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Wind Effect on Course Stability of Two
Towed Vessels
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Kamlesh Varyani*, Member

Summary

Course stability is one important factor while taking into consideration safety of navigation
for towed vessels. Recently, the problem of towing operation, towing equipment etc. has

been considered at the design stage.

Course stability will depend on various 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, composed
of cargo and tanker vessels, i.e. for the case when the towed vessels are identical, small and
large, large and small respectively, 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. Besides these, the tow line length, the
location of the tow and towed points also influence the stability of the systems.

1 Introduction

In the case of machinary damage, grounding or
collision, it is often impossible for the ship to move
by itself. During these situations, and for safe
navigation, these disabled ships generally have to
be towed away by tugboats. Recently, Internatio-
nal Maritime Organization has also been discussing
on the towing of disabled tankers, and attention is
also being paid to the towing operation.

In the previous paper?”, one of the authors had
shown the calculation method on the course stabili-
ty of single towed vessel, and the effects of wind
on the course stability. The results have shown
that it 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 on the course stability of two towed
vessels. The stability of towed vessels under wind
pressure will basically depend on the inherent stabi-
lity 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 provided 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 method
derived in the previous 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, which
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 considered in the horizontal
plane, and the effect of waves is not considered.

(2) The tension of the tow line is the only
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.

Referring to the coordinate system shown in Fig. 1,
we have the non-dimensionalized equations of mo-
tion of tow and towed vessel as follows.
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Fig.1 Coordinate systems in tow and towed vessels
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In these equations, subscript “” refers to the i-th
vessel, where the subscript 0(i=0) refers to the tow
vessel, 1 (i=1) towed vessel-1 and 2(z=2) towed
vessel-2, respectively. “" refers
to the non-dimensionalized quantities which are as
follows.

The superscript

1
my, May, Mys' =my, My, mm/g oL:*dy,
r g f , 1 4
Iy iz =100 T‘Z_pLi dy
Xy, Yy=X;, Yz/%ﬂLtdiUiQ,

Nt'ZNz/%DLzadzUtz

vy =Lqyr;]U;

Now let the subscript “P” symbolize propeller, “H”
hull, “R” rudder, “W” wind and “T” tension of
the tow line.
force and moment due to propeller, rudder and
wind, and tension of the tow line in the right hand
terms of the equation (1) can be written as follows.

X =Xpi/ + X' + Xpi/ + Xyt + X/
Y /=Yr/+Ypd/'+Ywi/+ 70 (2)
N{/=Ngy+Npi'+ Ny +Npy

where X,;' is thrust of the i-th vessel. The in-
dividual components of tow and towed vessels in

Then the individual component of

this paper are the same as described in the pre-
vious paper?. From the consideration of balance
of the forces in the x-axis direction, we have the
equations of the tow vessel as follows.
Xpo'=—(Xpgos'+ Xp1s'+ Xpas
~(Xpos'+Xr1s'+ Xras)

—(Xwos' +Xw1s'+XwasD  (3)
where Xpos's Xross Xwos are the hull, rudder
and wind resistances acting on the tow vessels
when advancing straight respectively. Xgig,
Xris's Xwis's Xues's Xgpes' and Xyegs' are forces
in the x-axis direction acting on hull, rudder and
due to wind of towed vessels 1 and 2 respectively
when advancing straight.

The hydrodynamic force Xy, acting on bare hull
of the tow vessel is approximated as follows, which
includes the effects of oblique motion.

Xpo'=—Ro' (1413 Bo?) (4
where R, is
straight.

Neglecting the non-linear terms of the lateral
force and yaw moment acting on tow vessel, we
have the following expressions from reference 2).

Yio=—Yp'Bot Yro'7o }

Npyo'=—Npy'Bo—Nro'7o'
Once the body shape of the vessel is known, it is
then possible to estimate the hydrodynamic force
and moment shown in equation (5).

For estimation of rudder force and moment vari-
ous methods have been proposed in the past,
however in this paper an extension of Fujii’s¥
expression has been used, which is as follows.

!

the resistance when advancing

(5)

XRO’:—CNOSin 60
Y ro'=Cpnocoséy (6)
NRO'Z'—I/Z CNO C0860
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_ 6.13kp, L5 _ 0
CNo—m(l’*‘cRSo ) (1—wy)
XSin{50‘1”250—70(80—%‘70')}14120'
where,

kRo @ aspect ratio of rudder.

we : wake fraction coefficient.

Cr : coefficient for starboard and port rudder

S @ slip ratio.

Apgy' : rudder area ratio.

7o : flow straightening coefficient.
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.

Go=ko101+kgory (7)

where kg and kg, are constant.
Furthermore, as shown in Fig.2, we get the
following expressions for wind force and moment.

T (8)
X {1'*- (m) +705m(00+80—1“)}
o' Agg
Nyy=—.222C
wo 0 L(]do WoN
V\¢ 2V .
X{1+<70'> +m—sm(00+/30—10}
where,
Ay, : longitudinal projected area above the water
line.
Agy : transverse projected area above the water
line.

o' : density of air.

Fig.2 Wind velocity and wind direction

Cwoxs Cwov, Cwon : coefficient of wind force and
moment respectively.
The values of the coefficients Cyoy, Cioy 2nd
Cwoy are determined by using
method.

On the tension force and moment of the tow
line, let Tis', Tas', Ry, Ry, Xyys', Xwes' be
the tension, hull resistance and wind force of the
first and second towed vessels when advancing
straight respectively. We have

Tys'=R)+Ry'+ X5+ Xas'
Tos'=Ry'+ Xypos'.

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

Xro'= "'sz'{l‘i'13(B1—€1)2}COS(00—01—51)

YTOIZ Tls'{l+13(£1—€1)2}Sin(00—01—~€1)

Npy'= _‘Tls/ao'{l+13(31_91)2}Sin(00“01—51)
(9)

Isherwood’s#

where a,'=a,/L,.

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
method 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. Especially 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. For simplification of the problem, the fol-
lowing assumptions are made in this paper.

(1) The velocity of tow and towed vessels is
kept constant(U).

(2) As the perturbation of 6,, B:(G=0,1,2),

£;(i=1,2) are small, only the linear motion is
taken into consideration.
The terms of the wind component in the equation
of motion are also simplified and from the consj-
deration of the coordinates, the following relation-
ship is derived.

61=Bo+9o"61'—a‘z]Logo
L .. L
—71(?1‘“]1)01“‘]17131
e Loy
Bzzﬁo‘i‘@o_ﬁz— a(;] 0‘90 (10)

L . L, .
_71(1714'%‘*‘0{)61— qu ! &

L . L.
—72(1’2‘1'[]2)02* an e,
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where py=r11/L1, Pe=to/Ls, @1=Ili/Ly, q2=Is]L,, Using simplifications and assuming 7,=1.0, 7=
ay=a,|L,. 1.0, 7s=1.0, we have the following equations.
L . Lo »
UD {Mxo — Y5 —*Co<koz i —2—>}60—(C0k01+ WoCWoY+T1s')‘9o+Myo'7°Bo
+ (Vo' +Com WoCipor) Bot Tog' (o) —2 250 ¢ {1+ V2V n) =0 €5
4 0 oV WoY 0 1S 1 1 p L d wWoY U U

L L C
I,y < Uo> 0+70{Nro'+ <koz+ )} < S kor— WoCwon+T1s' ao>0o

o) VN2 2V .
+<Nﬁo'~*21— WoCWoN>Bo‘—T;s'élo'(01+51)—'%—L%CWON{LF(U“) —7sin V}ZO (12

LOL

L .
— My 55— =l ay'f o+ {M./I :ao'(Yﬂx'+C1—W1'CW1Y)}00+(Y51'+C1_W1‘CW1Y)00

+My1'"U—lgo+(Yﬁ1'+C1—W1CW1Y)Bo lel( >(P1+‘h)01

+:’t‘i

C R
U {"‘Mz/ll‘f‘Mxl'— Yn'—Tl— (P1+a0) (Y +C— W1CV/1Y)}01

Li\2%. L .
— (Y, +C1+TosN0— My, %(71) 51"41—Ul—(yf?1'+01— W,Cwiv)é,

' A v\ 2V
"‘T1s'€1+Tzs'(ﬁz+52)‘—%T‘chw{l%-(*ﬁ) ~ Smy} 0 (13

'L C C C
%‘E(—Nﬁll'*'—l"r W, CWxN) 00'*‘ <Nﬁll—7‘- W,- CW1N>00+ (Nﬁll—"z—l_ WICW1N>BO

cC c ]
+ 1, (“L—> i+ { 't 1+(P1+‘Z1)<“Nﬁ1'+‘§l‘+ W1CW1N>}01

C C .
+{—Nﬁl'+‘71+ ng’ax’} 1 qul {—Nﬁll'*'Tl'i‘ W10W1N}5_T15'P151

A VN2 2V .
—-ng’al’((iz-%-ez)__;_’ Llsl wa‘v{l-i-(ﬁ) ——U—smu}zo (14)

Lz Loao'

L.L. )
— My, (0]22 ay'0o+ {Myz T (Yﬂzl"l"Cz—WzCWzY)}eo

+ (V' +Co— WyCryay)bp— Myz . (171+41+d1)01
L 2 L
+ {(1’1+41+a1')T]1—(— Yi'—Co4- WZCW’ZYD}gl—’MyZl(vZ) (P2ta2)0,
L C .
+ [(ﬁ) {—My2'+Mx2'— er'—Tz— (Pot+q2) (Yo' +Co— chwzy)}‘]ﬁz— (Yg'+Cy)0,

Ly\2. L . , L.L., -
— My qz( U2> 82_%(&32/4‘("2—‘ WoCway)ée— Thrs'es— Mys'qy [1]22 g

L . L, ; '
o [11U L(Yp,'+Co— W2CW2Y)81+M1/2'—7230+(Y52 +Co— Wy CwardBo

o Asy (VN 2V
0 L.d, CWZY{1T<U> i smy}_o a1s)

’ C . C
sz‘}o (—N‘BZI+‘2_2+ WzCW2N>ﬁo+ (Nﬁz/—‘z_z_ WZ'CW2N>0°

L C, L
+(p1+q1+a") Ul < Ngy'+—5~ + WZCW2N>01+IZZ ( U2> b,

(Nﬁz 2)‘72

2t chwzl\/>82 Tos'pa €y

L C
+ B W+ St Port ) (— Mo+ S Wi

C,
+ QI{JLI < Ng, '*‘“—*I’Vzcwz,v>81+ 42(;42 <— o'+

jo
7)

(Vo == WiCran o= L3 Copan {1+ (37 — T sin ) =0 as)
0 Lod,

where Mzo'=(mg' +mae),  Myd=0m'+myed, Me'=0m'+mz),
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My'=0my+my), My'= (my'+myg"), My'= (my'+mys")

_0 Ase 2V 0 Asi 2V ;0 Ase 2V
W"_p Tod, T eos v, Wl_p T4, T cosy, W,= =0 T.d, 77 cosY,
_ 6.13kp, 15 2 Art .
and i*mCl'{—CRS )(1——"01) L d , (2—-0, 1,2).
These parameters for towed vessel 1 and 2 cor- Substitute 6y=¢,, 6,=a,, 2= g3, &1=@y, E=¢s

respond to the parameters of tow vessel shown in

into the equation from (11) to (16) and rewriting
equation (6).

the equations for ¢, ¢s, ¢, by, s, By, we have
¢;1:H(¢1, P, bs, b, b5, Bo, G, 04, O €1, €3)

Q[’z:-r(‘f’l, P2, D3, Pus @5, Bo, O, 01, 05, &, €2)
Q:sazf(‘;bb Pos b Puy s, Bo O, 0y, Oy &, &) an
b =K(¢1, Do, ‘153,.954; b5, Bo, O, 0y, 65, &, €s)
(;55:[4((?51, P2y ba P, s, Bo, 0o, 01, 0y, ey, €s)
Bo:M(‘lsh P2, b3 Do @5, Bo, 0o 0y, Os, &1, €2)

From the equilibrium condition of the parameters of the parameters, ar.1d from equation (17) and the
b1 6o $5 64 65 B0, 00,01 0n. e and & if we bring  relation §y=0p $r=fy Go=0y dsméy, and doméy
about small variations of the order 44, A¢,, 4¢,, we have as follows.
Ay, d¢5, ABo, 460, 461, 40,, de, and dey, in each
d—t(4¢l)=H¢l.A¢l+H¢2.A¢2+H¢3.A¢3+H¢4-4¢4+H¢5-A¢5+HBO-ABO
+Hp, 404+ Hy, - 40,4+ H,, - 40,4+ H, - Ae,+ H,,- e,
(4¢2) Lo, dby+ s, Apy+ Iy, Apyt I, Apy+Isy- Aps+Is, - 4B,
gy A0y Iy, 40,4 I, 46,41, - Aoy 1, de,
‘%(Mh)=J¢I~A¢I+J¢2-d¢z+f¢3~4¢a+]¢4-d¢4+f¢s-d¢>s+fﬁu-dBo
+Joy 0o+ Jo,- 401+ J o, A0y + .- dey+ ., - de,
TF D=y A Ky, Dbt Ky Aepyt Ko Ap 4 Ky Bps Ky B
+ Koy 400+ Ko, 4, + Ky, 46, + K., Aoy + K., de,
ST =L, A6 4 Loy Ao Ly Ayt Loy Ayt Loy Aot Ls,- 46,
+ Lo, 400+ Ly, 40,4 Ly, A0y-+ L, - dey + Lo, de,
ditumo)=M¢,-A¢1+M¢2-A¢2+M¢3-A¢3+M¢,A¢,+M¢S.A¢5+Mﬂo.dﬁo
+ My, 400+ My~ 40,4 My, 40,4+ M, - Aey+ M,,- de,
%(400):4% —gt—(dﬁ,)zdgbz, ditu@z):zm, %(@g:d@, -(%(Aez):z!d)s (18)

where H; =0H|[0¢,, Hs,=0H|0p, etc.
Now we put Hy, =k, (1=1~5), Hp =k, Hoi=ky 1.0 (i=0~2), H,
"“kzz (i=1~5), Ipo—kz 6> Ie‘—kz 17 (1=0~2), el—kZ 10 52:k2,11
Jo ;—ka.i (I=1~5), fﬁo=k3,s> Joi=Fks 1.1 (E=0~2), fq:ks,lo,« ]ezEka.u
Ky;=ky1 (i=1~5), Kp =k, Koi=ki 40 ((=0~2), K. =, K.,=k,
Ls;=k;s, (i=1~5), Lpy=ks6 Lo;=ks 1.7 (i=0~2), Lo=ks 0 Lo =ks
My;=ke,y (1=1~5), Mp,=k;;, Mo;=ke 107 (i=0~2), M, =kg s, M., =k 11 1%
Let us assume the solution of equation (17) as follows.
dpy=Ae?t (i=1~5)
ABy=Ase™, Aby=Azett, 46,=Agett, Aby= Age’t €))
dey=A e, dey=A, et
where the coefficient A; is a constant.

B —kl 105 zZEki.ll
1
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From the equation (19) and (20), we have as follows.

'{A’EZZ k«[,,j' AJ
AAge= 4,

Equation (21) is a set of simultaneous equation

(i=1~86, j=1~11) }
(i=1~5)

(21)

tions other than A;=0, the following determinant

with A;. For this set of equations to have solu- must be satisfied.

kii—4  kip kg Rie ks Rie kur Ris 2% Biio R
ko Rop—d ko kg4 kes  kae  Eag 2% ko, k3,10 ko1t
L2%) By kaa—R ke Rss  kas  Rag ks,8 k3.9 k3,10 ka1
L7 Bio Ry Rya—d ks Reo kg k5 ko ks, 10 kg1
Bs,y  ~ksp  kss Rse Rss—4 kss ks ks.s ks, ks,i0 ks
B, koo ko Rou  kos kes—Ah  keq k.5 ks.9 k.10 Reu1 [=0 (22)
1 0 0 0 0 0 —4 0 0 0 0

0 1 0 0 0 0 0 -2 0 0 0

0 0 1 0 0 0 0 0 -1 0 0

0 0 0 1 0 0 0 0 0 —4 0

0 0 0 0 1 0 0 0 0 0 —2

Hence solving this equation, the course stability
on the towed systems can be determined.

4 Characteristics of the Towed
System

4.1 Course stability

By using the method mentioned in the previous
section, the numerical calculations for course sta-
bility of the towed system are carried out. In
this 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 follows.

System-A : Tug followed by identical towed ves-

sels.

System-B : Tug followed by small and 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 principal particulars are
shown in Table 1. The course stability of these
systems is investigated on the following parame-
ters, i.e. wind speed V, wind direction ¢y, gy, #1,
gs and p,, where ¢;, described the wind direction

measured from the actual forward direction, is
particularly used. The aft tow point of tow ves-
sel (tugboat) is located at a’o=0.1, and the aft
tow point of towed vessel-1 is located at a’;=0.5.
For the wind coefficients Isherwood’s? calculation

method is used.

TUG TUG TUG
VESSEL-1 VESSEL-1 VESSEL~
VESSEL-2 VESSEL-2 VESSEL-2

SYSTEM-A SYSTEM-B SYSTEM-C

Fig.3 Systems composed of a tow
and two towed vessels

Table 1 Main particulars of a tow and two towed vessels

VESSEL | L(m) B(m)  d(m) | Disp:(ton) Ch L/B Ka Ks Af As A Remarks
TUG 24.0 8.0 2.30 271.6 | 0.600 |3.00)0.192 |0.017 | 0.828 1.231 -0.0165
CARGO | 128.0 | 20.0 7.63 15040.0 {0,751 6.40 | 0.119 |0.016 |0.342 | 0.931 -0.0021 Midship bridge
TANKER | 242.0 | 37.2 14.86 111737.0 0.815 6.5110.123 0.016 | 0.3086 0.814 -0.0032 Aft bridge
Ka ! aspect ratio of ship

Ks I rudder area ratio

Af
As @

A U course stability criteria of single

. non-dimensionalized longitudinal projected

area above water line

¢ non-dimensionalized transverse projected area above water line

vessel
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SYSTEM-Aq2=3.0,0=0"V/U=2.0

20 |
pt
10 4 STABLE
00 _ UNSTABLE , ,
00 100 20 30 4o sg
—qt
(a)
20 - SYSTEM-A,q2=3.0,9=150°,V /U=2.0
p1
0 UNSTABLE
- <ThRLE
UNSTABLE
oo 1 1 1 L 1
00 10 20 30 40 5.0
— = q!
(¢)
- SYSTEM-A,q2=3.0,¢=150° V /U=4.0
m
STABLE
1.0 -
0.0 UNSTABLE , J
00 10 20 30 40 50
e ql
(e)
20 . SYSTEM-A,42=5.0,6=90"V/U=2.0
m
1.0 -
URSTABL
NP’
0.0 _ UNSTABLE ‘ ,
00 10 20 30 40 5.0

e Q1

(g

20 SYSTEM-A,q2=3.0,4=90°,V/U=2.0
p1 STABLE
10 UNSTABLE
STABLE
UNSTABLE
0 0 X 1 J

0.0 10 2.0 3.0 4.0 5.0

—ql

(b)
2.0 SYSTEM-A,q2=3.0,9=90"V/U=4.0
p1 .
STABLE
10 A
2
UNSTABLE
0.0 1 . 1 L ]
0.0 1.0 2.0 3.0 4.0 5.0
—-
(d)
2.0 SYSTEM»A,qz=540,m‘=0',V/U=2.0
p1
I STABLE
1.0 4
0\ N\
UNSTABLE
0.0 . * .
0.0 1.0 2.0 3.0 5.0 5.0
J— )
(1)
SYSTEM-A,g2=5.0,p=150",V/U=2.0
20 -
p1

STABLE

UNSTABLE

STABLE

UNSTABLE | ,
00 10 20 30 40 50

—

0.0

(h)

Fig.4 Stable and unstable zones on the course stability of System-A

as function of p; and ¢,
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SYSTEM-A,q2=3.0,9=150",V/U=10.0

20 4
p1
STABLE
1.0 4
UNSTABLE
00 1 1 1 I —

0.0 1.0 2.0 3.0 4.0 5.0

R

Fig.4 (i)
2.0 SYSTEM-B,g223.0,9=0°,V/U=2.0 20 - SYSTEM-B,q2=3.0,9=60",V/U=2.0
Pt o1
1 STABLE
STABLE
10 4 10
UNSTABLE
O UNSTABLE
UNSTABLE UNSTABLE
00 1 i 1 0.0 "l I 1 1 ]
00 1.0 20 30 40 S50 00 10 260 30 &0 50
. : el
q1
(a) (b)
20 SYSTEM-B,g2=3.0,9=90°V/U=4.0 20 - SYSTEM-B,q2=3.0,9=150",V /U=4.0
p p1
l I STABLE
10 4 STABLE 10 .
W 0 UNSTABLE
0.0 UNSTABLE . ) 0.0 . UNSTABLE ) )
0.0 1.0 2.0 3.0 4.0 5.0 0.0 1.0 2.0 3.0 4.0 5.0
——q 2 eq
(e) (d)
2.0 SYSTEM—B,qz=3.0,g‘=150',‘//U:10.0
p1
STABLE
1.0 4
UNSTASLE
00 1 1 L 1 )

0.0 1.0 2.0 3.0 L.0 5.0

—— gl

(e)
Fig.5 Stable and unstable zones on the course stability of System-B
as function of p; and g
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20 SYSTEM-(,q2=3.0,9=0°V /U=2.0 a0 . SYSTEM-C.q223.0,9=90"V/U=2.0
p1 pt
STABLE
STABLE
10 - 10
UNSTABLE UNSTABLE
ABL
0.0 UNSTABLE ‘ o0 _UNSTABLE ' ‘
00 10 20 30 40 50 0.0 10 20 30 40 S0
— Q1 — = Q1
(a) (b)
s STSTEM-C.q223.0,9=120"V/U=2.0 . SYSTEM-C,q2=3.0,=90°V /U=4.0
0 - ot
m STABLE [ ;
I ! STABLE
10 10 -
UNSTABLE
[ N
— UNSTABLE
0.0 . . . — 0.0 : : : ;
0.0 10 20 30 40 S0 00 10 20 30 40 S0
E—— | 1
(e) (d)
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Fig.6 Stable and unstable zones on the course stability of System-C

as function of p; and ¢,

Arranging the calculated results of the non-
dimensionalized forward tow point p; and tow line
length ¢1, 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 V/U=2.0 and for the beam and the
following winds, the unstable zone of the system
will expand. However, as the value of V/U increa-
ses the system has a tendency to become stable.
From the consideration of the effect of wind direc-
tion, and for V/U=2.0 and V/U=4.0 as the wind
changes from the against wind to the following
wind, the system becomes unstable. Furthermore,
on the effect of length of tow line on course

stability, a large number of variations will have
to be investigated, but in this paper thelcalculations
are performed for ¢;=3.0 and 5.0 respectively.
From these results, long tow line makes 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 stable. For the beam wind the system
is totally unstable for V/U=2.0 from view point
of the effect of wind direction. For V/U=4.0,
the system is fully stable for the against wind,
and it gradually becomes unstable as the wind direc-
tion changes 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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Fig.8 Time history of the parameters U (knot), B (degree), 6 (degree),
¢ (degree) of a tow and two towed vessels in System-A
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Fig.9 Trajectory of a tow and two towed vessels in System-B
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Fig.10 Time history of the parameters U (knot), B (degree), 6 (degree),
¢ (degree) of a tow and two towed vessels in System-B

{ine.

Finally in System-C, it can be said that the
system is the same as the above systems from the
consideration of the effects of length of tow line,
wind velocity and wind direction.

On comparison of these systems it is found that
for the beam wind and following wind System-A
is better than the other systems on the effects of
wind velocity on the course stability. From the
effects of wind direction, it is found that for ViU=
2.0 and as the wind direction changes from the
against wind to the following wind, System-A
shows better results than the other systems.

4.2 Trajectory of the towed vessels

The trajectory calculation for the towed vessels
is also performed as a check on the course stability.
After having plotted the stable and unstable zones,
a certain point is chosen for example within a ce-
rtain zone and the trajectory for that particular
condition is determined. The motion of the tow
vessel is on a reasonably straight course as compa-
ratively high values of constant %y and k4 for
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, $;=0.5, ¢,=2.0,
@'9=0.1, p;=2.0, @'1=0.5, ky=20.0, ky=1.0 ge-
nerally are kept constant for all the systems, and

SYSTEM-C,v=90°V/U=2.0,q2=3.0

LATERAL DEVIATION (y/Lzl

-10 VESSEL-2 yssel-1
0.01 : :
1.0 i \‘TUG —
20 20 40 60 80 100

—=  SAILING DISTANCE (S/LZP

Fig.11 Trajectory of a tow and two
towed vessels in System-C

the parameters that are varied are the wind velo-
city and the wind direction. The trajectory calcu-
lation is performed when the velocity of the tow
and towed vessel is kept constant. After giving
an initial displacement, a state of the system is
investigated by the trajectory calculations. The
trajectory and time history of the various 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

“y” is lateral deviation,

and 12, where “y and “s”

sailing distance.

It is also clear from these results that the sys-
tems move from the unstable state to stable state
as the velocity of the wind increases. This is
clearly noticed in the trajectory as fluctuations of
the towed vessels begin to decrease. As mentioned
in the discussion about the course stability, as the
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Fig.12 Time history of the parameters U (knot), B (degree), 6 (degree),
¢ (degree) of a tow and two towed vessels in System-C

wind change from the against wind to the following
wind, unstable zone only increases. This principle
is also noticed in the trajectory as the fluctuations
of the towed vessels increase.

5 Concluding Remarks

On the basis of the various calculations of the
course stability and checks on the trajectory of the
system used, it seems that System-A and System-
B are better than System-C. In general it can be
said that System-B, i.e. tugboat followed by small
and large vessels, is useful.

The effect of wind which plays an important role
in determining the course stability of the tow and
towed vessel system can be summarised as follows.

The course stability of the two towed vessels
system becomes poorer in comparison with the
single towed vessel system. In all practical cases
long tow line generally makes the system stable.
For the same wind velocity as the steady velocity
of the system, the course stability becomes very
poor. However when the wind velocity is several
times that of the steady velocity of the system,
stable characteristics is shown. For the against
wind, the course stability is good, but for the
following wind the course stability is very poor.
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Nomenclature
L, : Length of i-th vessel
d; : Draft of i-th vessel
U, : Velocity of i-th vessel
my : Mass of i-th vessel
Myi, My; - Added mass of i-th vessel in the x and
y axis direction
J21 . Moment of inertia of mass of i-th vessel
about center of gravity

i1 : Added moment of inertia of mass of i~th
vessel about center of gravity
B, : Drift angle of i-th vessel
7, 2 Angular velocity of i-th vessel
X,;, Y, : External force of i-th vessel in = and y
axis direction
N;: Yaw moment about center of gravity of
i~th vessel
¢ : Density of fluid
6, : Heading angle of i-th vessel
V : Absolute wind velocity
y : Absolute wind direction
ay : Distance between center of gravity and tow
point of i-th vessel
£, Angle between tow line and longitudinal
center line of i-th towed vessel
f1 : Distance between towed point and center,of
gravity of i-th towed vessel
I,,1, : Length of tow line between tow vessel and
towed vessel-1, and between towed vessel-
1 and towed vessel-2
8o : Rudder angle
74 : Flow straightening coeficient of i-th vessel
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