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                                      Summary

 This paper  is concerned  with  the righting  arrn  and  eapsining  of  a  ship  in extrreme  quartering wayes.

The effbcts  of  wave  heighe, wave  length and  heading. angles  of  ship  to waves  on  the righting  axm

are analytically  investigat/ed for a container  ship,  A  time  domain  nurnerical  simulatlon  prograrn
for motions  and  capsizing  has been  used  te  iy!vestigate motions  in a  variety  of  wave  configulations,

Numerical simulations  based en  a  matheTnatical  mode}  are  carried  oui; to find. c}ut  the critical  situation

leading up  to capsizing  of  a  container  ship  in extreme  quartering waves.  Vargous phisieal mechanism

shat  could  be responsible  for capsize  are  pointed out  by  numerical  expeniments,

1. INTRODUCTION

 ･ Stability against  capsizing23"2",2S,'G,2',2S)  in extreme

seas  as one  of  the most  fundamental requirements  for

the safety  of  ship  at sea.  At the same  time  it is

one  ef  the most  complicated  phenomena  to investi-

gate on  the basis of  analytical  appToach  because the

phenomena  are  concerned  with  extrerne  motion  both

of  ship  and  waves.  What  is the dengerous situations

leading up  to capsizing  of ship  in extrerne  seas?  ibr

this problem,  several  investigators cairried  out  model

experimentsi')  and  pointed  out  capsize  modes  such  as,

resonant  rolhng  mode  in beam  wind  and  waves,  pure
loss of  stability  at  wasre  crest  arnidshipiM),  iow cycle

resonance  due to parametric  exc'itationi'),  broaching-

to dlle to successive  waves'2''S'iS),  period  bifurcation

of  rolling26), surkiding  phenornena 
29),

 etc,

  It is a  big problem  to investigate what  is the essen-

tial indices or mechanism  to bring a  ship  to capsize,

As well  as  known, the metacenkric  hetght GM,  right-

ing arm  GZ  and  its area  are  the traditional indiees

which,  as  pointed out  by PaullingS), vary  with  respeet

to the relative  position ofship  to waves.  These indices

are  hydrostatic feature for stability. In order  to make
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a'fi analytiea}  approaeh  t-o the phenomena  mentioned

above,  it is necessaxy  te consider  the dynamios of  mo-

tjon and  eapsizing  for stability,  The  purpouse  of this

paper  is to discuss tine dynamics of  motion  by using  a

r;tathematical  model  to describe the ship  motion  and

capsizing.

  For a  mathematical  model  to conduct  numerieal

simulations,  it is neeessney  ta summarize  the outline

o/e ship  motion,  hydrostatie and  hydrodynamic forces

on  ship,  The  frequency of  wave  encounter  is low in

fo11owing to quartering seas  when  a  ship  is running

at high speed.  As a  result, the ship  motions  will  be

determined largely by  the hydrostatic forces includ-

ixtg itoude-Krylov forees which  may  be computed  for

the exact  position of sh,ip and  wayes,  and  the  contri-

b'ution of  hydrodynamic forces will be relatively  not

so  rltuch.  This  enabies  ".s to retreat  ftom  the  diffi-
culty  and  necessity  of  determining the hydrodynamic

forces with  great accura,cy  taking inte account  the ge-

ometrical  variation  of  the immersed  hull during 1arge

ain,plitude  motions,

  According to the considerations  mentioned  above,

we  tried to drive a  inathematical  model  taking  into

account  the linearized hydrodynamic forces and  non-

linear hydrostatic forces which  may  be computed  for

9
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Effects of  wave  height eo aength rtetio UIX

  Fig,4 indicates the varie,tions  of GZ  with  respec'tto

the wave  height at  eonstant  wewe  length equa]  to the

ship  length. The  variation  is proportional to the  wave

height.
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  Fig.5 indicates the variations  of  GZ  with  respect

to the heading angle  K. The  effeet  of  heading aiigles
ou  the GZ  can  be $igfiificant and  the GZ  in beam  sea

condition  is about  the s.mme  as  that in ssu1  water,  But
the gZ  is smaller  for sk'naller  hettding ttBgles  and  the

sritallest one  is thbt in ,x foliowing sea.

+O..y.nntalEleal fi-tebility for the :eiative  position
o'f ship  to waves

  :grhe rightiug  urm  GZ  vary  wikh  the relative  posi-
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Iength, Accordingly  the dynamical stability  vary  with

S}]e parameters mentitmecl  above.  Ngs.6 andi  7 show
the vaxiation  of  dyittrmic stability'  wtth respect  to the

tegutive  pasition of  ship  to wakres.  In this case.  the
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angles  of  stability  rior k!Z  ==  1.0 and  AliL = l.5.
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3. A  MasHEMasICAL  MeDEL  FOR  NUMERI-

CAL  EXPERIMENTS

  Wle used  the equations  of motion  with  respect  to a

mew  coordinate  system  calIed  Horizontal body an[esii ,2S)

which  have rotatioxx  about  x' axis  and  ne  rotation

about  x'  amd  y' axes  but a  ship  is able  to rotate  about

m'  and  yr axes  as  shown  in Fig.8. The  use  of  HoTizon-

tal body axes  are  rcasonably  simple  and  convenient

for representing  manoeuvring  motion  with  large reoll

angles  in horizontal plane and  seakeeping  motion  with

large roll  angles  in vertical  plane, because  horizontal

and  vertieal  forces on  ship  autematically  include the

effeets  ef laxge heel anci  roll  angles,  According to this

coerdinate  system,  the equations  of motion  are  de

rived  in the fo11owing forms.
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[[banslational Motions  And  Forces
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where  m  is the mass  of shlp,  rnx,  rnu  and  mt  the

added  mass  with  respeet  to the ,:, y and  :  axes  direc-
tions, f=m, lyy and  It. the rriornent,s  of  inevt'ia about

=, y and  x  axes,  J.., Jyy ar]d  .J'. the  added  n)cF

ments  of  inertia, mcy  and  gc.･ the  di$'placeniei"･ o!' addecl

inass  ceT]ter  with  .respect to the  o±-ig'in of  the  coordi-

nate  system  fixed in the  center  efgtavity,  of  the  ship,

CL L' and  "J the  velocit,ie$  alonsT  the x',  y' and  z'

axes,  and  gab, ff and  V the ans,ular  veloc,ities  about

the /t', y' and  :- 
'
 axes,  T  the  thrus  t/ of  prop  eller,  i

the
 thrList deduct･ion, and  R  ship  Eesistance,  Ze.,

Zg,
 Zsi, Ze, Msi, Me, Mc'. and  "1.  the  hydr(>-

dynamic
 

coeMcients
 foy seakeeping  inotion7),  Xvip L'2),

Yv,Y"',IVI,. and  NJ") are  the  hydrodynamic deriva-
t,ives th.r maneeuvriftg  mot,ion,  Kdi t,he damping c(}

efficient  o'f  rolling-),  it, correction  factor ef  resis-

t,ance clLle to st,eering,  a,,, coethcient  of  interactiotl

of  rttdder  iiorrna}  fotce on  side  fbrce, aN  coeMcient

13

of
 interaction of  rllddet,'  force on  yaw  moment,  IR

horizontal clistance  between rudder  and  C.G. of the
ship,

 FN  normal  fbrce on  Tudder]2),  XhK,  }CX.,K

and
 lk,K Eroude-Krylov forces2"), Ke.K,  M}-K  and

NSK  Froude-Krylov mnmentS26),  Yb.F ,
 ZD.r  and

nfb,p , IVD,F the dilfraction forces and  montentsT}.

+H'ydrodynarnt/g,..S!lgsfC･oefficisc{.tsforSeakeeping
and  Manoeuvriiig Motions
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 XG
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                     . (6)

      Ms ==  l-･pL2du[{(;iti/                            )]
      Arw 

='L

 tTpL3du Ii 
-2gd.-
 (o s4-  2fdL)]

whei'{.  A'.+i./c) is the wave  claniping  ef)efficient  of  Lewis

t'orrn sect'/on"'7),  rnz(x)  thc･ a{lde(l  inass  of  Lewis foun

sect i-on. L, B' an{l  d thc shlp  lens,th, 5readth and  draft,
(lris Lhe b]ock coel'ficient  of  ship.

Rudder Force

     FN=  SpARfalJZ sinaR  (7)

where  xln  is theruaderarea,  UR. and  (ivR effect,ive

inilow velocit.v  and  angle  to Tu(lder,  f. norrnal  force
coeil'icicnt  of  rudder  forc{, 6 rudder  angle.

Froude-Krylov Forces aiicl Moments

    XkK(CG, ¢ ,e,  ij') or -pg  c,as  x

x  L F(=)A(･r}sm k'(ca +  =cos  \ - et)dt
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 ctl}dx  <8).

        YJ.

where  A(::) k,' t,he iiist'antancously itrune'tse.d area  of

shi';/) sEction,  C'G 1'･he /tellasive. p{)sia,i{m of' ship  to we.ve.s,

.x the  headlng  ant;le  ofshl'p  to wave.  c  e.･he. pliase velec-

//,t'y of  waves,  yBc.] aud  .,.B[.) the. cctiiter  cA  buo:tancy,

C., an{i  p). are  t･he velocities  ol' {)/'bit,al  inotion  wit,h

respect  t,o y ancl  s  axns.,  (,. a  /sinLisoidal  wts've  nt' airy

i･l'ifie aml  at  t'hc I.)osition a,,y,  and  2' vvri/,,t,en as

      <., 
,=

 
-
 C(.･ 

+x9
 
.-
 
a,

 
cofs

 
k'
 [Eif] 

-F
 
x'
 
c/of

 
'}[
 (g)

              
-(y

 cos  cb 
-

 2 sin cb) sl'n x - eij

and  F'(x) coc'raci{llit  of'pressure  ti,ra.dieiit of  wavts  given

as

     p(2)-akrlt' iitS/

n

i2)
=

l,il"

..Zli,-m

 
ct

 
+a(:)}

 ue)

]/)ilrrnction E,'erccs ai'id ]x･(oments

                    f
}JB

 , {T)i" , ij" ) 
-,
 s 

tim
 .}. L my(･c)v'i(x/

 bsin 
k(E,i

    +.r, cos  x -  ct.)dx'

          t

 
-+-
 
csin

 x .?"1. 
i'yi,

 (m)iT' 
-'
 (,'r-> 

(,obbl,･((';
 ,,,.

               tT

    +,C COS  if 
-

 nt jCltl/

zL.i. ((za, 
,
 t/,v )

=  
-g
 L mx  (x)p'(x) cos  k(c,,･ + x c,os x 

-
 ci)dx

  +c  L pt･'T.- (x) F'(,t) sin  k/(c. + m  cos  ft 
-
 ct)ciu'

M;, 
.
 (C'za, 

,
 t/=･ }

=y  L rrt.･ (:')Fc･:).c c{]s  kc<',, + x  cos  x 
-
 ct}c{x

       --c S' A"., (.:)F(:,)=siri k,(C,, +  :, p.os  x 
- et)dg:

         .j L
                          l.

     
,VI,  ,., (v)'u, , i"iu,) =  gsin x .fL. 

T]ty {x)17(x>:ev si[i ic (c,,

         +/r cos  x -- ct)dx

               r

      
-Fcs.igl

 )[ ,i ,'Vy<m)t"f'(x)g:  c:os  ft:(tt.
             .iL'

         -l-/t ce$  y, -- t't)d:'  (.11)

4. NLift･iEk'{,IEC.iL,L :, XPEftI},{V;.N'YS

  r/n crdcr  to iind oi]t, d.',he. crkical/  met･e=eis,ric  height

and  "'aye.s  leading up  to extrerne  motion  and  capsiying,

ott' t･he (:orii,ainer  ship  inentioned  an･ i'.he prevlouE:  sec-

t･lon h),, soaving  the equn't,ions  ot'  eoupled  six  cl'egrees  et'

t'reedom, numes'1,cal  ex{)erimeiits  were,  conducted.  For

t.he ce.vnputatl,on,  a  st,a"dtird  nv.inerical  precedure  1ti

E.mpi'  o]'e(l  t,o 1'"tegr atc  the equations  ot' iriotion  lea,dins.s

to a  step-- by  step  approximatkon  of  ship  u}oCion.

de:'ffect.'s of  i,Nra,ve t,o Shlp .Length R,atio

  At  
'first

 
,
 nu[iierical  e.xperiments  iiJ '.iine

 diorne,in

were  eoiKL/tteted  for the shitp runnine,  at  the head･ing

axig]es  uf  C}, iSO afid  60 degmees l,e ',vaves. I"ig.9 Gs' the

exin' rripSes  of  th.e tirric histories of  yawing, pitching and

r, oSling  in･ cns(.' ott Ggi.=O.S<vt) r.-.d sht/p-wave  v.p.lof.ity

ra'Lio  t]Llc=zO.7.  F.ie,.lt: st,an{ls  for t,ke results  of  nu-

merical  expc'rirnent,  ot'  t･,he c=1,tL,..'.ag (..:･],G lead'infg up  to

capsl'ze  agairist  "Tave-ship  leiigth ratio  AIL.

  it i/',' an  int',ere.st,lng point wlaet/her  the crit,lcai  (}",g

1,s targer or  sma"e,r  
'than

 the GM='S.92rn, de$igned to

satisi'y  1he  wea,ther  c:if,epl,a  A562. 
'I:he

 ship  is safe  in

the  crit･ical  Git1 h'iu-thlier t,nam, desi･gned (l'ps1. 
'The

 shilp

will  }}e unsafe  ii'i the :･anpe  cf, waves  A!L  =  1.25 t,o

1.5 havin s, Tht/, heEadin･g n,ugle  {'.qHak  t･ o  uero  and  in the

waves  oi' AIL :=  i. .25 't,o L7;-) havSntv, t,hc heading angles

egua]  t,o 30 des.roes.

 ts]ffects of  

'{,E,Ja,ve
 Height, 1,o Lengt･h Ratie

  Fig.I1 iTt･dicat,es the res'glt  of  r]i]merical  exp  e.riu'tents

t.o lind eut,  
't}'ie

 critica.E  (.}i re'E with  rcsoect  to the wave

lieight to length ratio  U!A.  
'I'he

 ship  will  be imsafe

in t･he wave  heigh"arger  than  H!A  =  l120.

 Eff'ec,ts of  Heading  A"gles  oi' Ship to ikVave

  FLg.12 shows  the results  of  nurnerical  experiment,s

 to find oitt  t,he critical  Gpt{ wit,h  respect  to the  heading

 tins,les  of  ship  to wave.s  of  A!L  =  1.0 and  1.5. The

 ship  wiU  be sat'e  tbr aiiy  headlng ang!es  in Lhe wave
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Fig.13Time
 histories of  ship  motion  in folbwing azad  q"artering waves  of  AIL=1

of  AfL =::  1.0 but unsafe  for the heading amgles  from

zero  to 50 degrees in the wave  of' AIL =Lrr 1,5,

E'ffects of  Ship to Wave  Xlelocit.v Ratio

 Fina}ly, numerical  experiments  in tirne domain were
conducteci  for the ship  runlling  at  the  lower and  highec
speeds.  Fig,13 are  the exarnples  of  the time  histo-

ries  of yawing, pitching and  rolling. The ship  wi11 be
safe  iti t,he case  of  LVc =  O.2 but unsafe  in the  case

of  Ulc  =  O.8 for the  heading angles  of  zero  and  60
degrees. Fig.14 inclicates the results  of  nurrierical  ex-

periment  to find out  the  critical GM  with  respect  to

U!c.

 
rV}ie

 capsize  is seexi  to be re}ated  to pure }o$s of

stability  when  a  cresL  mGves  amidships  at  the speed

ne:irgy  equal  to the sh,ip  
'[bt'

 a  sufficient  length oftime

to capsize.  [l]he wave  leTkgth would  be of  about  the

same  length as  the ship.

5. CON()I.USIONS

 This paper  provides an  analyLical  approach  to ship

motion  and  capsizing  in extreme  qtiartering seas.  The

problem  i$ divided into the  effects  of  waves  oii  the

hydrostatics of  sway  mot/ion.  First,, t･he hydrastatic

indices, GM,  GZ  and  E are  evaluated  up  to  taking
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t

zo  capslzeversuzs  Vfdi

inSo acco-nt  th,e effeets of Zhe  rel'ainive  .pasieierm ogsinip

ice wnves,  the h.eadizag zzzagles,  wave  height ancit  length,

Next, za xyxathemagaealg  w,'.odeP. I･s 1)ropceeG ots  t'lae 
'bca"'-

sis  of. fi.."oude-･Kr.ylov ;:erees  aalrk:,xg izzSc aceouznk  abt?.

imstantnneous free sunhce,  nt  ea,ela  tiime instaa:t nrmd

].i'nenyized laydrodyndimie forec li oA'g sini//) ina',.,ll. Fimally,

usgng  th.as. xyiathern.atica.a'  iyiodel,  zz iot oG. mumerical  ex-

periTments are  conducted  in ordez'  te  fimdi ont  the e)"-

treme  wu,ve  and  slaip  scnoen'on }'eading up  to capsizivag.

The  results  ef nexmerical  experiments  are  pseeented

mend  d2scussed t'or ihe cT.iei,eag !netaeentttEe  ] eight  vuitla

respect  to the sever.m].  /p, arazneinerfi.

 Some okhe  Tnain  findiEgs ek]re ehe impartamee of the

critical  GM  leading up  zo cagesine iu extreme  qllaecCer-

ing seas.  The  criti¢ al GM  semme  to  be aaTger thav  tkc

GM  designed te satisfy  tke criteria  A562  in b' earn  sea

e,nd  wind.  It will  be a  eensiderable  problem  foe the

safety  of  ship  at  sea  how  to deterrnine a reasoRabie

Gr/va nndi  ho'enr go  aperste  a  ge'inip in exgLtexxze  q'gar£ ering

seas.  
'.".he

 erfitical  Gma is re}ated  to tke rediucticm  o £ GZ

ain wnve  eL.ese  acffi/tsdsinipgt aasd  tke rcec'1uzctiats is largeiy

diepemdent oit  
'tbe

 eare t'omfigilrntien,  free boad ef  a

ship  azzd tTne size of waves.  Sa thaS ft-le is an  impoytnnig .
ixxipkication to  c'o-sidertlae  damgeroang ws,ve  sise  on  the
'isrzsisu

 of  the rgsla agialysis.
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