stern

hull form, for the prediction of  stern  fiow in
the region  between  SS3 to SSI, and  for thc
analysis  ef  ship  hull roughness,  etc,  The

present paper stands  on  the latter point of
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view,  and  proposes a  new  method  oi  prediet-
ing ship  viscous  resistance  using  the  simple

boundary  Iayer theory.

  Many  attempts  have  so  far been done to

predict the  ship  viscous  resistance  by the use

ei  Squire and  Young's  methQd,S)  like Hatano,9)
Uberoi,iO) Nagamatsu,ii) Granville,i2) Hesst:)
and  Hoffman.i`) These  metliods,  however,  do

not  take into account  the bilge vortex  effect.

Sasajima et ag,,i5) Tatinclaux,ie) and  Tanaka'T)
made  an  estimation  of  the bilge-vortex re-

sistnace  component  from  the measured  cross-

fiow values  and  pointed it can  not  be neg-

ligible, thougli, small  compared  to the total

viscous  rcsistance,  ,Besshoi8),'9),ZO) made  a

theorctical analysis  on  the vortex  resistance

which  is estimated  as  an  energy  Ioss in a  ship

hull section  due  to  the  potential crossfiow  along

girth line.

  In the present analysis,  the longitudinal
vortex  is assumed  to be the crossflow  in the
ship  boundary  layer and  the viscous  resistance

is assumed  to be the sum  of  the streamwise

mQmentum  loss derived from Squire and
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Young's
ioss expressed  as  an  integration form  using

boundary  layer guantities. In chapter  2 and

3 the discussions ef  the viscous  resistance  are

stated,  the relation  of  the  boundary  layer
characteristics  and  the stem  hull ferm is dis-
cussed  in chapter  4, and  in chapter  5 an  ap-

plication of  the present analysis  to the ship

form series  SR-l832i) and  SR-6122) are  shown,

2. Preliminary Consideration of  Vortex Re-
   sistance

  To  clarify  the meaning  of  the term  
"vortex

resistance,"  the analysis  of momentum  balance
in a  wake  with  a  swirl  motion  is carried  out,

  Let  an  axisymmetric  coordinate  system

(x, r, e) be defined as  in Fig,1 in a  far down-
stream  of  a  body, in which  U  represents  the
uni £orm  stream,  u  the wake  velocity  loss, w

the swirling  velocity  due  to a  Iongitudinal
vortex.  Put the origin  of x  at  the  starting

point ef  the  wake.  The  present analysis  starts

with  the same  sense  in the Rosenhead's text
boek,2S} The  equation  for the viscous  wake  is
expressed  in the form,

(u-u> oO." +w  
Ooi,'
 =t  oa.P 

+v(  
0o2
 , ̀+-;- Z", )

                                    <2.1)
               vz  1 OP

               r 
=7J"'b'i-

 (2･2)

(U-u) oO,i,' +ze' 
0oll
 + 

",Zev

 =v('9a2i"i'+  l"'Oo' 
",'-';'i')

                                    (2.3)
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-
 ox (M)+ o, (rW') 

=::O
 (2,4)

with  the following boundary  condition.

    for r=O,  v=w=O  )
                                    (2.5)
    for r-,too, za-o,  v-o,  f)-po j
Eq.  (2.2) shows  a  balance between the centri-

fugal force and  the  pressure, It can  be derived
from  integrating the above  equations  that

there are  three constants  in this system,  i.e,,
the  reistance  R, the fiux e, and  the angular

momentum  M  as  follows,
        

rte

  R=2"ts,r{(Po-P)+ptt(U-u)}ar==const,
                                    (2,6)

  e=: 2rr!,OO rudr  =:  con  st, (2,7)

  M==  2"pS,Oe r2v(U-  u) dr== censt,  <2,8)

However, the circulation  r  due to the swirl  is
net  conserved  in this wake  fiow model.  These
constants  should  be prescribed by  the body
Iocated in front of  the wake,  so  that they can

be used  as  the integration constants  when  the
equations  are  solved.

  We  assume  the velocities  u, w, and  zv are

small  compared  to U  and  define a  variable  v
as  the form,

               v==rV  
4\.

 (2.g)
And  assuming  the damping rate  of  the velo-

cltles  as

        tfocxrmf(op),  vo  xmng(op)  (2.10)
we  can  determine  the  factors from  eqs.  (2.2>,
(2.4), (2.6) and  (2,8) as  fellows,

 uocx-if(op),  vocx-312g(ny),  w,xx-31",  pocx'3
                                   (2,11)
The  variables  v, te,, and  P thus. diamp out  faster
than  tt, Ii we  expand  the  so]utions  as

    Z=-=rmii,'."di,'.'[I[, 
V/
-nt.-")#as1..i

 (2.i2)

the orders  of  damping  should  be the following.

   sls,il:lg::Ill･ 
o(vi):-o(.,)=,,.-,,,)

 l
                                   (2.l3)
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Therefore, only  the term  ui  is ef  the first order

and  its solution  is well  known  as  an  axisym-

metric  wake.  FrQm  eq.  (2.1) we  ebtain

          U'Z"i=X,('jua';i') (2,i4)

and  putting eq.  (2.11) the equation  for f is

written  as

          (olf'}'+2w2f'+41zf=:O (2.15)
with  tlie boundary conditions  that f==O at

center  and  infinity. The solution  is expressed
as

                  R,
                      erv2  (2,16)            Ul==
                4"pvx

where  the constant  Ri is given as

        Ri=2vrpUigyr"idT=pUei (2.17)

This fir$t order  solution  is well  known  and

does net  include the effects  of  the swirl  nor  the

pressure.
  We  can  proceed on  the second  order  solu-
                                   .
tions. First for u2  we  obtain  the iollowing
form from eq.  (2.1).

       u-Zik2 --il- 8i (r- $"}-2)
         =.,  

0o".t
 
-,,,-{li-i-+t

 glf) 
-
 (2.ls)

If we  treat the righthand  side  of  eq.  (2,l8)
separately  as  the inertia effect  and  the pres-
sure  effect,  we  can  first assume  the solution  for

the inertia effect as

                 UA,
                     f2(v) (2.19)             u!=---
                  X2

and  the equation  forf2 becomes the form,

        (of2')'-t-2op2f2'+8zlf2==operLvL' (2.20)
The  solution  is expressed  as

       "2=  
Aari22'e-2"2(212+'iop`+''')

 (2'21)

Putting u2  into eq.  (2.18) excluding  the pres-
sure  term  and  integrating zzTe obtain

      2-pi:rU'u2dr==2Tp!:rut2ar (2.22)
When  we  compare  the above  equation  to the

expansion  oi  eq.  (2,6)
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   R=2npi",erUutdr-2np!"o'tti:rdu

      +2api:rU"Edr+･･･+2fiS@-pi)rar
                                 (2.23)
we  can  see  that the resistance  due  to u:  com-

pensates with  the  higher order  term  of  ui,

and  that the higher order  inertia terms  do not

contribute  for resistance,

  We  next  consider  the  pressure effect  in eq,

(2,18). Beforehandi, we  have  to  obtain  the

solutions  for P and  v. Expanding  eq.  (2.3)
we  obtain

      u-O,-"i-v(-e,-E,",,i+"0,V,t--;÷1) (2.24)

and  assume

             vt==Bx-"/2g(op)  (2.25)
then the equation  for the similar  profile for vi is

      v2g"'+(2opS+v)g'+(6v2-l)g=O (2.26)
The  solutien  can  easily  be obtained  as

        "i=:'1  6M'fiSu( ,U- )3f2 ne-'2 (2.27)

in which  the constant  Mi  is the first order

term  of  M  in eq,  (2.8). The  pressure Pi is
derived from eq,  (2.2).

   Pi-Po==- iPoLU.', (ttue)2(-,-U. )3e-2v: (2 2s)

The  profiles 
'ior

 vi and  Pi are  quite analogous

to Rankine model,  I?or the pressure effect

on  tt in eq,  (2.18), the form of  "2  should  be ex-

pressed as

                 UA,
                     f(op) (2.29)             f･t2==
                  Xs

which  means  the pressure effect  is of  the third

order,  The  solution  can  be obtained  as  the
'form,

    U2 =:: 
'
 2sZn2 ( pMJi2 )2( vUx )2 e-2v2  I.j

        +-;-w2+ 6i4 op`+･･･l (2.3e)

VLre thus realize  the situation  that the swirling

flow vi which  damps  as  O(x-3i2) creates  the

pressure drop of  O(x-3) and  leads to the velo-
sity  increment u2  in eq.  (2.30).
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            A  Prediction Method  for Ship Viscous

  This relation  is also  confirmed  in the mo-

mentum  balance, The  effect  of  vortex  flow
corresponds  to the pressure term in eq.  <2,23)
which  we  can  define as  RvoE,

   R,..=27TI(fb,-p,)ra7== !elg (-b]u-C.-ti)2
                                   (2.3I)
Further  defining R2 as  the resistance  com-

ponent due  to u2  in eq.  <2,30), i.e., the pressure
effect,  then  frem eq.  (2,23) we  obtain

     R==:2np[rUtadv+2zpivUu2dr

         +2z
"

S (Po-P)rdr =R!+R2+RveR

                                   (2.32)
in which  the inertia effect  has been omitted.

If we  integrate eq.  (2,I8> excluding  the inertia
terms of tti, we  also  obtain

              R2 ==  -RvoR  C2,33)
which  means  the pressure resistance  due to
swirl  RvoR balances the corresponding  mo-

mentum  increment R2. Then  the immediate
result  is R=Ri  which  seems  there is no  in-
fluence of  vortex.  However,  the  velocities

ui  and  u2  can  not  be separated  in actual  fiow,
Therefore the sum  o'f Ri and  R2, i.e.,

             RMoM=Ri+R2  (2.34)
is only  the measurable  quantity, and  the ex-
    .presslon

             R=:R}io,f+Rvo]  (2.35)
ean  be considered  as  a  meaningful  form. In
this case  an  integratien of  eqs.  (2.2) and

(2,31)

           RvoR=[:=-Il-wi2･27rrdr (2,36)
                 v

corresponds  to the  ordinary  definitien oi  the

vortex  resistance,

           R.....[g(v,2+w.2)dA (2,37)
                 v

  The  vortex  resistance  RvoB damps  as  O(x-2)
in the wake  and  the momentum-loss  resistance

RMoM increases correspondingly.  In engineer-

ing sense,  however, we  can  diefine Rveit as  its
rnaximum,  The  present analysis  on  the

Resistance by  Boundary  Layer  Theory  77

 simple  wake  model  can  reascbnably  be applied

 to the ship  stern  wake  flew in which  the

 swirling  fiow due to longitudinal vortex  cer-

 responds  to the vortex  resistsnce  Rvott.

 3. Method for Predicting Viscous Resistance

   The  authors  proposes here a  method  of

 calculating  the two components  R][o]i and

 Rvon in the preceding section  by  using  the

 solutions  of  the ordinary  firs't order  boundary

 iayer theory, Take  the streamline  coordinates

 (s, n, g) as in Fig, 2, wliere  n  represents  equi-

 potential line and  g the outward  normal.

 We  assume  the boundary  layer equations  con-

 tinue to hold in the wake  reg/[on.

   For  the  streamwise  momentum-less  re-

 sistance  RiioM, we  can  adopt  the ordinary

 Squire and  Young]s  formulaB) as  used  in
 common.

             Rrm,==pU2[e.a･rt. (3.1)

 The  subscript  "oo"  rebresents  the infinite

 downstream. Neglecting the streamline  curva-

       N

-

" s

               c

Fig. 2 Streamline co[,rdinates

  

Vn

    C Keel

Fig,  3 Crossplane fiew  component

x
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             This means

             the upward

'6Fig.

 4 Crossfiow profileco

ture K2  in the wake  region,  we  can  convert  the
integral to the  stern  region.

      R'[m[=:PU2i,,.,, 0( 
Uff
 ) 

CE'1

 
5)X2

 an (3,2)

The value  can  be taken as  its maximum  over

stern  sections  and  the variable  n  as  the girth
coerdinate  at  the section  considered.

  For the longitudinal vortex,  we  assume  j±
is an  appearance  of  the verticity  in the bound-
ary  layer, From  Fig, 2 we  ebtain

                  Os 0n
                                    (S.3)                    +Wn'            Wx==tos

                 0x                         0x

in which  the vorticity  component  along  the

normal  is neglected.  Within the boundary
layer approximation  we  can  assume

                 0v 0u

           
Ws==-La'g,

 
bln=vorg'-

 (3･4)

which  means  that thc components  tos and  ciln

are  tl)e eontributions  oi  the crossfiow  and  the
streamwise  velocity  !oss respectively,  as

shown  in I!ig. 3. For the cross  fiow component,
the integration of  the  vorticity  from a  point
close  to wall  to the  outer  edge,  as  shown  in

Fig, 4, gives a  circulation  density 7s per unit

girth length ,

           7s=-il,OsaS=-V(go) (3,5)

Similarly, the circulation  7nx which  is a  pro-

jection oi  the n-component  to x-axis, can  be
obtained  as  follows.

     7s==-Sfi,ci)n･-oa-:-dg=:-u,g:iv. (3,6)

Therefore, assuming  estOx nearly  equal  to

unity,  we  obtain  thc ferm.

              7x==7s+7nx  (3,7)

           that  the  circulation  consists  of

           velocity  at  the edge  (7nx) and

the downward  velocity  ncar  wall  (7s), in
which  the  iormer is negligible  in the wake  by
boundary layer assumption  and  the latter

goes downstream but it also  damps  out  in the
wakedownstream.20  Thereforethernaximum
oi  7s talces place on  tlie ship  hull region.  In
the  boundary  layer region,  the circulation

density 7!s can  be calculated  by  assuming

power  law and  Mager model  for the velocity

profile,

7s 
=

 
-k

 cfe tan f7w , fe 
:=

 
-(ii

 L- [S3 )- , ( fl ii 5 )`ffLi'fe
                                    (3.8)
where  19w stands  for the wall  crossflow  angle.

  For estimating  the vortex  resistance,  we

assume  tl]at the circulation  -/s  due  to the cress-

fiow is located along  the girth line in a  cross

section  and  that it flows downstream  along  x-

axis  with  the  velocity  U. So the crossfiow

energy  in the Trefftz plane created  by  the
circulation  7s can  be considered  as  a  measure

of the  vortex  energy,  which  is expressed  as

the forni,

     RYOR=-2P-7'r'iS:.tr,7`(Z)1'S(Z')

            
･in
 {4z--t-mZzllSlil)) aifdi (3.g)

where  Z  and  Z' represent  girth coordinates  in

complex  form.

  The  total viscous  resistance  can  thus be
considered  to be the sum  oi  the preceding two
components,  For practical use,  however, we

have to introduce empirical  constants  to the
expression  of  the viscous  resistance  as  follows,

           Rv=CiRNeM+C2Rvo]  <3,IO)
where  the censtants  can  be determined by
fitting the present formula to some  series

model  test data,

4. Stern Hull Form  and  Boundary  Layer

  The  discussions in the preceding section

indicatcs that tbe  boundary  layer calculatlon

at  ship  stern  is meaningful  because it gives a
di$tribution of  the viscous  resistance  com-
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ponents over  the hull, For instance, the
expresslon,

           e..=e( YTe)C"'5)i2 e.1)

is interpreted as  a  density distribution of  the
momentum  loss resistance  RMoM. Since the
wall  crossfiow  angle  is proportional to the
circulation  density 7s, its distribution on  the
hull determines the vortex  resistance  as  in
eq,  (3,9), If we  can  control  these  factors
by changing  the  hull configuration,  that  will

be quite helpful for the improvement  of  ship

hull forrn.

  On  the other  hand, even  a  potential fiow
calculation,  without  so!ving  boundary  Iayer
equatiQns,  would  also  be helpful for estimating
the boundary  Iayer development.  A  simple

integral-type boundary Iayer equations  can

be written  in the form,

              au,  a0                                  0U'e
 o, (Ua2e)+Ueffe o,-+  o.. (Ue2ei2)+ Ue6g'b}l"

  -K2Ue2(ei2+e2i)-KtUe2(e-022)=tcfUe2

                                  (4.2)
 o a
en ( UeZe22) +' 

'orms
 (Ue2e2i) 

-2Ki
 Ue2e2i

                     1
  

-K2Ue2(e22-e-He)=E-cfUe2tanfi.
 (4.3)

The thicknesses Oi2, e2Li, and  fi2 are  related  to the
crossfiow  angle, and  cf, Ki, and  K2 represent,

respectively,  local wal1  friction coeMcient,

streamline  convergence  rate  and  streamline

curvature.  The  small  cressfiow  assumption

gives the following form.

   Z/I--;-cf=:e[K,-(Hi2) 
aoU,e]

 (4.4)

    d I

   
ra'g'(

 
Ue2e2i)

 
rm
 2Ki Ue2e2i- icf Ue2 tan "w

     =K2Ue2e("+1)  (4.5)
Neglecting the term  cf in the stern  region  and

replacing  H+2  to  a  constant,  say,  3.3, the
following iactor

                   3,3 0Ue

           
PZ=Kirm

 u, o, (4'6)

represents  a  logarithmic rate  of  the growth of
the momentum  thickness. We  shall  hereafter
call  Pg modified  pressure gradient factor,
which  can  be obtained  by  potential flow cal-

culation.  As Tanaka  et al.6) pointed out,  the
wall  crossflow  angle  19w depends highly on  the
value  of  the  streamline  curvature  K2  as  is
scen  in eq.  (4,5), which  is also  obtainable  from
inviscid calculation.

                  1 OUe
             K2='UEnbn                                  (4.7)

  Consequently, the boundary  layer develop-
ment  and  the viscous  resistance  distribution
on  the  hull can  roughly  be esitimated  from the

quantities P2 and  K2 by  p)tential fiow cal-

culation,  which  are  also  useful  for ship  hull
improvement, as  well  as  the boundary  layer
solutions.

5. Calculatien Results and  I)iscussions

  The  present method  is applied  to two  series

ship  forms, One  is named  SR183  which  in-
cludes  6 wide-beam  small-draft  hull lorms with
a  stern  bulb, except  for the mother  model

SR183A, The  principal dimensions are shown

 Table  1 Principal dimensions  of  SR-183  models

                      SFJ8]])  SR].S3E  SRIa3e-

                       tttt tttttttrttttttt tttt tt t tt t tttt t

                      O.E04]  O.60S4  O.fi040

                      O.5!10  O.E241  O.S!21

                       l::O :ii::7 lil::i
                       O]92 L.OGE8  1.P40S

  Sha ±t  center  hek.,hL 4S,a  msu.  ., L'n=O.2fi  , Hn=2.046xl05

  Table 2 Principal dimensions oi  SR-61  models

                       
'ill-cpn)y/o

 v;.s.(mpJ

                       
'-1

 o.74o  e,.?.s.oL-I['

                        -i'--:i!l: :ii::
                       #i ""i'lsg･11:- iilli
                          O.5g2  B.E24

                         
'
 o.6T,ium'.It.n4Es

                         
i:i:i;

 :i::;
                       

'L'
 o.7!fi  B.7o6

                          o.77s  s.7oe

                          O.828  B.71g

 V "]othar  Eorm  t i'n [ o.1 , Rii r 4.ogilia=E"

M.S.No.tt.....SRIslAsRIE3]sRlalclsr,

Lpp[m) 2.02SO

B[m] o.4soo

d[m] O.l]24

O.6040]O.G041' O.6039.o.

±F,=ILO.62271O.E22"tt O.5226o.'
CJklIO.7SS3-rMh'T"tt./t.1 ..]a.IS81'e.7sslo.

iLcb+--..･--il-.s..7BlL7SOl.'t71l.

[m']1.0!19La]4o1.o]efil.

1/!il.S.Ne.L{m)LIB]fdCutcb[l'

,1],syl6.0''6.02.76O.7E":il'fio

llsg2t-.-..6.0G.O2.7E'O.HOttttt--1,.4g
/'lsg]/ 6.06.02.T6o.g2-1.49

1lt)D4e=r:'6.0E.e6:.9.S.52.76lO.S4"1.4P

165? I].06o.gl-.L4g

16596.0S.7S'[3.06O.B2-1,4g

1661'6.0G.D3.0GD.Sl-!.49

16S86.oS.5?.76O.a2/-1.49'

16606.0S.752.76o.g2-L49

17Sl6.e6.o2.76O.EOn2.2e

11S26.a6.0?.76o.ao'-].02

17Sl6.e6.02.76O.BO-1.80
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listed in Table 2,
  Hess  and  Smith's method  is used  for the

potential flow calculation,  and  Okuno's method
for the beundary  layer calculation.

  The potential streamlines  of SR  183 forms in

Fig. 5 indicates the difference of  the design
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concept  for each  ship  iorm, i.e,, the stream-

lines of Models  B  and  C go lower near  the  bulb,
and  those of  Models C, D, and  E  go upward

at  the side  hull accerding  to the inclination of
the irame lines there. The  medified  pressure
gradient P2 in Fig, 6, the momentum  thickness
e in Fig. 7, and  in Fig, 8 express  corresponding

               gVt
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Fig. 10 XVall  crossfiow  at  S,S.1
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Circulation density o,s d'ue to the  crossflow

in boundary  layer at  S,S.1

deviations to the  difference of  hull form.
The  peak of  the momentum  thickness appears
at  the streamline  No. 17 which  comes  irom
bilge circle,  mostly  suffers  from the effect  of

the streamline  convergence  and  the pressure
gradient,
  The  streamline  curvature  in Fig. 9, the wall

crossflow  angle  in Fig. 10, and  the circulatien
density are  also  related  each  ether.  Model  E
seems  to have  small  crossfiow  in the whole,

since  its frame line is highly of  buttock-flow
type, Fig, 12 shows  the profile of the up-

Nsiard  inviscid velocity  Vn  for reference.  Figs.
1S and  14 represent  longitudinal distributions of

the  resistance  components  R][oi[ and  RvoH, To
avoid  confusion  due  to the nurnerical  diver-

gence, the value  of  RMour i･.s taken  at  the
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station  SSI in Fig, 13. Taking  1,s, not  7nx,
for the circulation  density to  calculate  Ryoi{,
and  determining  its maximum  value  as  shown

in Fig. 14, we  have the following regression

Fig.

    A BC DE  IJ

             Model

15 Comparison  oi  Reststance components

formula  for the series  SR183.

       Cv=O,91tlCNo"[+1.399Cvom (5,1)
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The  constants  are  obtained  by  fitting the
estimated  values  to the experiment  carried

out  at  Sasebo Heavy  Industires. The  coef-

ficients C}[o}f and  C\oR  are  in dimensienless
form with  I12pSU2.  Fig. 15 shows  a  com-

parison ef  the resistance  co/mponents  among

tlie models,  in which  Model  E  shows  smallest

resistance  both  in the momentum  loss and  in
the  vortex  resistance.  The  case  in which  the
value  7nm is taken does not  seem  so  well  as

case  of  7s.
  Figs, l6, 17, and  18 show  similar  analyses  for
the series  SR61  tanker form, In this case  we

obtain  the regression  equatien,

         Cv:=:1,25C,io"irtNl,10CvoR (5･2)
in which  the values  of  the coeracients  differ
from  the iormer case.  For practical use,  we

have  to determine appropriate  values  for the
coethcients  according  to specified  series  form.

6. Conclusions

  A  new  approach  to predict ship  viscous

resistance  is proposed using  existing  simple

bottndary layer calculation  method,  The  fol-
lowing can  be concluded.

  (i) For  axisymmetTic  swirling  wake  flow,
the second  order  solutions  are  obtained.  The
swirl  is associated  with  a  pressure drop and  an
increment of  the wake  velocity,

  (ii) Taking the pressure d/rop as  the vortex

resistance,  it damps  in the  "xake,  and  accord-

ingly the momentum  loss increases and  ap-

proaches to a  constant  in a  fa,r downstream.
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  (iii) Defining the vortex  resistance  as  it$

maximum  va!ue,  it is applied  to the  ship

stern  flow. The  viscous  resistance  is assumed

to consist  of two  compenents,  i.e., the mo-

menturn  loss resistance  and  the vortex  re-

sistance,  both of  which  can  be calculated  by

the boundary Iayer quantities,
  (iv) Importance of  the hull distribution of

these resistance  components  is pointed out

from  the point of  hull form improvement.  A

new  parameter, callec{  modified  pressure gra-
dient, and  the strealine  curvature  are  found to
be essential  factors for ship  boundary layer and

viscous  resistance  developrnents. And  both

of  these iactors are  obtainable  by  inviscid fiow

calculation.

  <v) The  present methods  are  applied  to

two  ship  form series,  and  their applicability  is

confirmed  througli comparisons  with  experi-

ments.
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