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                                 Abstract                          '

    The  scale  effects  of  the  boundary  layer and  wake  distfibution of  ships  witl}-  biige
vortices  are  investigated as  an  extension  of the  auther's  previous paper on  the  same

problem without  bilge vortices,  It is assumed  that  the fiow･ consists  of  the ordinary
wake  portion without  bilge voytices  and  the vortex  wake.  The  characteristics  oi  the
lal ter are  discussed firsUy with  the  main  purpose of inyestigating the  Reynolds  num-

.ber effects  on  the location ol  the vortex  center,  circulation,  velocity  and  ver,tici･ty

distributions. Secondly  a  method  of  correlating  the model  and  ship's  wal{e  is ?ro-
posed.

              1. Introduction

  This  paper describes the scale  effects  on  the
wake  distribution of ships  with  bilge vorticeg.

HeTe  the word  
`"wake"

 is used,  as  in'the auther's

prevlous paperi), to mean  the velocity  defect at

or  near  tlie propeller plane. It is not  strictly

restricted  to the  fiow field in the  downstream  o'f

the  stern  end,  but  is used  more  generally to

include the boundary  layer at  the stern.

  In the previous paper the aut･hor  described the
scale  effects  oll  wake  distribution without  the

eccurrence  of  bilge vortices.  More  previously
Sasajima and  the  present author2)  ivrote  a paper
on  the same  problem  ahd  proposed a  simple

method  te predict the  full scale  wake  fTom  the

model's  value.  Both  methods  seem  to have been
applied  for obtaining  the  wake  distribution oi  full
sca,le ships  with  bilge irertices  without  detailed
checking  about  the effect  ot longitudinal vortices
on  $cal,e  effects  of  stern  fiow field.

  Te  the present author,  however,  it seems  to

be necessary  to fuTther investigate ii such

boundary-layer-like  approaches  are  applicable

to the fiow with  vortices  of  lengi'tudinal axis

inside the boundary  layer, There are  some  ether

attemptsS)  for obtaining  the  ship  wake  distribu-
tion trom  model  tests but physical aspects  oi the

problem  seem  te  be sti11  missing.  All such

circumstances  gave the author  the  m.otivation

for this paper.
  In the fol!owing, discussiolls aTe  made  for
turbulent  fiow without  free surface,  Main  con-

  
"
 Osaka University

cern  is on  the effect  of  scale,  in other  wQrds',  t.he

effect  of  Reynolds nuinber  on  fiow  characteris-

tics, 
'

  2. Coneeptual structure  efboundary  layer

         and  wake  with  bilge vortices

  Boundary  layer and  wake  oE  three-dimensioii-

al  (3D) bodies  are  expressed  as the  distributions
of  transverse  and  longitudinal vortices  to the
fiow  at  infinity. In the case  without  3D  sepaia-

tien both vortices  adhefe  to the suTface  of  the

body  and  do  not  separate  irom it. Hence  the
longitudinal vortices  are  simply  the appearance

of  a  characteristic  ef  the  3D  boundary  layer
and  wake.  Thev  are  not  concentrated  at  a

particular point, 
"XVhile,

 in the  bodies witb  3D
separation,  there  are  concentr･  ations  of  longitudi-

nal  vortices  due  to separation  from  the  surface,

lilce bilge vortices  of  ships,  For this case,  which

we  have  in mind,  aslmplest  rnodel  oE  fiew field is
that  the  boundary  layer and  wake  consist  oi two

parts, one  the transverse  vortices  representing

the usual  boundary  Iayer and  wake  wkhout  sep-

aration  and  the other  the  longitudinal  separating

vertices  representing'  bilge vortices,  Both
vortices  erthogonally  intersect, so  the characteris-

tics of each  voxtex  are  p, robably  approximated

to be  independent  of  each  other,  i.e., the  exlstence

of  longitudinal  v･ortices  does not  affect  the

principal nature  of  the boundary  Iayer and  wake

and,  vice  versa,  the boundary  layer and  wake

does not  change  the  nature  of  lon.critudinal

vortices  as  a  first approximatien.  This is the
initial standpeint  of  this ptLper. Froni  this, the
characteristics  oi  the sole  lon.crirudinal vortex
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  important  diifference that  there is a  streng  fiow
  component  te in x  direction. Separated x-wise

  axis  vortices  have  no  time  to quicldy form  a  big
 separated  zone,  because  the  vortices  aie  earried

 away  by  u  to downstream  immediately after

 their generation. This suggests  the longitudinal

 vortices  generated  in the  boundary  layer do  not

 develop  into a  strong  vortices  outside  the bound-

 
ary

 Iayer, but  stay  inside or  near  tlie layer,

 unless  they  are  extremely  stTong  in strength
  

･
 3.2 The  abeve  discussion seems  to mean  there

 is no  essential  difference between the boulldary

 layer with  3D-separation vortices  and  the one

 witheut  them. Here  we  1]ave to mention  one

 condition  whitli  differentiates the  two  fiow

 fields in theorv. Let us  consider  the fiow field

 at  the  sepaTation  point Z. oi" a  longitudinal

 vertex  inside the boundary  Ia,ver. At  Zs. w

 cannot  fiow in the directiDn of  2, so, irom  con-

 tinuity conditien,  the flux has  to  be cliverted  to

 the other  directions. Since  we  assume  the fiow

 does not  change  much  in the x  directiou, it is

 sufficient  to consider  the  flux has to  g.o out  in

 the y direction, normal  to the surface  oi  the  body.
   Next, collsider  the amount  of  the fi"x. In

 simplest  though ±, the  quantity zie to be sep-

 arated  at  the separation  point will  be the portion
 of  fiow which  has less kinetic energy,  namely  the

 fiow inside the boundar}r layer. [I]hus,

     A9=I,S  zcr dy  (1)

 where  6 is the  thickness of  the boundary  layer.
 We  assume  the direction ei  flow vector  at  each

y inside the boundary  layer is the same,  Then
wocu.  so

    Ago  i,fi zf ay (2)

u  slightly  cl].an.ves  its shape  inside the boundary
layer according  to Re, Reynolds  nurnber,  but,
if we  neglece  it as  a  first approximation,  the
effect

 oE  Re is represented  by  O. Then  zi9
ls wrltten  as

             s
    

Ae
 
oc
 LllL･[zJ (3)

As.xLv.as explained  in the previous repert,  SfLoc
 VCF.  if xve  assume  the fiow  in consideration  is
the 2D  boundaiy  layer ior convenience,  where

CF is, exactly  speaking,  the  frictional :esistance

coecacient  of  the  ship  iip  to  the Iocation con-
sidering.

  CF, however, is nearly  equal  to the value  cor-

responding  to the  overall  ship,  because the
location we  consider  is allyhow  at  ±he stern  and

CF  does  not  change  appreciably  according  to
the location. Thus,

    Aeo  UL･  VCMF (4)

ps with  Bilge Vortic

are  c]iscussed  first, because the  ones  of the
boundary  layer and  wake  are  already  treated
before. Combined  whole  fiow field is discussed
next  with  a  comparison  of  the theory  and  ex-

perimentai  data.
     '
                            '  '

   3. Characteristics oflongitudiRal  vortides  .

  3.1 Flow  field near  bilge part at  the stern  is
schematica]ly

 shown  in Fig. 1. Bilge part at

ship's  bDttom  is Bearly  straight  and  the flozzr
direction here is nearly  along  the  center  line of
the  bottom. henee oblique  to the bilge, 

'which
 is

simila,r  to tl-ie fiow to a  yawed  body.' Thus,  the
orthogenal

 coordinate  axes  x,  y, .g are  conveniently

tal-'.en as  in the figure, Velocity components  in
each  axis  direction are  u,  v, w  iespecti'vly in the
boundary  layer, U, V, M)' being their values  at
the edge  of  the  boundaTy  layer. VaJtiation of

flow field in the direction of  ew" is considered  to  be
smail.

 3D  separation  eccurs  due to the  separa-1
tion  of  ]ateTal fiow component  tv  caused  by  pres-
sllre  .crradgent  in this direction. Separation  point
js Z.. (Fi.cr. 2)

  
The

 
floxv

 pattern in lateral y-g plane is quite
sip.iilar  to 2D  (two-dimensional) case  except  one

                  bottom center  1ine

          
      

      mline

    
    ron'le
          lne

'
          
          

 Fig. I FIow  near  the bilge part and  coordi-

       nate  axes

                   g
                  illN

    

    

    

    
   

                               z
Fi.cr. . 2 Schematic fiew pa,ttern in transverse

      section  near  separatiQn  place
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Since the initial normal  velocity  Av  is propor-
tional to A2, we  obtain  the following relation:

    Av  Dc  UVCF/; (5)
This shows  Av at  the sepaJ;ation  place causedi  by
the lateral fiow separation  is different accoring

to Re  and  varies  in proportion  to VCF  .

  In the  above  derivation  oi  Av, we  assumed  the

fiux to be infiuenced by the separation  is all the
quantity inside the boundary  layer. However,
there may  be  arguments  on  this point. If we

assume  the  pressure  gradient along  i  is not

strong  and  the velocity  component  u  is Iarge,

the normal  fiux occuring  as  the  result  of  separa-

tion will  be smaller  than  the  above  in quantity.
To  reflect  this into (1) or  <2) the  upper  limit 6 of

the integral has to be  changed  te, e.g., O" dis-
placementthickness. Then

    Av oc  ii' za dy  (6)

In  this expression  the  change  of  u  according  to
Re has  a  slightly  bigger infiuence on  the  value

ot  integration  because the  relative  importance  of

the integrand  to the  value  of  the integral is
bigger  than before due to the facts 6"<D. How-
ever  even  in this exp:ession,  under  the  same

assumption  for deriving  (3), it is easily  shown

the first approximation  for Av is

          6*
    Av 

oc
 U-]iil- (7)

which  leads  to

    Av oc  UCp  (8)

  It is alse  shown  that, if we  choose  e, momen-

tum  thickness, as  the upper  Iimit of the  integra}
instead of  6", Eg.  (8) is again  obtained  as  a  first
approximation.

  On  the eontrary,  if we  use  some  length  which

is bigger than  6 as  the upper  limit of  the  integral,
the effect  of  Re  on  the integral will  gradually
decrease  and  finally the integral reaches  te the
value  independent  of  Re. This  corresponds  to
the case  where  the vortex  fermation by  separa-

tion is very  big so  that  the vortex  moves  well

far out  ef  the inside of  the  boundary  layer.

  Thus, we  haxr･e many  different cases  regarding

Re dependency  ef  riv depending  on  the magnitude

of  the upper  limit of  the integral, i.e., the
strength  of  separated  vortex.  In  this paper we

restrict  eurselves  to a  slightly  limited flow
cenfiguration.  Namely,  let us  implicitly suppose
a  longitudinal  vortex  is insidg or  near  the bound-

ary  layer. This means  we  omit  a  veTy  strong  3D
separation  such  as  the  one  at  sharp  corners  of

delta wings.  Then,  in the  framework  of  the
boundary  layer theory, it seems  to us  that  the

possible length to be  used  as  the upper  limit in
general  way  will  be 8, The  reason  for this is that
6 is the  only  thickness  to designate the fiow  zene

which  has  less kinetic energ}T  and  hence is in-
fiuenced by  adverse  pressure  gradient,

  For the  other  two  cases  it seems  to  be  ditlicult

to give them  physical necessity  for the upper

limits, because we  can  conceive  more  different
distances other  than  the two.  So, let us  take  the

case  ef  Av proportional to 6fL as  a  representa-

tive one  expressing  the amount  of fiow  invelved

in the separation.  About  the other  cases  we

discuss later again.

  Now  let us  discuss the  location of  Iongitudinal

vortex  for this case.  Since we  obtained  the

normal  velocity  at  the separation  place, we  can

estimate  the  location  of  Iengitudinal  vortices  as

follows. Longitudinal  velocity  et is much  larger
than  Av. So, even  if u  suffers  a  slight  change

in magnitude  according  to change  in Re,  the

convective  nature  of  the  vortex  is the same

throughout the Re  change.  This means  the
longitudinal vortex  fiows downstream  under  the

combined  action  oi  the longitudinal  velocity,

which  has no  Re  dependency. andi  the  ini-
tial normal  velocity  to the surface,  which  is

proportional to S/L or  VCe  , Therefore, assuming
that  the  difference oi  the loca±ion of  the vortex

is only  caused  by  initial condition,  we  can  con-

clude  the  distance  ef  the longitudinal vortex

from  the surface  varies  according  to  VCnd7 .
  It is admitted,  hewever, that  some  arbitrari-

ness  exists  in deducing the  result  only  from the

initial condition.  But,  it is also  ±o  be  neted  that,
ii we  consider  a  consecutive  occurrence  of  3D
separation  along  a  separation  Iine, we  have  to

censider  a  cQnsecutive  distribution of  [lv on  it.

In  this case  we  obtain  the  same  conclusion  in

a more  amenable  manner.

  Now  let us  discuss the case  where  dv is pro-
portional to CF. Shice this case  is obtained  by
using  O" or  e as  the  upper  limit of  the  flow quanti-
ty to be involved in 3D  separation,  this corFes-

ponds te the  case  oi  very  weak  separation.

Eq.  (8) shows  that  the  longitudinal vortex  suffers

the Re  dependency  prop. ortional  to CF, instead of

Uerr 
,
 if the separation  is very  weak.

  To  look into this result  from  a  slightly  differ-
ent  direction. Iet us  consider  the, so-te-epeak,

limiting position oi  3D  separatien  vortex,  As
was  Te'ferred  to in 2, the  boundary  layer over

the body  surface  without  separation  can  be ex-

pressed  by  transverse  and  longitudinal  vortices

distributed over  the  surface.  From  the  stand-

point of the bcmndary  layer theory, vortices

existing  along  the normal  to the surface  inside

the boundary  layer can  be  repla.ced  by  a  con-

centrated  summed-up  vortex  placed at  the

NII-Electronic  
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 distance a* from  the suriace.  If the 3D  separa-

 tion tends  to be veTy  weak,  the  limiting configura-

 tion of  vortex  system  will  be  coincident  with  the

 one  without separation.  This suggests  the

 limiting position of  the longitudinal  vortex  is

 at  6*, i.e,, on  the  surface  of  the equivalent  body

 whose  surface  is expressed  by  adding  6* on  the

 original  surface.

   As this discussion  refers  to the location of

 vortex  in limiting condition  and  the  former
 discussion of Av proportional to CF does to the

 slope  of  a  streamline  to  carry  the vortex  to the

 downstream,  both do  not  necessarilv  mention

 the sarme  thing. However, both su"ggest  that

 the inner limit of  the  distance of  longitudinal

 vortex  Erom  the surface  is 6"fL and  proportiollal
 to CF, This nature  seems  to be noted  when  the

 longitudinal  vortex  is very  weak.

   A  supplementary  remarl<  is added  here. It is

 obvious  the effect  oi induced velocity  due  to
 image  vortices  has  also  to be considered  to de-
 termine  the locatien  of  the  Iongitudinal  vortex.

 Therefore the  Re dependency  also  appears  in
 this aspect  but this does  not  matter,  at  Ieast

 to the distanee of  the vortex  irom  the  wall.

 FurtheTmore, exactly  speaking,  the  final solution
to express  the location of  the vortex  is to be
determined by considering  the balancing con-

dition existing  between  the location  of  the
vertex,  the circulation  strength,  and  the  separa-

tion place. This condition  will  be very  pre-
dominant  if the  circulation  of  vortex  is very

strong  and  the  longitudinal  velocity  component

is very  weak.  For the analysis  ef  fiow  field of
very  full ships  with  very  streng,  clear  trailing
vortices,  it may  be necessary  to consider  this
feature of separated  fiow, but in this paper  we

ornit  this kind o £ consideration  as  the  outside  of

the general framework  oi  the  present theory.
  3.3 Next  let us  consider  the  scale  effect  of  the
strength  of  circulation  J'. As  to this the  answer

is simple,  From  the  discussion above,  it is
obvious  the circulation  oi  the vortex  is determined
by  the lateral component  of  velecity  PV at  the
outside  of  the  boundary  layer. va  chaRges  its
value  slightly  according  to Re  because  the fiow
outside  the boundary  layer is affected  by  the
thiclcness of  the Iayer, which  differs as  Re
changes,  as  is well  kBown. But  we  can  negleet

this change  in the framework  of  the  present
paper so  it is concluded  that  Ii of  the  longitudi-
nal  vortex  is constant  in non-dimensional  form,
namely  in the form  of  r  divided by  the  product
of  representative  speed  and  length.

  3.4 Next,  the viscous  aspects  in characteris-

tics of  a  lengitudinal  vortex  are  to be discussed,
As was  explained  in the  preceding section,  the
location of  the vortex  cen ±er  and  the strength  oi

tion of  Ships with  Bilge Vortiees 81

  circulation  were  obtained  corresponding  te Re.

  Next  items to be  investigated  are  the velocity

  and  voTticity  distribution in viscous,  turbulent

  longitudinal  vortex.  As  is written  in 2, the meth-

  od  in this paper is to assume  that the charac-

  teristics of  longitudinal vortex  are  independently

  separated  from  the  ordinary,  transverse boundary

  layer components.  Therefore, if we  obtain  the

  characteristics  of  a  sole  Iongitudinal vortex  in

  uniform  axial  flew, we  can  simply  add  them  to

  the characteristics  of  the ofdinary  boundary

  layer. A  reason  for ±hls is that  the  velocity

  distribution where  the longitudinal vortex  is

  located can  be approximated  as  uniform  as  a

  first approximation,  although  it is obvious  that

  it is more  plausible to take  into account  o'E many

  detailed aspects  of each  basic flow and  their

  interaction, Batchelor`) wrote  a  paper about  a

  similar  fiow in laminar conditien.  Now.  with

  a  longitudinal voTtex  in the boundary  layer in

  mind,  we  consider  the analogy  between  the

  laminar and  turbulent cases.

    If we  consider  a  longitudinal  vortex  placed in
  a  uniform  fiow, a  possible method  to correlate

  the Iaminar  solution  with  the turbulent  one  is

  to replace  kinematic  viscosity  v with eddy  viscos-

  ity vT. In principle vr  slightly  changes  its value

  according  to the  scale,  configuration  and  charac-

  teristics of  the fiow. But,  as  is well  known,  the

 change  is gentle  and  ±his method  of  correlation

 was  proved to be  effective  in rnany  boundary

 layer and  wake  pToblems. Therefore we  try to

 apply  this method  te the present  problem.
   Clauser  found  a  useful  expression  for vT in 2D
 boundary  layer, Le.: '

      U6*
       vT  

==56='a(constant)
 (g)

 The  process  to obtain  the Re dependency  of

 turbulent  so]ution  is to use  vr instead oi y in the

 laminar  solution  ebtained  by  Batchelor,  then  to

 use  the relation  6*IL oc  CF  .

   In  this subsection  different netations  from

 preceding subsections  are  used  as  shown  in Fig.

 3, A  longitudinal vortex  is placed in a  uniform

 fiow. x  axis  is at  the center  of  the  vortex  whose

 origin  coincides  with  the  erigin  of  the vortex  and

 f  axis  expresses  the distance  from  the center.

 All things  are  axially  symmetric,  u,  v, w  are  the
 velocity  components  along  x,  f, and  circum-

 Eerential directions respectively.  U  is the  a: wise

 velocity  at  r-co.  Batchelor's  solution  is written
 as  follews in downstream.

 x-wise  velocity:

     U==  Une 32f-,Zpx (log 
UvX

 )eHny
           +Higher  Order  Terms  (10)

NII-Electronic  
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Fig. 3 Coordinate axes  and  velocity  com-

      ponents for longitudinal  vortex
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L,ft 
S

7tLl

cb

67

d?=f'CFS

where

       U. TZ

    V -  

-4if,.
 , (l l)

and  T  is the circulation  of  the vortex  at  r-co.

Circulation:

    27rr[v=T(1-eHT) (12)
Longitudinal vorticity  component  having x-

wlse  axls:

        ur
    

bl==
 4nyx 

er"
 (l3)

AII these  solutions  are  derived under  the bound-
ary  layer approximation:

                  oo
    

u<
 
U,

 
V<W,

 nx <it  '

  These solutions  show  us  rmany  interesting and

important characteristics  oE  the  lengitudinal  vor-

tex such  as  x-wise  or  
･y-wise

 velocity  distributions.
However, in the following, we  concentrate  our

attention  to the effect  of  Re  on  r-wise  distribu-
tion in velocity  and  vorticity.  Namely,  we

compare  various  quantites between  two Res
corresponding  to model  and  ship  conditions  at

the same  value  of  m/L,  where  IL is the length  of

model  or  ship.

  Now,  putting (9) into (11), we  obtain  the ex-

pression ef  v for turbulent  fiow as  follows.

    ij= 
-41ilfx2

 =Sxr62*=constx  
xf(i{l611e/L

 (n)

  We  take  two  ops, one  in model  scale  and  the
ether  in ship  scale, Sufixes m  and  s  are  used  to
signify  the respective  cases,  Let us  consider  the
two  points where  opm==vs and  call  them  the cor-

responding  points each  other,  For these points.
the relationship  between (rlL}m and  C7fL)s is

given as  fellows, remembering  that  we  compare

the points with  the same  x,IL:

Fi.o-. 4Correlation
wake  ef  longitud
model

aV

    cottesponding  points

      method  for vorticity  and

          inai vortex  between

  and  ship

±
L

   (f),==(f).xVg/,'l,B:-(f).xV-c.g: <is}

To  derive  the last term  trom the  middle  in Eg.

 (15), the Telation  6*fLocCe was  used  as  before.

  The  ¢ erresponding  points play  a  crucial  role
in the correlation  of  velocity  and  vorticity  distri-
butions between  model  and  ship,  because the
r-Nzdse  distributions of  them  are  all uniquely

decided by  op. As shown  in Eq. (15), if we  con-
tract the model  abscissa  (r/L}m in the ratio  of

 VCesfCFm, we  obtain  the ship  abscissa  (rLIL)s to
achieve  the similaTitv  in this direction. In other

words,  the  radius  of  the vortex  in ship  scale  is
smaller  than  the model  in the ratio  of  VCFs/CFm ,
  Next, let us  check  the vorticity  distribution.
From  eq.  (13) we  ebtain  the iollowing:

     wL                IT I

     u  
=COnstX

 uL  6*!i:xfl. 
e-o

 (l6)

As  was  explained  before ll/UL==const., therefore

    tuL  l

     uOC  6*/L 
e-V

 (l 7)

at  the same  value  of  xlL.  Therefore, at  the  cor-
responding  points betMreen inodel  and  ship

   (bluL),=(!:L7).x((66",lfLL)>Lma,==(WrvuLLIS.,xCce.? os)

The  ordinate  of  ceLIU  in ship  scale  is CFm!CFs
times the  value  of  oLfU  in model  scale,  i.e. the
ship's  vorticity  in non-dimensiena]  form  is
larger than the  model's  value.  Fig. 4 is the  il-
lustration of  the correlation  oi vorticity  between
model  and  ship.

  For the wake  (U-u)/[J, we  obtain
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!LuzLt!L':=const

×(-Llf"i')2il/l'Lr6*ilL
            × log(fi lj-.ocIL ) e-o
            +Higher  Order Terms.  (19)

 In this eq.  Re  dependency  through  a* appears  in

 two  places, at  tlie Dutside  of  log and  the inside
 of  it. Re  dependency from  the latter makes  the

 discussion slightly  ebscure,  so  let us  make  some

 approximation  here. If we  consider  a  little far

 downstream  froni the origin  of  the  vortex,  say

 xfa"==O(IO),  the  difference of  a'/L accerding  to

 Re  does not  much  change  the value  of  leg, The

 situation  is niore  and  more  true if we  consider

 farther downstream,  It is however,  quite obvious
that  there is a  question whether  or  not  the loca-

 tien of  fiow field we  are  now  considering  really

correspends  to the  flow far downstream.  But,

 for the purpose of  obta.inin.tr･ a  .crood  in$ight into
 a  iundamental  characteristic  about  the  Re
･dependeney,

 let us  ne.crlect  the effect  irom the
log-term  as  secondary.  Then,  we  obtahi  the next
equation:

     U-u  1

     
'u

 
oc'bglte-o

 (2o)

at  tl'ie same  value  oi  xlL,  "rhich  is again  the same
as  eq.  (I7). Therefore,  like toLfCJ,

     (UI-fU'i),=(mUiU).× ?3**um11LL))M,
             =(U[iU).x  

CcE.!
 (21)

at  the corresponding  points ei model  and  ship,

Thus  the similarity  Iaw  of  the wake  distribution
is the same  as  the vorticity  in non-dimensional

form.  Fig. 4 is also  serves  as  the illustration of
wa]<e  correlation  between model  and  ship.

  4. Scaie effkicts of  the boundary  ]ayer and

       wake  with  longitudinal vortices

  In this section  we  superpose  the characteris-

tics oi the  boundar}r layer and  walce  ebtained  in
the  earlier  paper and  the ones  of  the longitudinal

vertex  explained  in this paper,  attempting  to
ebtain  the  correlation  law between the  model

and  ship  scale, Explanation  is made  assumin.cr

that  "re  consider  such  parts of  the boundary
layer and  vortex  as  are  located very  close  to the
end  of  the  stern.

  In the previous paper.  the author  explained

the  correlation  laws ior the  boundary  layer and

walce,  in -Fhich  there were  several  cases  accord-

ing  as  the fi6w is 2D  or  3D  and  the boundary
layer er  the wake.  Here, for convenience  sake,

let us  take the case  of  the 2D  boundary  layer and

potentialwake
ux

S

ba

--- -- -

a

ofv
Uee

ptX.Medge

vortexwake

c centerofvortex

Uedgeofvortex

2 -k d-c CFMCFS

-

vortex

Sij`L

'

 (For  $implicity.  "  ratio  is odopted

  for the  ordinary  porticn of wake  
,
 Fer the

  lecation of vortex  , J75F preportienolity

  js assumed  
,
 )

Fig. 5 Correlation method  for wal{e  with

      longitudinal vortex  between  model

      and  ship  (VCi contraction  rnethod

      Eor the Iocation of  vortex).

wake.  (Henceforth the  boundary  layer and  wal<e

is ca.IIed wake  only  for the sake  oi  convenience.)

Accerding to the previous result.  the non-dimen-

sional  thickness  of the wake  SfL is proportional
to VCLF and  the non-dimensional  velocity  defect
in viscous  flow portion, (U-")1U, is proport]ional
to VC"  at  the same  non-dimensional  distance
from  the wall,  y16 (or in other  words,  at  the  cor-

responding  point). In this corre!ation  method,

inviscid, potential fiow portion  sheuld  not  be
counted  in velocity  defect.

  VVith this result  and  the  characteristics  oi  a

vortex  at  hand,  we  can  predict  the  full scale  wake

distribution with  a  longitudinal vortex  from  the
model's  data as  foilo"Fs. (See Fig. 5.) Here  the
explanation  j,s made  only  for the lon.critudinal
component  oi  wake  di$tribution.

  For  the sake  of  convenience,  the representative

case  ef  ilCwwy  proportionality in Av and  thus  in
the  location  oi  longitudinal vortex  is explained

first.

  I. Suppose the  wake  distribution in mode!

scale  is available  as  in the  figure, Separate the
di$tribution into the  oTdinary  wake  portion  with-

out  dent and  the dent  portion which  shows  the
vortex  effect.

  2. T.he ordinary  wake  portion  is transferred
to ship  scale  following the  previous law,

NII-Electronic  
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2-k d-c cinCFS

9111L

'

    ( For stmplicity  . ffF ratio  is adepted

    for the ordinary  portion of wake 
.
 For the

    location of  vortex  . CF proportronality  .

    the IRner Iimit, is assumed  , )

  Fig. 6 Correlation method  for wake  -rith

        longitudinal  vortex  between  model

        and  ship  (Ce colltraction  method  for
        the Iocation of  vortex,  the inner

        limit).

  3, Vortex  center  is transferred  to the  new

position in-ship scale  according  to the result  that

    (i2･J),-(2).xV'EC;'7.'- (22)

where  h is the distance  of  the Nrortex  center  irom
the surface.

  4. The  distribution of  the  additional  wake  due
to vortex  is similar  in shape  between  model  and

ship,  but the distribution should  be contracted

in radius  direction and  be magnified  in the value

ef  vortex  wake.  The  ratie  of  the contraction  is

VZCI;7iilemFslC"m and  the  ratio  of  the  magnification  is
CvmtCys .

  As  a  reference  it may  be worthwhile  to describe
another  case,  the inner Iimit, of  the location of

a  vortex.  In  this case  the procedure to obtain

the ship's  value  from  the model's  one  is illu-
strated  in Fig. 6, The  steps  to be tal{en are  enly

different from  the  above  at  the  fellowing point:
  3r Vortex center  is transferred  to the new  posi-
tion in ship  scale  accordin.cr  to the result  that

    (2).=(iilJ).x"cC.": (23)

 This concludes  the steps  to be taken to predict

h

ocity

 Ux

 Uoo

O

7o

 7MB.L6  S 4  3 2  ! ¢

 Ux:  velocEty  irt the direction of  sklp4s  center  Iine

Fig. 7 Comparison oi  velocity  distiibutions

      between  the  measured  full scale  ex-

      periment and  the predicted distribu-

      tions from  model  experiments  (Nii-
      zuru  Maru, SR  107)

the  ship  wake  with  vortex  from the model's

value.  The  method  is based on  a  very  simplified

fiow model  that  the 3D  separation  vortex  sheet

in complicated,  deformed shape  is replaced  by
a  single  vortex  of  longitudinal axis.  Therefore
there may  be some  ambiguous  or  illegical por-
tions in applying  this method  to the  actual,

measured  data. However,  such  things  are

inevitable in this kind  of  approaches.

  Now  let us  apply  this method  to the  result  of

experiments  conducted  by usin.cr  three  geosim
models  and  a  full scale  ship  by Panel SRI07,

Ship Research  Association oi  Japan5). This

data was  used  in Fig. 4 in the authoris  previous

paper. In  that, the wake  distributlon was  scaled

following  the previous correlation  method  with-

out.  paying attention  to the dent in the distribu-
tion. This time  we  iollow the  above  four steps

to predict full scale  value  from  model  tests. For
the  purpose of  compaxison  we  show  here first ef
all the  same  figure as  before, i.e. Fig. 4 in the

previDus  paper.  (See Fig. 7) In the figure it is
noticed  that  there  are  no  big difference between

the previous predictions from three geosim
models  data. Therefere, as  a representative,  the

data of  8m  model  with  propeller is used  to

predict  the ship's  value  by  the present correla-

tion  method.  The  result  is shown  in the  figure by
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forward reasoning  gives VCF  proportionallty,
while  CN  proportionality is derived  as  the inner

limit of  the  location of  the longitudinal  vortex.

  c. The  wake  of  bilge vortex  increases its

magnitude  in inverse  proportion to CF, under

the  condition  of  item  a, but its radius  decreases
in proportion to "CuaF .
  d. The  vorticity  distTibution oi  vortex  has

the  shape  proportional to the  wake  of  the  vortex

under  the condition  of  item  a,  both  in magnitude

and  in radius.
  4. In  analvsis  it is assumed  the  kii]ematic
viscosity  in Batchelor's solution  can  be  replaced

by  the eddy  viscosity.  This  seems  to have  been

effective.
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  Fig. 8 Calculated vorticity  distributions

         from  measured  velocity  distributions

         (Niizuru Maru, SR  I07}

three thick dotted  lines, the  first the oTdinary

wal{e  portion, the seeend  the final value  corrected

ior the  effect  of  vortex  following  Ves  contrac-

tien  law, and  the third the inner limit case.

Generally  speaking,  the  comparison  seems  to be
faverable, although  we  cannot  put any  priority
between  the  two  predictions.
  As  a complementary  comparison  the  calculated

vorticity  distribution from measured  velocity

distribution is compared  between the models

and  ship,  This  is shown  in Fig. 8 for two  water-

line sectiens.  The  result  shows  a  similaT  tend'ency
to the prediction by  the present method  for
models,  but  the  ship's  value  is smaller  than  the

prediction. The  reason  for this is not  clear

              5. Conclusions

  The  scale  effects  on  the  beundary  layer and

wake  distribution ef  ships  with  bilge vortices

have  been investigated as  an  extension  ei  the

author's  previous report.  Some  oE  the main

ideas and  findings are  as  follows.

  1. It seems  to be possible to investigate the
£ haracteristics oi the  boundary  layer and  wake

by  dividing them  into t-ro portions. one  the

ordinary  ,Poition withou-t  bi･Ige vortex  and  the

otheY  the vertex  portien.
  2. The  ordinary  Portion obeys  the  correlation

law  expl･a･in'ed  ･in the Prev,ieus 
-repoK).

  3. The vo'rtex  porLion  
'cheys

 ･'a simi1]ar  but

partly dilfetetit'correlat'ien l'aw as  fdilows.

  a,  The  ei･fc' ulation  el vorte'x  

'iS
 not  affected by

Re.
  b, The  distEnce o'f vortex  ･center from  the

hul･1 surface  is propotCi'enal to VC/i NCe  under

the  eenaitio'n  
･of

 iteM ･a. Sitnpl'est, straight-
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