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                                   Summary

  Course stability
 
is
 
one

 
important

 factor while  taking  into consideration  safety  of  navigation

for towed  vessels.  Recently, the  problern  of  tewing  operatien,  towing  equipment  etc,  has
     considered  at  the  design stage.been

  
Course

 stability  will  depend on  yarious  factors and  especially  in this  paper emphasis  has been
placed upon  the  effects  of  wind  on  the  two  towed  systems,  A theoretical  approach  to the
calculations  is
             

also
 
elaborated.

 Calculations for three  different types  of  systems,  compo$ed

of  cargo  and  tanker  vessels,  i. e, for the  case  when  the  towed  vessels  are  identicaL small  and

large, Iarge and  small  respectiyely,  are  performed  and  the  effects  of  wind  on  each  system  are
as  follows.

  For higher wind  velocity,  the  above  mentioned  systems  have a tendency  to become stable,

however as  the  wind  direction changes  from  the  against  wind  to  the  following wind,  there
is
 
a
 
tendency

 
for

 
the

 
systems

 to become unstable.  Besicles these,  the  tow  Iine Iength, the
location of  the tow  and  towed  points also  influence the stabi!ity  of  the  systems.

              1 Introduetion

  In the  case  of  machinary  damage, grounding  or

collision,  it is often  impessible for the  ship  to moye

by itself. During these  situations,  and  for safe

navigation,  these  disabled ships  generally  have  to

be tewed  away  by tug6oats.  Recently, Internatio-
nal  Maritime Organization has a]so  been  discussing
on  the towing  of  disabled tankers,  and  attention  is
also  being  paid to the  towing  operatlon.

  In the  pTevious paperi}, one  of  the  authors  had
shown  the calculation  method  on  the  ceurse  stabili-

ty of single  towed  vessel,  and  the  effects  of  wind

on  the course  stability.  The  results  have shown

that  i,t is dominated largely by, the  size  of  tow  and

towed  vessels,  length of  tow  line, wind  speed  and

wind  direction,

  In this paper, emphasis  has been  placed upon  the
effects  of  wind  en  the  course  stability  of  two  towed

vessels.  The  stability ef  towed  vessels  under  wind

pressure will  basically depend on  the  inherent stabi-
tity of  the  individual towed  vessel.  However, ves-

sels  which  have large exposed  area  to the  wind  will

be greatly affected  by wind,  even  if the  inherent
stability  of  the  individual towed  vessel  is stable.

  A  theoretical approach  to the  problem  is worked

out  in this study,  and  discussions are  pTovided on
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the  various  factors which  play an  important role

in determining the  course  stability  of  the  tow  and

towed  system.

  This paper clarifies  the  characteristics  of  the
course  stability  of  a  tow  and  two  towed  vessels

under  the  wind  pressure by extending  the  methed

derived in the  prevlous paper,  and  it is aimed  at

safe  towing  of  two  towed  vessels,  taking  into con-
sideration  the  effects  of various  factors including
wind  as  a significant  factor.

           2 Basic Formulation

  We  now  refer  to such  a  system  in Fig,1, whlch

is composed  of  a  tow  and  two  towed  vessels.  The
equations  of  motion  of  a ship  can  now  be applied

to tow  and  towed  vessels,  for analyzing  the  motion

of the  towed  system.  The  following assumptions

are  considered  in this paper.

  (1) The  motion  is censidered  in the  horizontal

plane, and  the  effect  of  waves  is not  considered,

  (2) The  tensien  of  the tow  line is the  on]y

coupling  term  between tow  and  towed  vessels,

  (3) The  tow  line is rigid  and  straight.

  (4) The  mass  and  elasticity  of  the  tow  line are
neglected.

ReferTing  to the  coordinate  system  shown  in Fig, 1,
we  have  the  non-dimensionalized  equations  of  mo-

tion  of  tow  and  towed  vessel  as  fDllows.
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                    Fig.1 Coordinate  systems

                  -

     (mt'+m.t') iil (tuftt cos  Bt-Bt sin St)

         
-(mt'+tnvt')rt'sinBt=Xi'

                 .

    (7nt'+myt') 
Lutt(UuttsinBt+Btceset)

 . o)

         +(mtr+m.tr)rtrcosBt=Ytt

     (Izt'+iet') 
Lut,
 (Uut, rv+tt')  =Nt'

In these  equations,  subscript  
"i"

 refers  to the i-th
vessel,  where  the  subscript  O(i=O)  refers  to the  tow

vessel,  ] (i--1) towed  vessel-1  and  2(i=2)  towed

vessel-2,  respectively.  The  superscript  
"'"

 Tefers

te the  non-dimensionalized  quantities  which  are  as

fellows,

     intt, 7nxtt,  mvtt=mt,  mxt,  mut/t  pLi2dt,

     itt',iat'=ift,itt/S-pLt`dt

     Xt', Yt'=Xt,  Yt/I}-pLtdtUt2,

     lv'tt=lvt/-ll-pLt2dtut2
     rt'==L ±rilUi

Now  let the  subscript  
`fP"

 symbolize  propeller, 
"H"

hull, "R"

 rudder,  
"W"

 wind  and  
"T"

 tension  of

the  tow  line, Then  the  indlvidual component  of

force and  moment  due to propeller, rudder  and

wind,  and  tension  of  the  tow  Iine in the  right  hand
terms  of  the  equation  (1) can  be written  as  follows.

     ill:;:',+.X.H:I,+.X.R.tl,+.X.rv,Il+X.t' 1 ,,,
     IVi,=IVut,+NRt,+NT7t,+IVTt' J

where  Xpi' is thrust of the  i-th vessel,  The  in-

dividual components  of  tow  and  towed  vessels  in

in

x

 tow  and  towed  vessels

this paper  are  the  sarne  as  described in the  pre-

vious  paperi]. From  the consideration  of  balance

of  the  forces in the  x-axis  direction, we  have the

equations  of  the  tow  vessel  as  follows,

        Xpof=-(XHos'+XHIs'+XffEs')

             -(XRos'+XRIs'+XR2s')

             
-(XpFos'+Xmis'+Xrv2s')

 (3)
where  Xlios', XRos', Xivos' are  the  hull, rudder

and  wlnd  resistances  acting  on  the  tow  vessels

when  advancing  straight  respectively.  Xffis',
XRis', X"ris', Xff2s', XR2s' and  XTv2s' are  ferces
in the  x-axis  direction acting  on  hull, rudder  and

due to wind  of  towed  vessels  1 and  2 respectively

when  advanclng  straight.

  The  hydrodynamie  force Xllo' acting  on  bare hul!
of  the  tow  vessel  is approximated  as  follows, which

includes the  effects  of  oblique  motien.

           XHe'=-Ro'(1+13Bo2)  (4)
where  Ro' is the  resistanee  when  advancing

straight,

  Neglectlng the  non-linear  terms  of  the  lateral
force and  yaw  moment  acting  on  tow  vessel,  vve

have  the  following expressiens  from  ieference  2).

           X:li.IX,::12:t.Y;Lo,Zoi) (s)

Once  the  body  shape  of  the  vessel  is knewn, it is

then  possible  to estimate  the  hydrodynamic  force
and  rnoment  shown  in equation  (5),
  For  estimation  of  rudde:  force and  moment  vari-

ous  methods  have  been propesed  in the  past,

however in this  paper an  extension  of  Fujti's3)
expression  has been used,  which  is as  follows.

            i::1=iS,"SgSs`8,60 1 (6)
            NRo' =  

h1/2
 CNo cos  6o J
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  Crvox,Ci{rov,CwoN : Coethcient  of  wincl  ferce and

                   moment  respectively.

 The  values  of  the  coeMcients  Civox, Civov and

 C}voN are  determined by u$ing  Isherwood's4)
 method,

  On  the  tension  force and  moment  of  the  tow

 Iine, let Tis', T2s', Ri', R2', XTyis', X;v2s' be

 the  tension,  hult resistance  and  wind  force of  the
first and  second  towed  vessels  when  advancing

straight  respectively,  We  have

          Tlsr=Rlt+Ri+X;vlsr+Xwus,

          T2s'=R2'+Xwusl

Considering an  oblique  towing  state,  we  finally
arrive  at  the  following expressions.

  2i;,oli.F,ff,slma3ieig,,es,'j,l.C:2g-eo,H,Ziafi' 1
  IVbT,'==-Tis'a,'{1+13(Bi-ei)Z}sin(Oo-ei-si)J

                                      (9)
where  ao'=aolLo.

  Therefore, the  external  forces for the  tow  ves-

sel  can  be estimated  by using  the  formulas  as  given
above.  For the  first and  second  towed  vessels,

the  external  forces can  be estimated  by using  the
rnethod  as  mentioned  above.  In this paper, these
towed  vessels  have  no  propeller  thrust  and  no  rud-

der control.

            3 Course  Stability

  One  of  the  important  problem  in the  towing
operation  is to know  whether  the  towing  system

is stable  or  unstable.  Especial]y during  towing
operation,  the  effects  of  external  disturbance such

as  wind  are  very  prominent.  Hence  there  is the
necessity  to know  the  course  stability  of  the sys-

tem.  Fer  simplification  of  the  problem,  the  fol-
lowing  assumptions  are  made  in this  paper.
  (I) The  velocity  of tow  and  towed  

vessels
 is

kept constant(U),

  (2) As  the perturbation of  ei, Pi(i=O,1,2),
Ei(i=1,2)  are  small,  only  the  linear motion  is
taken  into eonsideration.

The  terms  ef  the  wind  component  in the  equation
of  motion  are  also  simplified  and  from  the  consi-

deration of  the  coordinates,  the  following relation-

ship  is derived,

        Bi:=B,+Oo-e,"ao['rLeb',

           -  
Lur
 (p, +q,) o',-qt}Li'e',

       B,=B,+o,-e,-aoiLo o', ao)

           - 
Lut
 (p,+q,+a,oO',- 

qbLi
 
'e',

           
-
 
Lu2
 (p,+4,)e',- 

q2uL!
 
'e',

TwoTowedVesse!s

          6. 13kRo
    CNO=:                 (1+CRS,L5)(1-tv,)2
         leRo+2･ 25

         xsin(6o+2So-re(Bo--S'ro)]ARo'
where,

   kRo:  aspect  ratio  of  rudder.

   wo  : wake  fraction ceeMcient

   CR:coeMcient  for starboard  and  port rudder

    So:slip  ratio.

  ARo':rudder  area  ratio.

    ro : flow straightening  coeficient,

In this  paper, it is assumed  that  the  rudder  of  the

tow  vessel  is controlled  by the  parameters  of  the

heading angle  and  the  angular  velocity  as  follows.

              6o==k,,e,+ko2ro' (7)
where  koi ancl  fao2 are  constant.

  Furthermore,  as  shown  in Fig,2, we  get  the

following expressions  fer wind  force and  moment,

  x-o'=  
-Sl''

 LAofdOo Civex

       x  {i+ ( i, )2+ 
2uV,

 sin  (oo+ a, -y) }
        pt Aso
  
YFfo'=7i"

 Lodo 
CIFoY

                                     (8)

       × (i+( i,)2+2uV, sin(e,+e,-ll))

        pr AsD
  
Nvo'=7'

 Lodo 
C TFoN

       × {i+( i, )2+2uV, sin  (eo+B,-v)}

where,

  Aro : longitudinal projeeted area  above  the water
       line.

  Ase:transverse  projected area  above  the  water

      line,

   p' : density of  air.

Y

0Fig.2

 Windvelocity  and  wind  direction

x
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where 　 pi＝ノ罵IL．　 p2＝f21L2，　 ql＝J且tL， ，　 q2＝12！L2，　　　 Using　 simpli 丘cations 　 and 　 assuming γo
＝1．0，γ1

＝

　　　　all＝ al！LI．　　　　　　　　　　　　　　　　　　　 1，0，　 r2＝ 1．0，　 we 　have　the 　 fo110wing 　equations ．
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一トKei ’Ao
，
一トKe2・∠1θ

，十Ks
且

・∠1ε 1 十K ε2
∠tε2

d
豆『

（nφ5）＝Le
ゴ 「iφ1 ＋ 五φ、

・Aφ・＋ Le
、

・a φ・＋ zンφ、

・∠φ4 ＋Le
，

・∠rφ5＋ 五β。

・zlβ。

　　　　　　十 五
θD
・∠tOo十Le

ゴ
Aθ

ユ十 Le2・4θ2 十 L
，ビ

Aei十 L匚ゼ ∠fε2

dTt−
（ゴβ・）＝ Mdi，・Aφ，＋ 偽

、

・4φユ ＋ Mv
、

・liφ、
＋ Mo

、

・A φ、＋ Me
、

・A φ5＋Mp
。

・dβD

　　　　　　十 MOo −Aθe十 Me
エ

■dθ，十Me：−riθ2 十 砿 ；

，A ε 1十 M ，2
−riε 2

岳・A… 一 ・φ・ 岳… ，・　・ zl¢ …th・A・・）一・φ、，　th・ri・ ，）一 ・φ、，蕃ω ・，）一・φ，

　　　　　　　　　　 ffφ⊥

＝∂H ！∂φ璽，　正fφ2
＝∂H1∂φ2　etc ，

ll・馬 ・i ← 1〜5）・　 ffp
。
≡ kl，6，島 潮 1．・． ・ （i＝ 0〜2），　ff

， 1
≡ h、．1 。　llc

，
≡ k

、．11
1φ読 ・ （i一ユ〜5），

lfi
．
≡ fe

・、6・／ef≡ k
・it ． ・ （ゴ 0〜2），／，、1le21 、。，／，錘 ，、、

ノ・ i
≡ k

・・t σ一1〜5）・ノβ．
≡ fe・，・，∫・識 ，・， ， （ゴ 0〜 2），ノ、

、
≡ h

、、、。，　 f、訣 ，、エ
κ ei≡ 鳶

… σ 一 1〜5）・κβ．
≡ le

・．・・，　ICei≡ 輪 ， （ゴ＝ 0〜2），　Ke
、
≡

蜘 K 、、≡ k
、，エ1

L ・i≡ k・・t σ一1〜5）・Lp
、
≡ le

・、6・乙・・
≡ 為

・，i ． ・ （i＝ 0〜2），　L．， 1le
，、1。，ゐ、訣 ，1l

M φ戸 彦… （同 〜5）・M β。≡ fe
・．・，　 Me

・
≡ leS，t＋T （ゴ 0〜2），磁 訣 ．1。，砿 訣 、u ．

　　 ・・ luti・ n ・f　 eq ・ ati ・n （17） as　f。ll。 ws ．

　　　　　　　整爺髪魏鋼 認 雌 一A
・
e2弓

　　　　　is　a　con ＄ tant，

（工8）

（19）

（20）
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Equation

with  Ai･

    'equatlon

(21)   isFor
 th'

 fem-R

  k2,1

  k3,1

  le4,1

  le5,1

  kG,1

  1

  e

  O

  o

  o

aIS

  (19) and  (20), we  have  as

           aAi=Zkt,j･Aj

           AAt+6=At

 set  of  simultaneous  equat'lon

 set  of  equatiens  to have  soru-

  lei,2 ki,3 fei,4 hi,i ki,s

k2,zma k2,3 k2,4 k2,s k2,e

  h3,2 k3,3-R k3,+ k3,s h3,e

  le-,2 k-,3 k4,4-a fe4,s le-,e

 sks,2 fes,3 ks,4 ks,s-a ks,s

  feG,2 k6,2 fa6,4 kG,s k6s-X

  o o o o o

  1 0 0 0 0

  o l o o e

  O O I O O

  O O O I O

 equation,  the  course  stability

   can  be determined.

       of  the  Towed

 follows.

(i=1'-6, 1'

(i=1'-5)

Hence  solving  this

on  the  towed  systems

     4 Characteristies

        System

 4,1 Course stability

  By  using  the  method  mentioned  in the  previous
seetion.  the  nurnerical  calculations  for course  sta-

bitity of  the  towed  system  are  carried  out.  In

thls paper,  three  different types  of  two  towed  ves-

sels  systems  are  considered  for calculation,  and

they  are  System-A,  System-B  and  System-C,  as

shown  in Fig,3, which  are  classified  as  follDws.

  System-A  : Tug  followed by identical towed  ves-

            sels.

  System-B:  Tug  fol]owed by small  ahd  large
            towed  vessels.

  System-C:  Tug  followed  by large and  small

            towed  vessels.

All the  vessels  in the  various  systems  are  in their

loaded condition,  and  their  piincipa]  particulars  are

shown  in Table 1. The  course  stability  of  these

systems  is investigated on  the  fellowlng parame-
ters, i,e. wlnd  speed  V, wind  direction gi,qi,Pb
g2 and  p2, where  gi, described the  wind  direction

                    Table1  Main  particulars of a

tlonsmust

 le1,T

 k2,T

 k3,T

 h-,7

 hs,T

 k6,7-A

 o

 o

 o

 o

=INII)

 1
other  than

be satisfied,

 hi,e

 k2,B

 k3,s

 h4,s

 ks,s

 le6,8

 o-A

 o

 o

 o

  Ai

 kl,g

 le2,9

 lee,g

 k4,g

 ks,g

 k6,g

 o

 o-A

 o

 o

O, the

 fe1,to

 k2,io

 k3,lo

 k4,io

 ks,io

 k6,io

 o

 o

 o-A

 o

              (21)

folEowing cleterminant

 kl,11

 fe2,11

 fe3,11

 k4,11

 ks,n

 k6,11

 o

 o

 o

 o-a

=o (22)

measuredi  from  the  forward  direction, is

particularly  used,  The  tow  point of  tow  ves-

sel  (tugboat) is located a'o;:;O,1,  and  the  aft

tow  point of  towed  vessel-1  is located at  a'i==O,  5,

For the  wind  coeMcients  Isherwood's4} calculation

method  is used.

TUG

VESSEL-1

VESSEL-2

TUG

VESSEL-1

VESSEL-?

tow

TVG

VESSEL-

VESSEL-2

  S\STEM-A  SYSTEM-B

   Fig,3 Systems  cornposed  of  a tow

         and  two  towed  vessels

and  two  towed  vessels
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course  stab[]iLLy  criteria  of  single  vessel
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  Arranging  the  calculated  results  of  the  non-

dirnensionalized forward tow  point Pi and  tow  Iine
length gi, we  have the  following figures for the

stable  and  unstable  zones  of  the course  stability  of

these  systems.  The  course  stability  of  System-A

is shown  in Fig, 4, System-B  in Fig. 5 and  System-
C in Fig. 6,

  At  first, for VfU==2.  0 and  for the  beam  and  the

following winds,  the  unstable  zone  of the  system

will  expand.  However, as  the  value  of  VXU  increa-
ses  the  system  has a tendency  to become stable.

From  the  consideration  of  the effect  of  wind  direc-
tion, and  for VfU=2.0  and  VIU=4,O  as  the  wind

changes  from the  against  wind  to the  forlowing

wind,  the  system  becoines unstable.  FurthermoTe,
on  the  effect  of  ]ength of  tow  line on  course

on

Pli

Pl

i

1.0
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o,o

 e

 

 

 

o.o 1.e zo  3,o 4.o s.e
                 -ql
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      2.e o.o

     pt

     l
         
      1.0

         

         
      o.e
        o.e 1.o ?.o 3.o 4.o s.o

                         -ql

                 (f)
the  course  stability  of  System-C

stability,  a  Iarge number  of  variations  will  have
to  be investigated, but in this  paper the:calculations
are  performed  for q2=3.0  and  5.0 respectively,

From  these  results,  long tow  Iine malces  the sys-

tem  stable,

  In System-B,  from  the consideration  of  the  effect

of  wind  velocity,  as  the  wind  velocity  increases in
the  case  of  against  wind,  the  system  becomes con-

siderably  stabre,  For  the  beam  wind  the  system

is totally  unstable  for VfU=2.0  from view  point
of  the  effect  of  wind  direction. For  VIU=4,O,
the  system  is fully stable  ior the  against  wind,

and  it gradually beeomes unstable  as the  wind  direc-
tion  chamges  to the  following wind.  It seems･

that  the  System-B  has the  same  characteristics  as･

that  of  System-A  on  the  effect  of  length  of  tow
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line.

  Finally in System-C,  it can  be said  that  the
system  is the  same  as  the  aboye  systerns  from the
consideration  of  the  effects  of  Iength  of  tow  line,
wind  velocity  and  wind  direction,

  On  comparison  of  these  systems  lt is found  that
for the beam wind  and  follewing wind  System-A
is better than  the  other  systems  on  the  effects  of

Mrind  velocity  on  the  ceurse  stability,  From  the
effects  of  wind  direction, it is found that  for V/U=
2,O  and  as  the  wind  direction changes  frem  the
against  wind  to the  following wind,  System-A
,shows  better results  than  the  other  systems.

  4.2 Trajectory  of  the tovved yessels

  The  trajectory  calculation  for the  towed  vessels

is also  performed  as  a  check  on  the  eDurse  stability.

After  having  plotted the  stable  and  unstabJe  zones,

a certain  point  is chosen  for example  within  a  ce-

rtain  zone  and  the  trajectory  for that  partlcular
condition  is determined. The  motion  of  the  tow

vessel  is on  a reasonably  straight  course  as  compa-

ratively  high values  of  constant  leoi and  ke2 fer
,control

 parameter  are  chosen,  Along  with  the
trajectory,  the  time  history of  the  various  parame-
ters, i.e. speed,  drift angle,  heading  -angle etc.
is also  plotted.  In this paper,  Pi=O,5. qi=r2.0,
a'o=O,1,  P2==2,O, a'i=O.5.  kei=20.0, ke2==1,O ge-
.nerally are  kept constant  for all  the systems,  and

el

 U  (knot), P (degree), e (degree),
towed  vessels  in System-B

                 SYSTEM-[,v=90:VIU=2,O,gl=],e

   LATERAL DEYIAIjaN  (ylL,)

        ".v

      1                              VESSEL-1

        o,o

        1.0

        2,O
          e ?o 4b 6o so lea

                    -  SAILING OISTAN[E (SIV
                                    2

      Fig. 11 Trajectory  of  a  tow  and  two

             towed  vessels  in System-C

the parameteis  that  are  varied  are  the  wind  velo-

clty  and  the  wind  direction, The  trajectory  calcu-

lation is performed  when  the  velocity  of  the  tow
and  towed  vessel  is kept constant.  After  giying
an  initial dlsplacement, a state  of the  system  is
investigated by  the  trajectory  calculations.  The
trajectory  and  time  history of  the  varieus  parame-
ters  of  System-A  are  shown  in Fig,7 and  8, Sys-
tem-B  in Figs,9 and  10 and  System-C  in Figs.11
and  12, where  

"y"

 is laterar deviation, and  
"s"

sailing  distance.

  It is also  clear  from these  results  that  the  sys-

tems  move  fTom the  unstable  state  to  stable  state

as  the  veloeity  of  the  wind  increases. This  is
clearly  neticed  in the  trajectery  as  fluctuations of

the  towed  vessels  begln to decrease. As  mentioned

in the  discussion about  the  course  stability,  as  the

vEsSEL-1vEs
/11
11XTUG

NII-Electronic  



The Society of Naval Architects of Japan

NII-Electronic Library Service

TheSociety  ofNaval  Architects  of  Japan

148 Journalof TheSociety  of  NavalArchitectsof Japan, VoL158

U
  6.0i

 S,D

  4,Op

   7eie

  -!oe

 t2o1

 i:

sysTEM-c,v=go:vlu=7,o,ql=].o

      !Uo,UtUl

pe plPl

T[ME[HDUR)

e 05 1.e
/IS

1.0

                    
e
 so

                    1 -10

                      -7e

            Fig.12 Time  history of

                   E (degree) of  a

wind  change  from the

wind,  unstable  zone  only  increases.

is also  noticed  in the  trajectory  as  the

of  the  towed  vessels  increase.

         5 Concluding  Rernarks

  On  the  basis of  the  various

course  stabiliry  and  checks  on  the  

'

system  used,  it seems  that  System-A

B  are  better than  System-C,  In

said  that  System-B,  Le. tugboat

and  large vessels,  is useful.

  The  effect  of  wind  which  plays  an  im

in determining the  course  stabllity  of

towed  vessel  system  can  be summarised

  The  course  stability  of  the  two

system  becomes poorer  in 
'

single  towed  vessel  system.  In all

long tow  Iine generally makes  the

For  the  same  wind  velocity  as  the

of  the  system,  the  course  stability

 poor.  However  when  the  wind

 times  that  of  the  steady  velocity  of

 stable  characteristics  is shown.  For

 wind,  the  course  stablllty  is good,

 following wind  the  course  stability  is
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    Lt: Length  ef  i-th vessel

    dt:Draft  of  i-th vessel

    Ut  : Velocity of  i-th vessel

    mt  : Mass  of  i-th  vesser

   mxi,  myi  : Added mass  of  i-th vessel

        y axis  direction

    JEt : Moment  of  inertia of  mass  of

        about  center  of  gTavity
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in the  x  gnd

 i-th vessel

 (knot), P (degree), e (degree),
  vessels  in System-C

 izt : Addecl moment  of inertia of  mass  of  i-th

     vessel  about  center  of  gravity

 et : Drift angle  of  i-th vessel

  rt  : Angular velecity  of  i-th vessel

Xi, Yal : External  force of  i-th vessel  in x  and  y

     axis  direction
Nt: Yaw  moment  abottt center  of  gravity  of

     i-th vessel

  p : Density  of  fluid

  et: Heading angle  ef  i-th vessel

  V  : Absolute wind  velocity

   y  : Absolute  wind  direction

  at  : Distance between center  of  gravity  and  tow

     point  ef  i-th vessel

  et  ; Angle between tow  line and  longitudinal

     center  line of  i-th towed  vessel

  ft : Distance  between towed  point  and  center:of

     gravity of  i-th towed  vessel

lb l2 ; Length  of  tow  line between tow  vessel  and

     towed  vessel-1,  and  between towed  vessel-

     1 and  tewed  vessel-2

  6o : Rudder angle

  rt  : Flow  straightening  coeMcient  of  i-th vessel
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