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                             Summary

   Yaw-sway-roll coupling  motion  of a  ship  is investigated on  the basis of captive
model  tank te$ts. A  singte-screw.  high-speed container  ship  has been chosen  as a  typical

type fbr the study.

   The  smaller  metacentric  height naturally  results in the heavier coupling  c/f roll into

yaw and  sway,  which  afrects  manoeuvrability  significantly: turning performance  is im-

proved  by the ceupling  efrect,  and  course-stability  and  quick response  to siieering are

reduced.  In short,  the roll  coupling  lessens the hydrodynamic damping  to yaw and  sway

acting  upon  the hull.
   When  an  automatic  course-keeping  device is introduced, as is quite popular  in modern

nayigation,  another  element  of  coupling  is added:  the rudder  is activated  in /accordance

with  the yaw  motion,  This yaw-sway-ro!1-rudder coupling  can  become the cELuse  of  the

heavy  rolling  often  experienced  on  high-speed ships  automatically  steered  in a seaway.

We  make  use  of  a perturbation stability  analysis  of  the problem  to reveal  the mechanios  of

the unstable  character  of  the coupled  motion  of  a ship.  Introducing ratercorLtrol  to the

autopilot  gives  a  remarkable  stabi!izing effect.

1. Introduction

   In recent  years the  yaw-roll coupling  has

drawn  an  increasing amount  of  attentioni)･2)!3).

This phenomenon  becomes particularly signi-

ficant when  :

(1) A  ship  has rather  a  small  metacentric

    height and  thus she  tends te heel over

    with  steering.

(2) A  ship  is operating  at  high-speed where

    hydrodynamic heeling moment  caused  by

    yaw  and  sway  becomes considerable.

These  situations  often  occur  fbr modern  high-

speed  container  carriers,  RO-RO  ships,  and

some  kinds of  swift  naval  xiessels.

   We  take  a single-screw,  high-speed con-
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 tainer ship  as  a  typical type fbr the presentj/

 study.  On  the basis of  captive  model  tank tests

 with  varying  heel angles,  a  set of  equations  of

 yaw-sway-surge-roll coupled  motion  are  deriv-

 ed. The equations  are  emp'!oyed  to predict the

 hard-over turning performance and  zig-zag

 steering  behaviour of  the ship,  taking into

 account  the effect of  roll  motion.  We  also

 use  of  the same  equations,  together with

 another  equatiQn  for rudder  control,  to investi-

 gate the mechanics  of  the instability of  the yaw-

 sway-roll-rudder  coupled  motion.  This instabil-

 ity can  induce a  seifLexciting,  heavy rolliRg

 coupled  with  a considerable  yawing  of  the same

 frequency.

  2. EquatiollsofMotion

     Fig. 1 shows  the  co-ordinate  system  to be

  used.  Neglecting the eilkct  of  pitch and  heave,

  we  obtain  the fundamental equations  of  surge,
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         Fig.1 Co-ordinatesystem

sway,  yaw  and  rotl  coupled  motion:

  Kyoung-Ho  SoN  and  Kensaku  NoMoTo

                tres of  m.  and  Jn,,  respectively.  The hydrody-

.
 /t- :,1･t,"C,gPGIC8,g,Z".meg},:v.t:,.zr,e.gtt'liz".S,own

    m(ab-vr)==  (all the  surge  fbrce)

    nf(of+ur)=(all  the  sway  force)

   4P =(all  t･he yaw  momcnt)

   4di=(all the  roll moment)

where  m  denotes the ship's  mass,

h her moment  of  inertia about

axes,  respectively.

   According to the  established

dealing with  hydro-inertial terms

the right-hand  sides,  and  also

static transverse stability  moment  
'

the roll  moment,  Eqs. (1) becomes

   (m+m.)ti-(m+m,)vr=X

   (m+mv)of+(m+m.)ur

           +myayP-m:yhdi=Y

   (J} +J,)7 +m,a, of=N-  Yx,

   ((.HLJle)di-m,l,ab-m.hur

           +WGMip-Kh

where  X  and  Y  denote the

forces (ex. hydro-inertial fbrccs) in

y directions respectively, N  the

of  C.G  in front of  the midship,

hydrodynamic roll moment  about

m,,  J} and  .Jl, denote the added

added  moment  of  inertia in

ay  denotes the x-co-ordinates  of  the

my,  and

v,y

(I)

   and  L and

  the z  and  x

  procedure of

   involved in

introducing the

   mcluded  in

(2)

                         hydrodynamic

                            the x  and

                         hydrodynamic

yaw  moment  about  the midship,  xG  the distance

                           and  Kb the

                            C,G. mx,

                            mass  ancl

                      the x  and  y direc-
tions and  about  the z  and  x  axes,  respectively.

                             centre  of

      4 and  h the z-co-ordinateg  of  the cen-

                                 (3)
            f the  hydrodynamic  derivatives

                            nowadays

                                  IS

                                  to

                                that

      It should  be noted  here that  the  hydro-

                               relate

The  fbrces caused  by the rudder  are  represented

by the last term of  each  fbrmula of  Eqs. (3),
i.e,, c,exiFK. sin  6, (1+a.) llK. cos  S, etc.

  The rudder  force IIK, can  then  be resolved

as:

   i)U=---A6illiiihl-s-･ALii-(uk2+vtt)sina. (4)

   cr.-S+tan-r(vkluk)  (5)

  x=2-L2v2{Is(u')-[-(1-t)Tr(J)+x,t,vfrt
      2

        
-i-XS,v'!-F-X,f,r'2-t-.Xrifpg5Z

        
-]-eiex4e

 sin  6}

  Y:= 
--
 {i-L2 V2 { Yr, v'+  y;. rt+  yb 

'

 di,+ }Jg fs
        +YIvvvt3-i-Y;..ri3+}'lg..vt2rt

        +  Ylf,.vrri2+ Yl pfsvt2  g5+ YIC,iEsvt¢
2

        +ny.dir'2g6+Y;edir'g52

        +(I +a.) E'. cos  6}

  Ar==.:l.L3v2{Ngvi+lvXr'+IVIg'di'-[-IVIgS
        +IVI..vr3+N,{..rt3+N,t..vt2rt

        +ALf..v'r'2+Ni;.ev'2ip-I-N,'.i,,,v'g52

        +Nr!r e r 
'
 
2
 g5 +  IV;,, di r 

'
 ip 2

        +(X'R -F- aiix;f) jFK  cos  S}

 Kh=:-ii-LSV2{1(Iv'-]-K4r'+K,''di'+KXip

        +KIvvVJ3'FK,1..rS3+Kg..vl2rr

        
"l
 
'Kv'rrV'r'2t

 Kv{veV'2 ip +K,',･"v' g62

        +ew.,,r'2g6-l･-.ICr",,r'ip2

        -(1+a,,)zkF.I,  cos  el}

   Definitions o

}'XI, . . . Y;i.,, etc., are  widely  used

and  nearly  selflexplanatory,  but if there 
'

any  ambiguity  references  should  be made

the  MMG  Report6) and  Reference 7 in
order.dynamic

 derivatives YI,... }'K,., etc,,

only  to fbrces acting  upon  the naked  hull.
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uk=uSsVl+8kK.f(nJ2)  (6) Tablel
 

Principal
 dimensions of  sR  los

                                           ship

where

     J  --  u2  Vl(nD)

     ue=cosvt[(1-wp)

        +7{(vt-, xSrt)2+cp,vt+cf,.rt}]

  Vlr="11Vt+en.rt+CR.,,rt3+cn,.,rt2V'  (7)

This rather  complicated  form  is taken  from

the MMG  Report6' and  partly frorn Reference

7. We  employ  many  of  the hydrodynamic

data from Reference 7 and  accordingly  follow

this form. In the  end,  however,  it is possible
to  rewrite  the whole  hydrodynamic forces

acting  upon  the hull and  rudder  and  propeller
in the same  form  as  Eqs. (3) but without  the

Fle terms. In this case,  the hydrodynamic
derivatives Yg,.,.  }'Il., et¢ ., will  change

their value  to incorporate the rudder  force
and  rudder-hull  interference.

3. Test Model  alld  Experimenta]  Results

   Table 1 and  Fig. 2 illustrate the single-

screw  container  ship  we  chose  fbr the present
study.  Since it was  originally  designed for the
SR  108 project by the  Japan Shipbuilding
Research Association8), many  illvestigations

have been done with  this type, includjng an

extensive  captiye  model  test for manoeuv-

rability  predictions by Matsumoto  and  Sue-
Mitsu7).

   To  their results  we  have added:

(1) An  oblique  tow  test with  various  angles

   of  heet to define the sway-roll  coupling

t6"L-11e.

nv
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Fig,4  Lateral force (hull only)  coeficient

     roll  angle  with  drift angle

th

due to

  The oblique  tow  results  are  shown  in

Figs. 3, 4, 5, 6, alld 7. .Fig. 8 indicates the  roll

moment  versus  the  lateral fbrce, both of  which

are  exerted  by rudder  defiection.

   The  marks  in the figures represent  the  meas-

ured  data and  the curves  the least square  error

fittings. The regression  fbrmulae are  noted  by

the figures, where  the  coeMcients  define the

hydrodiynamic derivatives.

   Fig. 5 is perhaps particularly interesting

among  these results for it suggests  the key to

the roll-to-yaw  coupling  mechanism.  Suppose

a  ship  turning to starboard;  she  moves  obli-

quely to port and  at  the same  time  leans over

to port. That means  that  a  ship  turning to

starboard  has a  positive 6 and  a negative  ip
(c£  Fig. 1). Fig. 5 indicates that a positive fi
alld  a  negatjve  ip gellerates a  starboard  turn-

ing moment  (positive N'); the greater the heel

angle  O, the  greater the turning moment

becomes.  Now  vt,e can  see  the  sequence:  a

N,

o

o

CHul!
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LSM-Eitting
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Fig. 5
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Yaw  moment  (hull only)  coeMcient  due to roll

angle  with  drift angle

 di

                 He[ght  trom keel to cer/tEr

                 or  rolL  ffc/uent : O,20E  m

           -D,O･:Ol

Fig. 6 Rol! moment  (hull only)  cocencient  due to roll

     angle

ship  makes  turning, she  heels over,  and  the

heel generates even  greatcr turmng  moment.

This is a  sort  of  positive feed-back. By  this

sequence  the roll-yaw  coupling  generally en-
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K' (Hull on[y)
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Fig. 7
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Relation between K' and  Y' (hull only)  under

oblique  running  test with  heel angle
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Table 2 Hydrodynamic derivatives and  coeMcients

  Yaw  moment  t Arouthtl  /oidshlp

   Etoll momont  : Arv/tnd  ctentre  of  -ravi.ty  , C.G.

          { KGtlO,llV  m,  [IM=[).3  n/ in  fuil  sL:e  )

 a}  TfULL  ONLY

h) RUDD:.F

poiiit Table3

Y'tCl+aH)FAtes5

Relation between  K'  aftd  Y' induced by  rud-

der defiection on  the straight  running

Hydrodynamic  derivatives around  centre  of

gravity  (KG  ==  10.09 m,  (}M  ==  O. 3 m  in full size)
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courages  turning and  reduces  the  effective

yaw-damping, thus spoiling  the course-stability

and  quick steering  response.

   On  the basis of  these experimental  resuits

we  have estimated  some  other  derivatives

including the yaw-roll coupling  ones.  The

roll  damping  data of  Reference 9 have  also

bgen ernployed.

   Eventually we  obtain  all the necessary

derivatives and  coeMcients  as  Iisted in Tables

2 and  3.

4. Manoeuyring  Prediction Taking Roll Coupl-

   ing into Account

   Solving Eqs. (2) and  (3) with  the nurnerical

data from Tables 2 and  3 makes  it possible
to predict the ship  motion  induced by any

given rudder  execution.

   Fig. 9 il]ustrates the  turning paths and

accompanying  roll  angle  time histories with

a  rudder  defiection of  lSO. The  smaller  meta-

centric  height (GM) naturally  results  in the

greater roll angle  with  the same  rudder  deflec-

NII-Electronic  



The Society of Naval Architects of Japan

NII-Electronic Library Service

The  Society  ofNaval  Architects  of  Japan

78

tion; this in turn makes  the hydrodynamic

yaw  damping  the less a]id thus turning  path
becomes the ti'ghter.            -

   A  sirriilar trend {g also  seen  in zig-zag

manoeuvre  shown  in Fig. 10: the roll  coupling

makes  a  ship  less stable  on  course  and  slower

m  response.

   In both  caseg  the  effk}ct of  the  roll  coupling

can  be considerable.  This is especially  true

when  the metacentric  heihgt is small.

5. UmstabRe Behavieur Imidiced by Yaw-S"'ay-

   Rell-RudideT Caupling

   We  have already  pointed out  the unstable

character  of  the roll-yaw  coupling:  once

given a  yaw  motion,  the  yaw  induces roll  and

the  rolt  aecelerates  yaw  even  morc.  Together

with  the rudder  movement  in accordance  with

yaw  motion,  this unstable  character  can

generate a  selgexciting, roll-yaw  coupling

oscillation  ef  an  automatically  stecred  ship.

Because it is of  a  selfiexciting  type, this oscii-

lation can  become really  wild.

   Taggarti) suggested  this type  of  yaw-

induced roll as early  as  1970 and  recently  Eda2'

carried  out  a  digital simulation  study  based on

captive  model  tests to indicate the feasibility

of  this kind of  coupling  oscillation.

   We  will  perform  in this section  a  mathe-

matical  analysis  of  this yaw-roil-rudder coupl-

ing instability on  the basis of  Eqs. (2) and  (3)
and  the captive  model  data, both of  which

were  already  intreduced in the  preyious sec-

tions.5.1

 Eqllatioiis of  Metion

   Suppose a  ship  sailing  nearly  straight  with

an  automatic  course-keeping  device in opera-

tion. We  can  assume  a  constant  ship  speed,

so  the first equation  of  Eqs. (2), the surge

･equation, can  be omitted.

   Arnong hydrodynamic derivatives, the

third-order terms  of  yaw  and  sway  can  be
omitted  because yaw  and  sway  velocities

remain  rather  small  in the situation  under

Kyoung-Ho  SoN and  Kensaku NoMoTo
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   Fig, 10 Z-Manoeuvre response  and  roll angle

considcration.  The terms meutift'  and  m,'ctgdr'

are  generally so small  that they can  also  be
omitted.

   The  higher-order terms of  yaw-roll and
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sway-roll  coupiing,  however, should  be includ-
ed.  Thisisbecause:

(1) The  roll angle  may  well  reach  200, which

    can  hardly be considered  small,

(2) As is indicated in Fig. 5, even  a rather

    smail  sway  velocity  does accelerate  the

    rol!-yaw  coupling  considerably,  which

    implies a significant contribution  of

   higher-order coupling  terms.

  The  equations  of  motion  for the analysis

of  this section  then beeeme:

   (mr+mt,)ab'- }';v'+. (mt+mth- y;)rt

       
-mX

 l,'p'- }'lj 
'p'-

 Yl; g5 -  YI,pv'2 g5

       
-

 }k"vripZ- Y;f,dirt2 f5-  Y;ppri g52

       -=  Y:.6

   (Jg-FJS)fi'-AJ;.r,-IVIvt-IV}itpt-Al}Idi

       
LIVIvgsVt296-N,I"eVtdi2-N.1.ort2ip

       
-IVXeer'ip2=-NSa

   (4+JX)Pt-Kli,p,+(PVtGM,-Kg)O

       -meage'-Ksv'-(maag+1(;)r,

       
-Kv'vdiVt2ip-KVoeV'di2-K.'.er'2ip

       
-Kx,,,

 rt¢
2=Kga

where  p' ==  di'==- di(LI V)

                                 (8)

   Next we  will  assume  a  proportional-and-
derivative control  auto-pilot  and  a steering  gear
with  an  exponential  lag. The  latter is a  good
appreximation  of  current  electro-hydraulic

steer]ng  gears.

   The  equation  of  this rudder  control  mecha-

nlsm  ls:

       TkS'+st--aip-b'di' (9)

where  di'-di(L!V)=-r', b'-b(VIL), and  where

TS==Tle(VIL), Tk being the time  constant  of

the  steering  gear, and  a  and  b denote the
"proportional"

 and  
"derivative"

 control  para-
meters,  respectively,  of  the auto-pilot.

   Eqs. (8) and  (9) compose  the set  of  simul-

taneous difierential equations  which  the present
analysis  is based upon.

79

5.2 Stabiiity Analysis-Root  Locus  and  Range

    eE  StabEMty Diagrams

   When  the yaw  and  sway  velocities  and  the

roll  angle  are  all very  small,  the  stability  analy-

sis is simple:  the third-order terrns of  the roll-

yaw  and  roll-sway  coupting  can  then  be omitted
and  Eqs. (8) become  linear. We  can  define the

characteristic  roots,  or  ei,c,ren-yalues,  which

govern the stability.

   The  results  are  indicated in Figs. (11) and

(12) by the × -marks.  Thc;re are six eigen-

values  and  all the real  parts of  thera are  nega-

tive in these  two  cases.  1'he whole  system

(ship and  rudder  controt  device) is then stable,

and  any  small  devlation from upright  (ip=O),
straight  sailing  (r'=v'==O) will  decay out  with

tirne.

   Next we  will  collsider  tl]e case  when  the

yaw, sway,  and  roll  are  not  very  small.  The

third-order coupling  terms ca,n  not  be  omitted,

then. We  will employ  the priiiciple of  perturba-
tion stability  around  an  arb.itrary  equilibrium

sltuatlon.

  Assuming an  equilibrium  of  r'=ra,  v'=vG,

and  di=ipo, a  small  perturbation around  it is
described by the  fo11owing equations:

   (m'+m;)dr'- Yiv'+ YLr'- }'lp'

       
L

 }rlipt- yh g5 -=:  YS 6

   (II+.II)2'-IVLr'-iV5v'-,Nilp'
       -IVkdi-N:.6

   (II+JI)P'-KLp'-E-Kig5-lrlab'
       -Khv'-K,rr=KS6

   71k6+a==-ae-b'di'

   It should  be here noted,  however,
the motion  parameters v', r', ip, S,
equation  are  ones  of  small  /

the whole  amount  of  the motion

For example,  whole  sway  velocity  

'

v  being the perturbation.
Y's, IV's, and  K's  are  :

   X-  Y; +2  ny, ptvg  ip, 
-[-

 Ylrij ip tP:

   Yh =-  (m'+mS- Y,{)-2 Y/

(1O)

          that all

          in this

  perturbation, not

      parameters.

        IS Vo+V,

The  new  coeMcients

rdi  r6¢ uH  YLi 
/s
 ip:l
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   Kh (m14+Kr)+2KIre oOo+KIo"g5e

                                   (l1)
   Eqs. (10) are  obviously  linear, and  there-

fore the stability  of  small  perturbation around

the situation  v6, rC, and  di, can  be examined

by the same  procedure  already  mentioned  in

the stability  analysis  for upright,  straight  sail-

ing.

   The algebraic  equation  to define the eigen-

values  is

   A6-1-A,A5+A,ft4+A,Aal-A,AZ

       +A,A+A,-O  (12)
where  A's are  cognposed  of  the coeMcients  of

Eqs. (10).
   Eqs. (11) tell us  that the coeMcients  Y's,

IV's, and  K's do change  their values  with  the

initial motion  v6, r6, and  ip,, so  the sarne  is

truc ef  the A's of  Eq. (12). The  stability  eigen-

values  thus  change  with  the initial motion  vS,

r,', and  ¢ o. 
-

   Figs, 11 and  12 ilhastrate this. Starting at

the ×-marl< that corresponds  to straight  sailing,

the characteristic  roots  move  along  the arrow-

headed  solid  curves  with  increasing initial yaw
veloeity  r6.  In this figure, the i'nitial sway

velocity  is given to be proportional to  rr,,

i.e.:

}1--mgag

k-  nyYk=
 Yg +  }'l;,,vr,2 +2  YIb,v6 di,+ Y.',,ra2

    +2}Vp"rSipo
Nl=NI+2Ai/l･,;r6¢ o+N;eeip:

IVk=IVX+2Nlf,,,vf,g5o-1-7VS,s,sg6g

M--IVk'
IVS=IVX+Nif.,,va2+2N,;e6vgg6o+IVI{.er:2

    +21V;ijer6¢ o

K-- =- Kb'

Kk==(W'GM'-KS)-1(I.,v62-2K"S,v6di,

    -  K/l. 
,,
 r E2 -  2K.',, 

,,
 r 6 g5o

,Icu-mug

KL=-KII+2)nyb,,vgipo+Kgdiog5Z

    

FX.-}1

   "1

    

    
Fig. II Root  locus diagram  of  stability  charactcristic

      equation;  ipo=O, without  yaw-rate control

         
       f-

Fig. 12 Root  Iocus diagram of stability characteristic

      equation;  ipo ==O, yaw-rate gain b' == 1.0

       v6-:-･--O.45ra (13)

This means  that the pivoting point is located

O.45 ship  length in front of  C.G.

   Accorcling to  Fig, 11, the ship  is stable  at

upright  and  straight  sailing  because all the

roots  remain  on  the left-half plane. Any  small

rolling  will  decay with  time. With increasing

yaw  velocity  rE, however, a pair of  complex

roots  move  to rightward  and  cross  over  the

imaginary  axis  when  rS  reaches  ± O.167. This

means  that the ship  (and the whole  system>

becomes unstable  when  her yaw  velocity

exceeds  O,167. Now  any  small  ro]ling  will

build up  and  the  ship  develops heavy rolling

accornpanied  by  considerable  zig-zag  yawing
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]6 Roll-yaw-rudder coupled  motion  with  auto-

   pilot; without  initial yaw  motion  and  without

   yaw-rate control

(cfi Fig. r7).

   This is visualized  in Figs. 16 and  17. We
solved  Eqs. (8) and  (9) numerically,  giving an
initial yaw  rate  of  O.O and  O.16, respectively,
and  a small  stepwjse  roll  moment.  Without
initial yaw  velocity  the whole  system  is stable

(Fig. 16), but with  r5=O.16,  the system  gets into
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Roll-yaw-rudder coupled

pilot; initial yaw-rate re'

yaw-rate centrol

ioo ISO

motien  with  auto-

==-O.16  but with

a  selfiexciting, diverging oscillation (Fig. 17)..

The period is about  80 sec., which  is much  long-

er than  the natural  period of  roliing, 30 sec.

   Fig. 11 corresponds  to the case  of  no  roll

angie,  i,e,, upright.  We  can  draw a similar

root  lecus diagram with,  a certain  amount  of

roll  angle,  ip,, with  changing  rS.  The result

tells us  that  the greater the  initial heel di, to

outward,  the smaller  becomes the critical  r6

at  which  the whole  system  gets unstable.  Out-

ward  heel means  to lean over  to the opposite

side of  turning, i.e., opposite  signs between

yaw  and  roll,

   Fig. 13 illustrates this. The  ordinate  is the
initial yaw  velocity  rg (non-dimensional), and

the abscissa  the initial heel angle,  ¢ ,. The
curves  indicate the boarder-Iine stability.

Without  any  initial heel the  critical  (boarder-
line) r6 is ±O.167, as  is shown  by Fig. Il.

With  an  initial heei of  10" to port (negative ip)
fbr example,  a  much  smalier  initial starboard

turning, rC-+O.OS2  becomes critical. The

destabilizing effect  of  an  outward  heel is quite
obvious.

   On  the  contrary,  an  inward  heel is much

safer than  an  outward  one.  The captive  model

experimental  data of  Fig. 5 tells us  the basic

reason  for this. gncidentally, Fig. 13 also

shows  that a  heel angle  of  about  20a may

indu¢ e unstable  motion  without  any  initial

yaw  motlon.

   In the case  of  Fig. 13, the derivative con-

tTol, or  yaw-rate gain of  the  auto-pilot,  is zero

(b'==O). Introducin.a the yaw-rate control

improves the stability  of  the whole  system

significantly,  as  is Mustratcd by Fig. 14. This

is also  confirmed  by the  digital simulation

results  of  Fig. 18. It may  be rather  surprising

to see  how  etiective  the yaw-rate auto-pilot

is in suppressing  heavy rolling  which  would

otherwise  exist,  in spite  of  the  fact that it has

 no  direct action  against  rolling.  This is a

very  interesting point of  the yaw-roll coupling.

   Fjg, 15 displays the efiect  of  the steering

gear speed  on  the stability  of  the whole  system.

In this case  the stecring  gear time constant  is

deubled, that means  the steering  gear speed  is
halved. The  effect  is considerable:  the  critical

yaw-rate at  upright  sailing  lessens to O.106

and  the criticai  roll  anglc  at  straight  sailing

becomes as  small  as about  100. Again it is
interesting that  the  steering  gear speed  has

a  great infiuencc on  rolling at  sea,  Together

with  the prcvious results for the auto-pilot

yaw-rate control,  this reminds  us  of  a  cornmon

belief among  small  boat skippers  that  skillful
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steering  is essential  to avoid  heavy relling  at

sea.

6. Conelusions

   The  important  conclusions  we  obtained  are:

   (1) The  captive  model  tank  tests revealed

that  yaw  moment  and  sway  fbrce induced by
roll  depend much  upon  the yaw  and  sway

velocities.  This is particularly true fbr an

o"tward  heel, the Iean over  to the opposite

side  of  the ship's  turning. Accordingly the

yaw-roll and  sway-roll  coupling  hydrodynamic
fbrces have essentially  a  non-linear  character.

The third-order, cross-coupling  hydrodynamic

deriyatives play an  important roll  as  well  as

the linear t'erms in the rnathematical  modelling

of  the  hydrodynamic fbrces acting  upon  a  hull.

   (2) The yaw-sway-roll coupling  has a

destabilizing eflect  on  the yaw  motion  of  a

ship: improving turning perfbrmanee and

spoiling  directional stability  and  quick response.

The  smaller  the metacentric  height and  the

higher the ship  speed,  the  more  prominent
this tendency  becomes.

   (3) The  yaw-sway-roll coupling  can  induce

a  seifiexciting,  heavy  rolling  accompanied  by

a  considerable  yawing  of  a  ship  under  automatic

course-keeping.  Since this phenomenon
depends much  upon  the higher-order yaw-roll
cross-coupling,  an  accidental  heel over  of

moderate  degree will  not  last long if a  ship  is

sailing  really  straight.  Once she  begins to yaw
and  sway,  howeyer, even  an  infinitesimally

small  heel can  develop into heavy rollillg  ac-

companied  by yawing.

   (4) The  perfbrmance of  an  auto-pilot  has

a great effect on  this unstable  behaviour.

Yaw-rate  control  proved  very  efiective  in

suppressing  this type of  heavy yaw-roll motion.

Slowing down  the steering  gear speed  spoils

the overall  stability considerably.
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