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FreeSurface Shock Waves and  Methods'
for Hull Form  Improvement

             (First Report)

by  Masao  Nito*, Member  Hisashi Kajitani*", Member

  Hideaki Miyata'", Afember Yoshihiro Tsuchiya"*

                               Summary

    A  new  method  of  designing  hu]1 Eorms  of minimum  wave  resistance  is developed
in which  two  major  components  of  wave  resistance,  i,e,, one  due to free suriace  shock

waves  and  the  other  due to linear waves  are  taken  into account.  A  procedure  of

extracting  wave  profiles due  to free surface  shock  waVes  is proposed, which  is utilized

as  a  quantitative measure  ef  the  magnitude  oi iree surfaee  sheck  waves.  The  relation

between hull form  and  resistance  coefficient  due to free surface  shock  waves  is em-

pirically derived and  it is incorporated into the wave-analytical  procedure oi  obtain-

ing hull iorms oi  minimum  wave  pattern resistance,  so  that  the  sum  of  wave  pattern
resistance  <linear wave  resistance)  and  resistance  due to free surface  shoclc  waves

(nonlinear wave  resistance)  is minimized.  The  effectiveness  of the new  method  is

dernenstrated  by  experiments.

             l. Introduction

  The  characteristlcs  of  Free  Surface Shocl< VtTave

<abbreviated as  FSSW)  found and  investi.aated
at  the  Experimental Tank  of the  University  ot

Tokyo  are  entirely  different from those of  lineaT
dispersive waves  (Kelvin waves).  The  nonlinear

characteristics  oi  FSSW  described in the  refer-

ences  provide strong  barriers against  crucial  and

analytical  evaluation  of  the  Tesistance  due  to

FSSWs,  and  it may  only  be achieved  by  a  some-

zzrhat tedious numerical  procedure in future.

  In this paper an  empirical  procedure of hull
form improvement  is developed, which  is based
on  experimental  results  of  series  ship  models

and  takes  the resistance  component  due to

FSSWs  into account.  "Tithout comprehensive

censiderations  oi  the resistanee  component  due
to 

･FSSWs
 nQ  satisiactory  method  of  hull ferm

improvemellt can  be achieved,  because every

ship  generates FSSWs,  intensely or  slightly

depending on  hull form  and  speed  of  advance,

 
*
 Graduate School, The  University of  Tol{yo

  (pre$ent affiliation  is Mitsui Engineering and

  Shipbuilding Co., Ltd,)
**

 Department  ef Naval  Architecture,  The  Uni-

  versity  of Tokyo

  This paper  is composed  mainly  oi  two  chapters.

In  Chapter  3 a  method  oi  extracting  wave  profiles
of  FSSWs  from  measured  waye  recerds  is present-
ed  and  a  new  parameter that denotes the  magni-
'tude

 of  FSSWs  is introducedi with  some  applica-

tions to series  models,  A  new  design method  for
the  sectional-area  curve  of  minimum  wave

resistance  is described in Chapter 4 together  with

the results  of  its app}ication  to a  container  hull

form improvement.

            2. Nomenclature

    Ao initial height of  modeled  FSSW  profile
    A'  obtained  height oi modeled  FSSW

       profiIe
     a parameter o £ modeled  FSSW  profile
  aoi,ati,a2i  coefficients  of  quadratic apprexi-
              .

           matlon

    B  beam  ef  ship

   C (e), S (e) amplitude  functions

  C*(0), S*(e) . weighted  amplitude  iunctions

  Ce*(e), So*(e) measured  weighted  amplitude

              functions oE  parent model

  Cj"(e), Sj*CO> dg of  ILth modified  model  on

              Cp-curve series

  Mcj*(e), ,tlsj*(e):  cj*(e)-c,*(o), sj*(e)-s.*

                  (e},:respectively

   Cp(x) optimurn  sectional-area  coefucient
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 Cpo(x) sectional-area  coefficient  of  parent
       rnodel

 CpjCx} do  oflLth  modified  model

ACpj'(x> Cpj(x)-Cpo(x)

  Cw  wave  resistance  coeficient  obtained

     from towing  test

 Cwv wave-pattern  resistance  coefficient

     obtained  from  wave  analvsis

 cws Fssw  resistance  coefli6ient  given by
     CwrCwp
ACwp  increment oi  wave-pattern  resistance

 ACto do  of wave  resistance

   d draft

E(x) error  due te asymptotic  expression  at

      y=o
  Fn  Froude number  based on  L

 h(x) g,*-g,*
  Ah  magnitude  oi  FSSW  obtained  from
      measured  wave  records

   ho principalwavenumber  ,

   L  ship  length (between perpendiculars)

    l 1/2L

  M  number  oftested  ship  mode!s

   N  number  of  modified  models

P(e),2(e)  amplitudefunctions

   r  correlationcoeMcient

   U  velocity  ef  uniierm  flow

 x,x'  axi$  parallel to centerline  of  ship,

      aftward  positive
   y axis  parallel to ship's  beam, positive to
      starboard  side

   g vertical  axis,  upward  positive

   ye y-coordinate  of  base-line for longitudi-

      nal-cut

   yi d-o oitest-line
   ctj coethcients

   6 shock  angle  of FSSWs

   wi y-eoerdinate  of  hull on  Ioad-water-!ine

      at  i-th s.s., nondimensionalized  by a

      half of  beam  length

  vto vi of  parent model

  opij opi of1'-th  model

  tavt 77ij-o7io

    g wave  elevation

   go calculated  wave  height  on  the  test-line

z

"1.0

y

1.0

OUER
A.P.･

     t= 2a :,Sh]p  te"gth

Fig. 1 Coordinate  system

x

       derived from measured  amplitude  func-･
       tions obtained  on  the base-line
(length including wave  height is nondimensienaliz-
ed  by  l 

'unless
 otherwise  defined.)

    3. Extraction efFSSW  profiles from
          measured  wave  recerds

  It is important to clarify  the relations  between

hull form and  resistance  due  to FSSW  experi-

mentally  at  the first step  of  hull form  improve-
ment.  Parameters indicating the magnitude  of

FSSWs  must  be introduced for quantitative
treatments,  The  shock  angle  6, which  varies  with

speed  oi  advallce,  draft and  entrance  angle05)6),

has been proposed  as  one  oi  those  paTameters.
However,  shock  angle  alone  does  not  always

repre$ent  the  magnitude  of  FSSWs  satisfactorily

in case  the differences oi hull form  are  relatively

small.  Another  parameter which  analogica]ly

correspends  to the  jump of free surface  across

a  shock  front of  shallow  water  shock  wave  comes

to be  important  as  a  ne"r  parameter by  which  the
magnitude  of  FSSWs  can  be expressed  more

precisely than  shock  angle.

  3.1 Precedure  ofextraction

  The  procedure of  extracting  wave  height  due

to FSSWs  is shown  in Fig. 2. There  exist  free

wave,  local-disturbance and  FSSWs  in the vici-

nity  of a  $hip  whereas  at  far away  from  the ship
only  iree-wave  exists.  In order  to exclude  the

lecal-disturbance, the mettied  oi  Iongitudinal-

cut  wave  analsrsis  such  as  Newman-Sharma's             4
method  (abbreviated as  N-S  method)  is avail-

able.

  The  procedure for extracting  wave  height due
to FSSWs  is as  iollows :

  !) Choose two  ]ines parallel to the  centerline

of  ship  as  shown  in Fig. 2. 0ne is ata  small

distance from the centerline  oi  the ship  (y==yi}
where  the magnitudes  are  to be evaluated  (called
test-line hereafter), and  the other  is at  a  suMcient

distance from  the ship  <y==yo) where  the  ampli-

tude  functions oi  free-wave are  solely  obtained

(called base-line).

  2) Calculate  wave  prefiles on  y:==yi trom  the

amplitude  functions obtained  on  the two-differ-
ent  y-line.  which  are  denoted by  go* and  gi* as

in Fig. 2. gi* eontains  free-wave  and  FSSWs

while  go* centains  only  iree-wave.

  3) If h(x) is defined by gi*-go", then h<x>

gives the  approximate  profile of  FSSWs,

  On  calculating  wave  heights from  amplitude

functions, equivalent  singularity  distributions
are  not  introduced, but the asymptotic  expres-

sion  at  y.oo,  that  is,

   g= ie"f2 [c(e) cos  {k-o sec2 e(x cos  e+y  sin  e)

     +S(0)  sin(hosec!  e(xcose+2; sin  O}]de (l. I)
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ha)
nh=:-

x

Fig.2  Procedure

Ee
 v=vi

of  extracting  wave  profile of  FSSW

t

is used,  though  it generates some  errors  in h(x)
because actually  y is not  large enough.  The
property of  the  error  term  is examined  in the
following section.

  4) h(x) is also  diiectly ebtained  trom difference
oi  amplitude  functiens of  the  two  different gy-
lines, yo and  yi. from Eq.  (1.1), These differences
of  the amplitude  iunctiolls are  regarded  as  the
amplitude  iunctions due to FSSWs,  They  mostly

appear  in the high- e region  both  in the case  oi

modeled  FSSVLrs  and  of  actual  ones,

  5) I-et Ah be the magnitude  of  pulse-Iil<e
shape  oi h(x) and  be introduced as  a  new  param-
eter  in aad.ition  to the shock  angle  fi.
  3.2 Error  due  to asymptetic  expression

  The  approximate  method  of extraction  above-

described is based on  Uie foliowing bold assump-

tions.

  I) The  interactions of  free-waves with  FSSWs

are  ignored,

  2) Free-waves propagate linearly from  the
±est-line  (y=yi) to the base-line (y==yo),
  The  error  which  may  arise  through  tbe precess
of  calculating  wave  profiles on  the test-line by
amplitude  functions at  the base-line is con-

sidered  small  for our  practical purposes, which  is

ernpirically  studied  in the fellewing  section.

  In this section  effects  ef  some  other  errors  are
    'exammed,

 Let  the  Cartesian coordinate  system

be fixqd in a  ship  as  shown  in Fig. I, At  a great
distanee sideward  frem the ship.  that is y.oo,
the  wave  elevation  can  be  expressed  asympot-

tically as,

    g= 
hn'i
 il/2[p(e) cos{koi  secE  e(x cose+y  sin  e)

      +Q(e)sin{h,lsec2e(xcose

      +y  sin e)] sec3  0dO (1. 2)

Through  Fourier tran$tormation of  g in Eq.  (1.2)

with  respect  to x,  the relation  between  g and

amplitude  functiQns  can  be rewritten  as  iollovLTs:

    l'(e)+iQ(e)==cosOsjneeikotytanesece

               x[co  g(x,y)etkoixseoedx (1.3)
                J-oo

  Let us  examine  the behavior of the error  which

may  arise  when  Eq. (1.2) which  is valid  at  infinity,
is made  use  of  at  a  certain  finite y-coordinate.
Fer simplicity  assume  that y=:=O where  the
maximum  error  is to arise. Let g" be a  calculated

wave  profile on  y=O  by substituting  Eq. (l.S)
into Eq.  (1.2), g' can  be  written  as  fellows by

changing  variables  in the way  as  cti=holsece,

    g"=;;[i:,tdldcos(wx)i:cog(x,,y)cos(blxr)dxt

       +Icok,, dW Sin  (tux) I:.. g(x', y) sin  (tuxr)dxt]

      =t[I,coaoi:..g(xt,y)cos{to(.H.t)}d.t

       
-i:OialldI:cog(x',y)cos{a,(x-xt)}dm']

      ==g-  JI,kOedtei:..g(x',y)cos{te(x-x')}dx'

                                   (1, 4)
where  Fourier  double integral is considered.  The
2nd term  of R.H.S. of Eq, (1,4) is the  error  term

caused  by  applying  Eq.  Cl.2) on  y==O.

It is clear  from  Eq.  (1.4) that

    g*-g if k,l-o(F.-,co)

    g*--.O ii kol.oo(F..O)

Thus  the eiror  vanishes  at  the  high  speed  limit
whereas  at  the low speed  limit, it has the same

distribution as  g with  the opposite  sign,

  Provided g is the  local-distuTbance, it is desir-
able  that  g* ==O  because it must  be excluded  for
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the present purpose, On  the

desired that  g* ==  g when  g is

Therefore, there
of Froude number  ±or  satisfaetory

anceT)S).  Some  numerical  

'

that  the  infiuence of  local
method  is suthciently  small  in

hoL!=iO te 20, particularly.in the

of  amplit

are  mainly  distributed.

  Now,  suppose  that g represents

FSSWs  and  assume  the foll 
'
 

'

of FSSW  profile in order  to  

'

of longitudinal distribut'ion oi

oi  Froude  number  on  the error term.

    g=Aee-diO{x-xo)!
At  x==xo  the error  term, ECxo),

follows:' '''
 '

            Aohol(                      1 h,g

    
E(Xo)=-

 ,f}fa1I-3･2-  2a

             4 hol 8
          +
            5･2Z･ 2a

H pt iath fia \k  r."4ee  lso  e

                         other  hand, it is

                       fully due  to FSSWs.  ･

             must  be a certain  limited region

                             extraetien  oi

FSSWs  with  a  negligible  influence of Iecal dist"rb-'

                      experiments  clarMed

                       disturbance on  N-S

                           the  range  irom

                             high-e region

       ude  fuRctions where  those  due to FSSNIV"s
                                       '                               '

                              a  profile of

                     ewingsimplified.model

                        examine  

'the
 effeqts.

                         FSSW  profile and

                                   (1. 5)

                          can  be written  as

                       ,( )2
               2( )4-7.2E/.ff/<h2t:)G+."]
                                   (1. 6)                    '

If the  longitudinal distribution of a  FSSW  prQfile
is narrower  than  about  l/5Lpp  and  hoL--  10N20,
the  error  can  be  expressed  approximztely  as･

    IE(xo>1 hol 
'

    
rvrAo

 
Oe'

 (L 7)

E

 L4h"t!-

ER

E

Range  of  Ihtegration

]

E'Fig,

 3

'

     '        '

Reproductien oE  a  modeled  FSSW

Alj
 -

 s, 
b

#

 KeL2o1

15

TO

O.sets

        ll ･s

          o.! o,z e.3 o.4 on

             Fig,4  l-A'XAo

isrhich shows  that  large Fn and!or  narrow  distribu-
tlon oi  a  FSSW  profile give smaU  value  of  error.

The  error  term  prQduces  
`hollow

 parts' just
beside the  peak  oi FSSW  profi]e as  shown  in
Fig. S, Let  A'  be  the  height of  reproduced  FSSW

profile whose  teal height  is Ao, the error  in the
height which'  is elpressed  bY  1-A7Ao,  is given
as  in Fig. 4. Compa=isens  of  the height  of  FSSWs
in the low  speed  range  should  be avoided  becquse
of the  rapid  grewth of  error  according  to the
decrease  of  Fn., In the  following analyses  of

measured  wave  reeords,  A'  is wlittgn  as  Ah and

regarded  as  the height  oi  FSSVSr  on  a  bl-line of

rnterest,  
'

'
 3.3 Applications

  (l) VirM2

  WM2  is a  itvall-sided model  with  Parabolic
waterlines  giyen by
          '
       B

    Y=-IE-(1-x2),  B=115L  (1.s)

'The
 maximum  radius  of  bilge circle  is'5cm  at

midship.  It is observed  from  waLre  pattern
pictures shown  in Fi.cr.' 5 that  the pattern ef

FSSVIrs
 varies  considerqbly  vt'ith  the  clian.ae  of

draft.

  Comparisons of  gi*･and go* in ca'se of  d=20  cm

at
 
Fn=O,26

 
are

 
shown

 
in

 Fig. 6, Thegg.h  three
different base-lines are  chosen  in this case,  they

give similar  go*, which  means  that xvaves  propa-
gate  Iinearly on  those lines and'  that  any  of'the

three lines is suitable  for th,e base-line. On  the
ether  hand, a  great difference between  gi" and

go" is observed  in the' lirnited region  near  FP.

It is considered  to be caused  by  the existellce  of

FSSVg's and  h(x)t=g"i=(o* gives a  profile of

FSSW  at  y==vi  with  
"holiows'

 which  mav  be                                    J

attributed  to the  error  term.

  The  change  of  wave  profiIe of  

'FSSWs
 with

the change  oi  draft is well  expressed  by  <o" and
g.i' as  sliown  in Fig. 7. Tbe  backward  shift  of

tiie longitudinal position of XVave-A aceoidin.cr

to the decrease  oi draft implies the decrease  of

the shoclsc-  an.rrle  of  "rave-A. The  chan.cres  of  h(x>
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Fig. 5Wave  pattern
Fn==O.26

PiCtures ofXVM2  at

due to the change  oi  y-coordinate  of  the test-line
are  show･n  in Fig, 8 exemplifing  the case  of  d=
6 cm  at  Fn==O.26,  in which  one  ean  see  gradual
diminishin.ff of  FSSWs  with  the inerease of

gr.gn,lo2

2el1,Oo-1･q

'

Fig.6 gi* and  gh* of  VL'M2 at  Fn40.26,

      d=T.20 ¢in

distmpce frorp the model.

  (2)' 
･
 IY!46 sectional-qrea  curve  series

  M46  

'Sectional-area
 curve  (Cp curve)  series  is

composed  Qf four  ship  models,  i,e,, ,the parent
ship  model  M46, two  other  models  M47  and

M48  with  medified  Cp  curves  and  M49  which  was

designed  at  Fn  =  O.27 to have minimum  wave-

pattern resistance  by  the  methed  of  Akashi

Ship Model  Basin9) (abbreviated as ASMB).
Cp curves  Qf the  iore-body  are  compared  in
Figs.9,and  10, Aft-bodies  are  common  to  al]

models.  They  are  semisymmetric  models  oi

a  container  hull form  without  bow  bulb,'. .The

irame-lines- are kept  unvaried.

  Entrance angles  oi  M46NM49  are  ll.40, 8.10,
13,IO and  ll.OO respectively,  ii they  are  defined
as  tanHiyf(i12oLpp), where  y is the  offset  on

load  water  line at  s.s, 9t!2. ,The obtained  profiles
of  h(x) of  these models  at  Fn==O,27  are  shown

in Fig, 1l. M48  with  the  largest entrance  angle

among  the four generates  Wave-A  and  Wave-B
conspicuously,  Whereas they are  so  weak  on  M47
that  VSrave-B -is almost  indistinguishable. Al-
though M49  has the  Cp curve,  oi  minimpm  wave-

tdedel1

LPP{Mli

L-mt...tttttttttlt

Bc:)1!tt-

F/

d(ndl11:

L･ls 11l''

cm"'-t'[

Cb

L
cp Ii

H.

 v･ (m'') i･ o.･

---'-"-f'

 S [mZT j V.
        i

M46

Tablel  P

p m 4B
'

2.0

C,]077

O.10476.S

O.9B4

O.542

O.S51

14B2PIo.O]482o'O]4B

gsll･o.6961･o'r69S9

rincipal  particulars

M49

e,3484O.6963

MSO

O.34e3

O.E96]

a.2o

O.996

O.SE5･

O.tS32

1.fi645

WM2

2.4

O.48

.o,le

5.0

e.993

e.663

O,66S

O.OE

e.gBe

e.66o

e.e7E4
 1 e.04S6

f.1759O.9e39
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i,StyillO

   1.0

o

-LO

'
 

W

Fi'g. 7

                    nf

                   .ease Lime

                    Test  Line

gi* and  go* of WM2  at  Fn =T-O.26

.

va=O,IQ4,
Vl.;O,25Q

re.ol

o

-o,os

h{XUAB

ij(L=ono4x
LO

P

AB

AP

vl..o.12s,x' os

FP

AB

AP

\1..:o.146x
  

o 

                                    R
                  s.s.

Fig.9 Sectional  area  curves  of  M46,  M47
       and  M48

FP

AB

   APva;O,167

FP
   APut=o.2es

1.e

FP
   APVI.;e,2so

M,P P

Fig. 8 h(x) of  WM2  at  Fn=O.22,  d=6  cm

pattern resistance,  FSSWs  are  not  reduced

compared  with  those  of  the parent model  M46,
which  suggests  that  the design method  for the
reduction  of wave-pattern  resistance  is not

sufficient  ior the reduction  of  wave-making

resistance  that  includes  FSSW  resistance.

  It is quite important  that  the profile of  the

FSSWs  of M49  is similar  to that  of M46, since

hull ferms near  the bow  (FPtws.s.9) are  almost

the  stime.  Thus  the  local hull form  near  the bow

gives dicisive effect  on  the generation of  FSSWs.

  3.4 Relation between Ah  and  Cte-Cwp

  The  new  parameter Ah  has  intimate  relation

O.Be.6O,4O.2

in.in..27

Os
 6 7 B 9 FP

               s,s,

Fig. IO Seetional  area  curves  o{ rN･M6, M49
       and  M50

with  the  resistance  due to FSSWs  because  it is
an  approximate  strength  of discontinuity. On
the  other  hand,  the resistance  due to FSSW  can

be approximately  derived by  substracting  Cwp
from  Cw, if superposition  of  resistance  compo-

nents  is admitted.  The  relation  between  rih of

the  foremost  FSSW  and  CiLtrCwp is shown  in
Fig. 12, ill which  the correlation  is sirnple  and

linear for $eries  models  with  comparatively
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h(xMxlO1

b

-1

 1

o

-t

 1.

a

-1

 :

 o

-1

1

TESTBASELINEUNEva=OAva=O.2

AB

M48

P AP

Fig. 11h(x)oi  M46NM49  at  Fn  ==  O.27

 Cws=(R"-RNengPifif

o,ls 

O.10

O.05

o

Fig.12

      1.0 2.0

Relatien  between  Ah  and  Cto-Cwp
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small  modifications,  This is very  advantageous

for Cw-Ctop  to be considered  as  wave  resistance

due to  FSSWs.  In the follewing chapter  this

value  is eonsidered  to express  FSSXKr resistance

for practical purposes.  However,  it should  be
noted  that  Cwp suffers  scale  effect, and  consequ-

ently  Cw-Cwp.  This  unfavorable  effect  would

better be avoided  by making  use  of  lar.[rer model

ships.

     4. Method of  optimizing  Cfo curves

  4.1 Applications ofthe  ASMB  method'2)

  The  ASMB  method')  recently  developed is

based  on  wave  analysis  and  aims  at  giving  the

optimum  Cp curve  ef  minimum  wave-pattern

resistance  at  a  given Fn. Being  different from
other  similar  methodsiO),ii),  its theoretical con-

struction  seems  to be simple  wkhout  any  arnbi-

guous correction  functiolls which  will  require

a  considerable  amount  of  accumulated  experi-

mental  data. This method  is applied  to the

optimization  of  the  Cp-curve of the fore-body oi
a  container  hull form  and  M49  is obtained  at

Fn=:O.27 as  shown  in Fig. 10.

  Cw  from towing  test (Sehoenherr frictioll Iines

are  used)  and  Cwp frorn N-S  method  oi  M46ew
M49  are  shown  in Fig, l3. rNC49 shows  remark-

able  reduction  in Cwp  around  design  Fn. The
measured  weighted  amplitude  functions of  M49

coincide  well  with  the  prediction, u'hich  ensures

the propriety oi  the  fundarnental  assumptions  of

the ASMB  method.  Nevertheless,  Cw ol  M49  at

Fn;O.27  remains  almost  thc same  with  M47
whose  Cwp  is more  than  the dQuble of  M49.  The
                                   '

reason  is now  clearly  attributed  to the  resistance

component  due to FSSWs,  M49  could  not  sur-

pass M47  in Cw  which  has very  wealc  FSSWs.
Thu$, in the  second  step,  attempts  should  be

E:e=:;/li
  xlo-1.

   
D2t

     [

O.1

o

fu2L}

O.1

 K

               O.2 O.3

Fig. 13 Cw  and  Cwp  curves  of  M46-･M49
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made  fqr the finding of  the optimum  Cp curve  of

minimuln  Cw instead of  Cwp,

  4.2 Correlations between hul1 form  and  FSSW
      resistance

  The effect  oi  bulbs is not  studied  in this report
but only  that  of  Cp curves  are  discussed. Cp
curves  of  M46  series  straightly  refiect  on  L,Vl(.L.
curves  because ef  the invariability Qf their i'rame-
lines. Let viJ' be  offset  on  L.W.L.  at  i-th s.s. of

j'-th medel  and  exarnine  the  relatiqns  between
vt near  FP  and  

'FSSW
 resistance  Cws  in terms

ei correlation  coetficien,ts  assuming.  that  Cins is
given,by Cw-Ctvp, Cerrelation  coethcient  of  Ctes
apd  vi is defined as,

    r=DilVD2･D3  
''
 

'
 

'
 (4, 1')                    '                            '                   '

where

        M

    
Di==jZ=,(C.s,j-j.,)Cvij-iji)

        nt･

    D2=  E] (Cws,j-Cws)2
        

JI.1

    Ds=  Z' (vtJ,･-ii)2
        j-･-l ,

    c-ws=IStJ JtLlcws,j  rp-t=-ili i!i/lwij
'                      '
As shown  in Fig, 14-(a), 

'r
 is ve.ry

any  Fn  within  the region  from  s.s.

In  other  "rords,  fine entrancg

any  speed  of advance,  which  is quite
from the .aeneral  properties ef  

`

  On  the  ether  hand, eorrelations

khd opi, which  aTe  obtained  from
replacing  Cws by Cwp,

ing on  Fn as  shown  in Fig, l4(b).

1.0

os

o

r

(4. 2)

          close  to 1' at

             9 to FP.

        redpces  Cws at

             reasonable

         shock  waves',

          bet"leen Cwp

           Eq, <4.l) by
vary  considerably  depend-
            In low and

  rTOIo

g[

FSSW  Resistance

    
-=-- o.co

  M  r:z: /2242 LT-. 
O/i7

    T.....- tiz6 
'""'"-

 
.co

Wave-Pattern  Reslsia'fice

 
ti",2o-e.2s

P

li.o
5

[ (b}
 

""xot.3p.

 ･/'

 Fig. 14 Correlation coethcients

medium  speed  range,  i.e, Fn==O.20Ne.26. hull
forms  having fine-entrance and  hard-shoulder
give smalier  Cwp. while  at  Fn==O.27  and  O.28.
better'results are  expected  by- a  Iittle fuller
entrance,  and  at  F.n=O.30 the hull ferm  of  full-
entrance  and  easy-shoulder  is desired for smaller

Cwp.
 CIt is noted  that  full-entrance gives easy-

shoulder  and  vise  versa  since  the displacement
is assumed  eonstant.)  Such  tendency is well

knpwn
 
in

 terms of linear wave.  resistance  theory.
It should  be  noted  that  two  relations,  Cws vs.

vi and  Cwp vs.  vi, have  the same  tendenc}rt -of
reducing  resistance  when  Fn  is smaller  than
O.26 but  that  they  conflict  each  ether  in the
higher  speed  range.  where  the eptimization  should

be  carried  out  se  as  to minimize  the sum  of  both
components  i.e, Cth. ･/･･

  The  informations  obtained  here  explain  the
quantitati-ve difference ef  Ctv curves  and･  Ctop
curves

 
which

 can  beseen  in Fig. I3. It is,fte'q' u-

ently  observed  in tank  test results  of Cp curve

series  rnodels  that  the model  with  a  fine entramce
keeps

 supeTiority.in  Cw  in the wider  range  of
advanee

 speed,  whereas  its superiority  in Cwp
ceases

 
at

 
a
 
comparatively

 low  advance  speed,

In
 
Fig.

 
13,

 M47  shows  smallest  .Cw in the  range

Fn<O.27, while  it is overcorne'  in Cmp  in the
range  Fn>O.23  by  M49.  Since fine-elltrance
reduces  FSSW  resistance  at  any  Fn, it plays
a  role  o!  suppressing  the  rise  of  qw curves  and
consequently

 brings forth the above  tendency.

  4.3 Method  of  minimizing  the sum  of  linear
      and  nohlinear  wave  resistance

  For the sum  of  wave  pattern resistance  (Iinear
wave  resistance)  and  resistanee  due  to FSSW
(nenlinear wave  resistanee}  to be minimized,

the  correlation  between  hull ferm  and  resistance

compbnent  due te FSSW  (Cws) is incorperated
into the ASMB  method  as  follows.

  I) Obtain  the relations  between  Cws and  vi
at  several  s.s. near  F.P. frorp. experimental  results

on  Cp cunre  series  and  approximate the relations

in the iollowing quadratic'form.
           ttt

    Cws=aoi-Faiiopi+a2ivi2 
'
 (4. 3)                    '    'Coeracients

 aoi, an  and  a2t  are  determined by
the' method,  of  least sqy, aTe,  For  M46  series,

quadratic approxirnations  are  gjven at  four  s.s.

as  shown  in Fig. 15 in which  M43E3  has  similar

particulars to those  of  M46  series  but with  the
entrapce  angle  of  15e.

  2} Express  the optimum  Cp  curve  at  a  certain

Fn  as,

                 N

    Cp(x)= Cpo(x)+  X  ctjACpJ'(x) (4, 4)
                 y' 

-Nl
 
･.

Since frame-lines are  not  modified,  vt is given
as
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Cus xle4

2.0

1,O

                    

           N

    epi=opio+ Z  aj'dnyzj
           j=1

Then the increment  of  Cw'
       '

   hcte± 4n i. 11'i LZii, ct'(
    '
          

-ASi

         
'L

         '  (,:f, ecj 
!ilj*

                  N

         +a2t(opio+ X
                 1=1

The  first and  second

ASMB  method.  
'

by,             '

    
ag.c,.w=o

 s･--1,N

which  leads to the foll

tions.

    I:IU
-

:ll 
A,,

    l.II
=

l.1･, l 
"'-

    /
-

where  
'

     '

    Aicj=4zili2(AEic*.
        +2a2iAvikvij
'

 Bic==-4nl,"ib'(S'tl.

･
 3) When  the  relation

(Eq. (4.3)) is obtalned

for instance, four sets

estimated  values  oi  Cws
sixteen  values  of Cto are

             

                          Fig. 15

                           (4. 5)

                               /

             iS exprgssed  as  . .' ,,                            tt

            Co* ACj*  Se*･ 
'

             L'  L  
'{

 L

       )]ae+27Ti,"f2 [(£,
 .,  

A
 :lj" )2

             )2]de+altsglajnnij                  '                   '

            ctJ'd opij)a-2a2inyo2 (4. 6)
                '

          terms are  ior dCwp' in'the

      
al

 
ef

 
minimum

 
Cto

 
is
 determined

                           (4. 7)

           owing  simultaneous  equa-

        .,, IIIIIII[llX- 

S7i

l II.l ! ,,. ,,
        AN,･.:il'IAINN- (tt'Ni

            
ASj"

 +-ri-il/ig*:--･ 
Ailj*

 )de
                          (4, 9a)

           
`2ic"

 + 
Si"-

 ･ 
zi
 2te* )de

-2aiiA 
'oiic-2a2ioiiD

 (4. 9b)                       '

              
'bet'ween

 Cws and'nyi

            at  .iour square-  stations,

             ･of: {ocj} and  sixteen

              are  obtained,  Thus

             estimated  which  is the

Cws xrs, opi

LO

D.5

 
n2L

      --  O.22
Design Fh -

 O.27
      --r O.32

  

  

    .

 
05

 6789  FP 

    Fig. 16 Optimum  sectional  area  curves

                      '            '
sum  of  Cws and'  Cthp, theugh  Cwp  has  iour differ-
ent  estimations.  Among  several  sets  oC  {aj},
oine should  choose  one  set  which  gives as  a  vihole
small  values  of  Cw. Actually, however, little
difference is found  among  the  obtained  optimum

Cp curves.  It is helpful for this choice  to  make

llllie. ?E.3th),e 
Correiation

 
ratio

 
around

 
quadratic

 
of

  4.4 Optimum  (Ip Cutves '

  Optimization  sehemes  for Cp  curves,wege

c.arried  out  by  both the ASMB  method  and'.the

present  one  at  several  design Froude  num6ers

from  O.2e to O.32. Three of these are  exerpplified

in Fig. 16. The  optimum  Cp curve  oi  m},piniain

Cw  is Iess infiuenced ,by the change  o'f'desigh

speed  and  keeps a tendency of  fine-entratice itri,th

hard-shoulder  up  to the  high-speed Tegion  be-
cause  of the  consideration  of  FSSW  resistancell.

These results  are  expected  from  the cerrelations

shown  in I?ig, 14 as  w.ell.  
･

  Based  on  the  optimum  Cp curve  .of minimuni

Cib at  Fn!=O.27,  M50  was  prepared  to ascertain

the  availability  oi  the present  method.                                 tt
  4.5 Tank  test results  efM50  

'
 

'

  Cto and  Cwp curves  of  M50  are  shown  in Fig. 17
together  witli  those of M49. M50  achieves  a
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x lorl

O.2

en

o

Cw.Cwp=Rv,Rvof';eu2L2

O.10

Fig. 17Cw  and

  'destgn
 speed

O.20

Cwp curves  of  M47NM50

O.30
     U

  
Fn:-

i･,s,.l.lgil･tw...iF,,i

';/.. 
'ii
 pa. -3"

:

Fig. I8Wave  pattern pictures of

series  at  Fn=O.27
M46

9.4%  reduction  ol Cw  compared  to M49  at  Fn==
O.27, which  is iust within  the prediction oi  from

2.6% to 12.8e/,. Relatively small  Cwp is simul-
taneously  obtained  at F,t==O.27 which  is predict-
ed  with  a  considerable  degree  of  accuracy,  These
iacts indicate the effectiveness  of the present
method  to reduce  Cth, as  wcll  as  the effectiveness

of the ASMB  method  to reduce  Cwp.

  Wave-pattem  pictures of  M46  series  are  shown

in Fig. I8. The  magnitude  of  FSSWs  of  M50
should  be  smaller  than  M49  and  larger than  M47,

which  is observed  well  in these  pictures.

              5. Conclusion

  Principal  conc!usions  are  as  follows:

  1} A  method  for the extraction  oi FSSW
     profiles irom  measured  wave  records  is

     developed,  wherein  a  new  parameter Ah

     that indicates the  magnitude  of  FSSW  is
     introduced.

  2) Loeal hull form  near  the bow  has dominant
     infiuences on  FSSWs.

  3) A  new  design method  for hull forrns oS

     rninimum  wave  resistancets  is developed by

     incorporating  the correlation  between  hull
     ferm  and  resistance  due to FSSW  into the
     ASMB  method.  The  effectiveness  of  this

     method  is demonstrated  by  the applica-

     tion to hull form  of  a  container  carrier.

  4) In  general, the superierity  of  fine-entrance

     with  hard-shoulder  holds  up  to the high-
     speed  region  when  the resistance  com-

     ponent due to FSS"r  is taken  into con-

     sideration.
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