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a b s t r a c t

In the conventional experiment to assess the towing operations, the towing stability of the towed vessel
has been evaluated under the condition without lateral motion of the tug-boat. However, the tug-boats
may have a lateral force to change the direction of the towed vessel. In this study, experiments have been
conducted considering unsteady conditions in the towing system. First, a towing test system in a Circular
Water Channel (CWC) using the conventional experimental method is built. Second, the towing char-
acteristics of the towed vessel are investigated using the conventional method, and they are compared
with other research results and stability discriminant criteria. Third, the lateral motion of the tug-boat
was modeled as a sinusoidal motion using a forced oscillation device changing frequency and ampli-
tude. Finally, the discussion is given in terms of both towing- and course-stability of the towed vessel
according to the lateral motion of the tug-boat.
© 2020 The Society of Naval Architects of Korea. Production and hosting by Elsevier B.V. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

With progress in the development of deep-sea resources, tow-
ing operations of Floating Production, Storage, and Offloading
(FPSO) systems have been increasing. Since floating structures are
typically towed in the ocean, a towing system is used in which a
towline is located at the stern of the tug-boat. It is important to
secure the towing stability of the structure. Towing operations
without secured towing stability can lead to an unexpected planar
motion of structures and marine accidents such as stranding or
collision with other ships or reef. Therefore, in order to prevent
marine accidents while towing the structure to the installation site,
it is essential to evaluate the towing stability in the initial design
stage (Kwon et al., 2014; Kwon, 2015).

The simplest method for evaluating the towing stability in the
initial design stage is stability discriminant using the characteristic
equation. Therefore, many studies have been performed on towing
stability criteria (Strandhagen et al., 1950; Bernitsas and Kekridis,
1985; Varyani et al., 2005). However, the method faces difficulty
in quantitative stability criteria, and the result can depend on the
accuracy of the hydrodynamic derivative.
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Generally, the evaluation and prediction of towing stability have
been studied through model tests and numerical analysis.
Yasukawa et al. (2006) performed a model test on two barges and
compared the result with the result of a simulation using the
equation of maneuvering motion. Nam et al. (2014) performed an
experiment to evaluate the towing characteristics of a barge during
a multi-tug operation, and they verified and supplemented the
results by numerical calculation. Latorre (1988) pointed out that the
result of a model test is more stable because the model resistance is
assessed bigger than the prototype resistance. Fitriadhy and
Yasukawa (2011) conducted a model test to estimate the hydro-
dynamic derivative and studied course stability through a simula-
tion based on a mathematical model.

The conventional experiments that have been performed in the
previous studies did not consider a course change of the tug-boat,
which exists in the route during actual towing operations, or
cases where it is necessary to avoid other unexpected structures or
reef. The tug-boat’s course change may affect the motion of the
towed vessel by extension of the towline. Therefore, it is also
necessary to evaluate the stability of the towed vessel with respect
to the motion of the tug-boat. Fitriadhy et al. (2015) conducted the
coupled turning simulation of the towing system. They theoreti-
cally analyzed the motion of the slack towline when the tug-boat
turns, and they verified it with experimental analysis.

In the present study, an experimental study of the towing sys-
temwas performed considering the motion of the tug-boat using a
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Nomenclature

B Breath of FPSO
L Length of FPSO
lT Towline length
xp Towed point
m Mass of the FPSO
l Angle of the between tug-boat and the towline
j Angle of the yaw motion
u Linear velocity of the surge motion
v Linear velocity of the sway motion
r Angular velocity of the yaw motion
V Towing speed
T Tension of towline
Izz; Jzz Added inertia moment of the FPSO
ATug Amplitude of the tug-boat’s motion
fFi Fishtailing motion frequency of the FPSO
fTug Frequency of the tug-boat’s lateral motion
Y 0
v ; N

0
v Hydrodynamic derivatives coefficient due to v

Y 0
r ; N

0
v Hydrodynamic derivatives coefficient due to r

mx ; my Added mass of the FPSO
TFi Fishtailing motion period of the FPSO

Fig. 1. Coordinate systems of the tug-boat and FPSO.
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Circular Water Channel (CWC). Compared to the towing test in the
water basin, the CWC may include blockage effect and uncertain
flow depending speed of flow. However, due to the relatively long
time measurement and the ease of the implementation of the tug-
boat’s motion, the CWCwas judged to be suitable as an initial study
for the change of the tug-boat’s motion. First, the towing charac-
teristics of the FPSO according to the towing parameters were
observed by applying the conventional experimental method.
Second, additional experiments were performed with respect to
the change of the frequency and amplitude of the tug-boat’s lateral
motion through the forced motion device and analyzed from the
perspective of the towing- and course-stability. Finally, the overall
experimental results were discussed.
2. Towing stability criteria

2.1. Equation of the FPSO motion

Fig. 1 shows the coordinate system of the towing system.
Horizontal-plane motion is dominant because the towed FPSO is
much slower than the self-propulsion vessel. Among the different
types of motion, sway, and yaw motion most significantly affect
towing stability. The sway and yawmotion equations are expressed
as follows:�
mþmy

�
_vþðmþmxÞur ¼ Yvvþ Yrr � T sinðlþjÞ (1)

ðIzz þ JzzÞ _rþ
�
my �mx

�
uv ¼ Nvvþ Nrr � TxpsinðlþjÞ (2)

where, Yv, Yr , Nv, and Nrare expressed only as linear terms through
the Taylor series expansion. The left-hand side represents the in-
ertial forces and the right-hand side contains the towline tension
(T) and hydrodynamic forces.
2.2. Towing stability discriminant formula

The kinematic characteristics for point P, Q , and Gin Fig. 1 is
defined as follow (Strandhagen et al., 1950):
13
vþ xp þ Vj ¼ lT _l (3)

Eqs. (1)e(3) can form a set of simultaneous equation with three
variables, and each general solution as follow:

v¼ k1e
st ;j ¼ k2e

st ; l ¼ k3e
st (4)

The general solutions are substituted in Eqs. (1)e(3), so the re-
sults yield to an Eq. (5).

8<
:
�
Mys� Yv

�
k1 þ ðmV � Yrsþ TÞk2 þ Tk3 ¼ 0

�Nvk1 þ
�
Izs� Nrsþ Txp

�
k2 þ Txpk3 ¼ 0

k1 þ
�
xpsþ V

�
k2 � lTsk3 ¼ 0

(5)

where,

�
My ¼ mþmy
Iz ¼ Izz þ Jzz

(6)

In order to satisfy Eq. (5), k1, k2, and k3must be zero, which
means that the determinant must be zero. Therefore, the following
characteristic equation can be derived:

s4 þAs3 þ Bs2 þ Csþ D ¼ 0 (7)

where, A, B, C, and Dare defined as follows:

A¼ � Nr

Iz
� Yv
My

(8)

B¼ �YvNr � ðYr �mVÞNv

MyIz
þ T

 
1

MyIz
þ xp2

IzlT
þ xp

Iz

!
(9)
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C¼ T
MyIz

��
1þ xp

lT

��
Nv � xpYv

�þ 1
lT

�ðYr �mVÞxp�Nr
��þ TxpV

IzlT
(10)

D¼ TV
�
Nv � Yvxp

�
MyIzlT

(11)

When the Routh-Hurwitz method is applied to Eq. (6), the
necessary condition is that A, B, C, and Dmust have positive signs,
and the sufficient condition is that the sign of the first column of
the Routh-Hurwitz table should be uniform. Stability discriminant
by the necessary conditions are expressed as follows:

xp >
Nv

Yv
(12)

T >
lTf � NvðmV � YrÞ � YvNrg

Iz þMyxp
�
xp þ lT

� (13)

Stability discriminant by the sufficient condition are expressed
as follows:

AB� C
A

>0 (14)

ABC�C2 � A2D>0 (15)

Eqs. (14) and (15) provide the criteria of towing stability in
towing systems. This process followed the approach of Peters
(1950).
Fig. 3. Layout of conventional experimental method (CEM).
2.3. Classification of towing stability and course stability

The conventional stability classification has a category in which
course stability is greater than towing stability. (Kwon, 2015;
Latorre,1988). Referring to Fig. 2, the course stability can be judged
as stable or unstable whether the directional vector of the towed
vessel’s real path corresponds to the target path. The towing
Fig. 2. Stability classification and perspective
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stability is classified into stable, marginally stable, and unstable
according to the amplitude and periodicity of the towed vessel’s
motion. In this study, the stability of the towed vessel is analyzed
from the new perspectives in which the tug-boat’s forced motion is
introduced. From the perspective of towing stability, whether the
tug-boat’s forced motion can reduce the towed vessel motion is
investigated. From the perspective of the course stability, whether
the towed vessels follow the sinusoidal path of the tug-boat is
investigated.

3. Experimental set-up

3.1. Experimental model and devices

This study was conducted in a Circulating Water Channel (CWC)
located at the Korea Maritime and Ocean University. The observa-
tion area of the CWC has a width of 1.8 m, a depth of 1.2 m, and a
length of 4.0 m. Prior to the experiment, the flow velocity was
measured in each section of the CWC to secure the uniformity of
the flow.

Fig. 3 and Fig. 4 show the overall layout of the experimental
equipment and the model in the conventional and developed
experiment methods. The scale ratio of the model is 1/100, and the
principal dimensions of the model are listed in Table 1. The weight
inside the model was arranged using a moment-of-inertia
according to the motion of the tug-boat.



Fig. 4. Layout of new experimental method (NEM).

Table 1
Principal dimensions of the FPSO.

Description Magnitude Unit

Even-keel Trim-by-bow

Length 1.2 1.2 [m]
Breadth 0.23 0.23 [m]
Depth 0.11 e [m]
Draught 0.054 e [m]
Displacement 14.34 14.84 [kgf ]
Vertical COG(KG) 0.01945 0.02052 [m]
Mass radius of gyration(kxx) 0.07359 0.07436 [m]
Mass radius of gyration(kyy) 0.29943 0.30689 [m]
Mass radius of gyration(kzz) 0.31784 0.32428 [m]

Table 2
Towing speed and Froude number.

Scale factor Towing speed

Model [m=s] Prototype [knots] Froude number

100 0.257 5 0.075
0.360 7 0.105
0.463 9 0.135
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measuring device so that themass radius of gyration of the yawwas
approximately 26% of the model length (L).

A 3-D displacement meter was used to measure the planner
motion of the model, with reflective makers attached to the center
of gravity, forward, and aft of the model. In addition, a tension
meter was used to measure the towline tension (T), and a poly-
ethylene material was used to ignore the self-elasticity of the
towline. The towline stiffness is also an important variable, but this
study did not consider effects of scaling of stiffness and its
uncertainly.
Fig. 5. Photos of the developed t
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The pulley system in Fig. 3 was installed to implement the surge
of the tug-boat according to themotion of the FPSO. In this case, the
vertical displacement of the weight in the pulley system was less
than 5% of the towline length. Fig. 4 shows the installation of a
forced oscillation device for the lateral motion of the tug-boat. The
upper part of the pulley systemswas removed, and the towline was
fixed. The removal of the pulley systemmay be physically different.
Therefore, additional experiments were conducted depending on
the presence or absence of the pulley system. Photos of the
developed towing experimental system are shown in Fig. 5.
3.2. Experimental conditions

In this study, the inflow velocities of CWC are assumed to be the
towing speed (V). In this study, three towing speeds were consid-
ered as 0.257, 0.360, and 0.463m=s, which correspond to 5, 7, and 9
knots, respectively, when converted to a prototype. The values of
Vand Froude number (Fn) are specified in Table 2.

In order to compare the New Experimental Method (NEM)
shown in Fig. 4 with the Conventional Experimental Method (CEM)
shown in Fig. 3, experiments were conducted under the Even-keel
Condition (EC) and Trim-by-bow Condition (TC) by using CEM. The
TC is not a usual condition for a towed vessel, but it is intentionally
selected to represent an unstable condition that can be used for
stability investigation.

The towed point (xp) was changed to 0.60m, 0.75m, and 0.90m
from the center of gravity of the model, and the length of towline
(lT ) was changed to 1.0L, 1.5L, and 2.0L under CEM. In order to
compare the NEM with CEM, xpand lTwere limited 0.60m and 1.5L
owing experimental system.



Table 3
Experimental conditions and main parameters.

Parameter CEM NEM Unit

Towing condition Even-keel/Trim-by-bow e

V 0.257/0.360/0.463 [m=s]
lT 1.0L /1.5L /2.0L 1.5L [m�
xp 0.60/0.75/0.90 0.60 [m�
ATug e 0.25B /0.50B /1.0B [m�
fTug e 0.5fFi /1.0fFi /1.5fFi [rad=s�

Fig. 7. Illustration of towed vessel course stability and resistance (Latorre, 1988).
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under the NEM.
The forced motion of the tug-boat was simulated with changes

in amplitude (ATug) and frequency (fTug). ATugwas changed to 1.0B,
0.5B, and 0.25B based on the breadth of model (B). Furthermore,
fTugwas changed to 0.5fFi, 1.0fFi, and 1.5fFi based on the frequency of
fishtailing motion (fFi). The NEM and CEM experimental conditions
are listed in Table 3.

One method to give the initial disturbance of the towing sta-
bility experiment is of rotating the bow angle of the model by 30+,
and another method is about moving the center of the model by 2
times the value of B. These are practical methods which are used in
Maritime Research Institute Netherlands (MARIN). In this study, the
latter method was used for CEM. The displacement of the FPSO was
measured for 600 s at the steady section. NEM was performed in
the same manner as CEM, but for NEM, the forced motion of the
tug-boat was realized through a forced movement device during
the overall measurement time of 600s including the initial steady
motion of the tug-boat for 100s.
4. Result and discussion of the CEM

4.1. Effect of trim condition of the FPSO

The TC is usually not used in actual towing operations because it
causes a generally unstable towing condition. However, under TC,
the main purpose of investigating TC is to obtain the characteristics
of unstable condition which can be used for comparisons.

Fig. 6 shows the results of the FPSO motion and the towline
tension obtained from CEM. The sway motion of the FPSO was
divided by the vessel’s breadth, B, and the comparison between EC
and TC is given. The maximum amplitude of the sway motion was
Fig. 6. Motion response and tension at the towlin

16
0.5B for EC and 2.0B for TC. The maximum yaw angle of TC shows
approximately 3 times larger value than that of EC. The result of
tension shows a fluctuation and periodicity which implies that
unnecessary thrust consumption of the tug-boat may require
because the velocity vector of the tug-boat is different from that of
the unstable FPSO.

Fig. 7 shows the relationship between a resistance of towed
vessel and towing stability with respect to towing speed. The re-
sults of Fig. 6 can also be inferred from Fig. 7 as that the result under
TC can be considered marginal-stable because it has a relatively
large amplitude and prominently periodicity (Latorre 1988). Also, It
was considered that the towing stability decreased because the
resistance is reduced at the same towing speed (Park et al., 2013).

4.2. Effect of length of towline and towing speed

In this section, the effect of length of towline and towing speed
only for the TC with relatively large amplitude and prominent
periodicity. Fig. 8 shows the time series of the sway and yaw mo-
tions according to the change of length of towline under the TC. As
shown in Fig. 8, it was confirmed that the fishtailing motion period
of the FPSO (TFi) becomes longer with the lT increased. In addition,
when the lTwas 1.0L, the maximum amplitude of the sway motion
e under TC and EC.ðlT ¼ 1:5L;V ¼ 0:257m=sÞ



Fig. 8. FPSO’s motion response with different length of towline.ðV ¼ 0:360m=s; TCÞ

Fig. 9. FPSO’s motion response with different towed speed. ðlT ¼ 2:0L; TCÞ

Fig. 10. Fishtailing motion period with different towline length and towing speed with
Nam et al.(2014).

Table 4
Hydrodynamic derivatives of model ship.

Even-keel Trim-by-bow

Yv 0 �0.399 �0.350

Yr 0 0.046 0.034

Nv
0 �0.090 �0.109

Nr
0 �0.041 �0.038
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was 1.6times of model’s breadth, 1.8times at 1.5L, and 2.1times at
2.0L. Therefore, it can be seen that the amplitude of fishtailing
motion increases as the lT increases. On the other hand, the
maximum angle of yawmotion is about 22+ � 24+, which increases
with the lT , but the effect is insignificant.

Fig. 9 shows the time series of fishtailing motion and towline
tension according to the change of Vunder the TC. It is the same as
the expression in Fig. 8. As shown in Fig. 9, it was confirmed that the
TFibecomes shorter and amplitude of the FPSO’s motion with
V increased. From the perspective of towing stability, it is improved
by reducing the amplitude of the fishtailing motion when the Vis
high. However, since the tug-boat requires a larger thrust, a proper
towing speed should be selected.

In order to verify the experimental results, Fig. 10 compares the
results of Nam et al. (2014) with the results of the present study.
Fig. 10 shows the TFiwith respect to lTand Vunder TC and EC. The
results of TFiconcerning the increase of Vare quantitatively different
owing to the difference in parameters such as the experimental
environment, the shape of the model, and the number of tug-boats.
However, the towing characteristic that TFibecomes longer as
Vdecreases or lT increases is qualitatively similar to the experi-
mental results of the present study.

4.3. Results of stability criteria

The main purpose of performing stability discriminant is to
validate the conventional experimental results. In order to use the
stability discriminant, hydrodynamic derivatives for evaluating
maneuverability of the towed vessel need to be determined.
However, in this study, the hydrodynamic derivatives were ob-
tained from empirical formulas (Inoue et al., 1981). These values
were listed in Table 4 and were used to compare the conventional
17
experimental results according to the trim conditions. Since the
hydrodynamic derivatives were derived using the regression
equation of Inoue et al. (1981), the comparison was performed
qualitatively.



Fig. 11. Towing stability criteria domain under EC.
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Fig. 11 and Fig. 12 shows the results of the stability discriminant
domain. When all the conditions of Eqs. (12)e(14) shown in
Chapter 2 are satisfied, the system is considered to be stable as a
green area in Figs. 11 and 12 while the white area means that the
system is unstable. Also, the boundary between the two areas can
be considered as the marginal stable region. The experimental
result under the EC in Fig. 11 is stable because it is located in the
green area. On the other hand, the results under TC are marginal
stable because it is located near the boundary in Fig. 12. It is
confirmed that the experimental results were qualitatively similar
to the results of stability discriminant.
4.4. Effect of towed point

The main purpose of this section is to identify towing charac-
teristics with respect to changes in the towed point. In general, it is
known that the stability increases when using bridle type towlines
as the distance from the center of gravity to the towed point
increases.

Fig. 13 shows the measured towline tension, sway, and yaw
motion with respect to the change of the towed point (xp). As
shown in Fig. 13, The longer the distance from the xpto the center of
gravity of the FPSO, the shorter the period of the fishtailing motion
of the FPSO, and the maximum amplitude of the sway motion is
decreased. It can be seen that the maximum sway motion was
approximately 1.5 times of the breadth at xp ¼ 0:60m, and 0.2 times
of the breadth at xp ¼ 0:90m. When xpwas the longest, the sway
amplitude was reduced by approximately 7 times than the straight
tow condition. Similarly, the yaw amplitude was reduced by
approximately 5 times than the straight tow condition. As both
Fig. 12. Towing stability crit
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motions decrease, it is observed that the tension at the towline also
decreases. It means that the use of the bridle type towline not only
improves the towing stability but also is advantageous in the
perspective of thrust consumption of the tug-boat. Therefore, it can
be seen that using bridle type towline is practical to improve
towing stability.

5. Result and discussion of the NEM

5.1. Effect of pulley system

In the NEM, the length of the towline installed in the pulley
system may not be maintained during the experiment due to the
lateral force caused by the forced motion. Therefore, it is necessary
to check the effect of the absence of the pulley system. Fig. 14
compares the Root Mean Square (RMS) errors of the FPSO’s mo-
tion and towline tension under TC between cases with and without
the pulley system. The RMS error of towline tension is increased as
V increases. However, the magnitude of the tension was small
enough to be neglected. For sway and yaw, when Vis 0.257m=s, the
RMS errors are 6.2% and 4.5%, respectively. And when Vare
0.360m=s and 0.463m=s, the errors are less than 3%. Therefore, it is
noticed that the effect of the pulley system on the motion of the
FPSO is negligible.

5.1.1. Effect of the tug-boat’s motion on towing stability of the FPSO
The results for the quantitative investigation of the tug-boat’s

motion on the towing stability of towed FPSO are presented in
Fig. 15. It is shown that the RMS of the sway and yawmotions of the
FPSO with respect to the amplitude and frequency of the tug-boat’s
eria domain under TC.



Fig. 13. Motion response and towline tension with different towed pointsðV ¼ 0:257m=s; TCÞ.

Fig. 14. The RMS error of slewing motion of FPSO and the tension of towline.
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motion. For NEM, the results under TC are showed in Fig. 15(a), (c),
and 15(e), and the results under EC are showed in Fig.15(b), (d), and
15(f). In all figures, the results of in which the frequency is zero
show the result of CEM. In the figures, when the fTugis 1.5fFi in
Fig. 15(a), (c), and 15(e), the motion RMS tends to decrease and it is
even smaller than the CEM results. In particular, when ATugis 1.0B
and fTugis 1.5fFi in Fig. 15(c), the reduction rate of RMS is about 40%
compare to CEM results. On the other hand, when the fTugis 1.5fFi
under the EC in Fig. 15(b), (d), and 15(f), the reduction effect of the
motion is insignificant. This is because, under EC, the towing sta-
bility is already stable and the amplitude of the fishtailingmotion is
even small. Therefore, it was confirmed that the sway and yaw
motion of the FPSO can be reduced depending on the frequency and
amplitude of the tug-boat.

Another interesting phenomenon is that, in Fig. 15(b) and (d),
the RMS of sway motion of 0.5fFi is larger than that of 1.0fFi. In most
other cases, when the tug-boat and the FPSO have the same lateral
motion period, themaximumvalue is observedwhich is similar to a
resonance phenomenon. In point of view of yaw motion, as shown
in Fig. 15(b), (d), and 15(f), the yaw RMS is small despite large sway
RMS when fTug ¼ 0:5fFi. It means that the path of the FPSO has
changed with enough towing stability. More details are given in the
next section from the perspective of course stability.
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5.1.2. Effect of the tug-boat’s motion on course stability of the FPSO
When the tug-boat changes its course, the towed FPSO needs to

follow the tug-boat’s path with minimum interference to assure
enough course stability. The time histories of sway motion and
tension at a towline are shown in Fig. 16, Fig. 17, and Fig. 18 when
fTugis 0.5fFi, 1.0fFi, and 1.5fFi, respectively.

In Fig. 16(b), under the EC, it can be seen that the swaymotion of
the FPSO and tug-boat has a different phase, and similar amplitude
and period which means that the FPSO successfully follows the
path of a tug-boat. On the other hand, in Fig.16(a), under the TC, the
sway motion of the FPSO shows harmonic motion due to the fish-
tailing motion of the FPSO and the forced motion of the tug-boat.
Only by observing the forced motion component of the FPSO in
Fig. 16(a), it may be seen that the FPSO follows the path of the tug-
boat. However, in terms of the course stability, it cannot be said to
be stable because of the phase difference between the forced mo-
tion of the tug-boat and the forced motion component of the FPSO.
In addition, the measured tension is not increased after the starting
of forced motion of the tug-boat. This means that the tug-boat does
not consume additional thrust when it changes its path.

Fig. 17 shows the results of the case in which fTugis 1.0fFi. In both
TC and EC, it is observed that the tension increased after starting of
the forced motion of the tug-boat which implies that additional
thrust consumption of the tug-boat may occur. In Fig. 17(a), under



Fig. 15. Effects of the amplitude and frequency of tug-boat.
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the TC, the sway amplitude of the FPSO is larger than the tug-boat.
It is observed that the phases difference between the two vessels is
180deg in which resonance phenomenon occurs due to the coin-
cidence of fTugand fFi. In the EC of Fig. 17(b), the phase of sway
motion is not constant. Therefore, the results of both TC and EC
show that they are not stable from the perspective of course
stability.

Fig. 18 shows the results of the case in which fTugis 1.5fFi. The
results of both EC and TC are unstable from the perspective of
course stability. It can be explained by the tension of the towline.
Under the TC of Fig. 18(a), the tension increases intermittently after
the starting the forced motion of the tug-boat. Similarly, under the
EC in Fig. 18(b), the tension remarkably increases after the starting
of the forcedmotion of the tug-boat. The increased tension is due to
different path directions between the tug-boat and the FPSO which
can be understood as unstable course-stability in Fig. 2.
5.2. Summary of results from the NEM

The lateral forced motion of the tug-boat was introduced to
reduce the fishtailing motion of the unstable towed vessel from the
perspective of towing stability. When fTugwas 1.5fFi, the RMS of
20
fishtailing motion showed a reduction of up to approximately 40%
of CEM results. The condition for the reduction effect is that the
ATugis 1.0 B and fTugis 1.5fFi. For example, TFiis the 40s and Bis 23m,
the tug-boat has to move 92m within 40 s, at which time the
average lateral speed is 2.3 m/s. Considering the forward speed is
3.6 m/s, the tug-boat is required to have a speed of about 4.3 m/s.
This calculation process was represented in Table 5. The example
says that the towing operation may be inefficient because the
required speed is higher than the design speed which means that
the tug-boat requires higher thrust.

In the model test, the motion of the tug-boat is described as a
sinusoidal motion, but this is not a common situation in towing
operation. Also, the amplitude of the tug-boat may appear large in
this study. However, there are situations inwhich the entire towing
system should avoid unexpected obstacles. Therefore, a wide range
of the amplitudes for changing the path of the towing system had
been selected, which will be a good reference for considering var-
iables in future research. One of the goals of this study is that to
investigate how the FPSO follows the forcedmotion path of the tug-
boat as an initial study for towing stability with the course
changing of the tug-boat. Under the TC, towed FPSO did not follow
the forced path of the tug-boat because the towing stability is



Fig. 16. Time history of sway motion and towline tension (fTug ¼ 0:5fFi).

Fig. 17. Time history of sway motion and towline tension (fTug ¼ 1:0fFi).
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marginal stable. On the other hand, under the EC, towed FPSO
showed that the towed vessel has a phase difference and follows
21
the forced path of the tug-boat when fTugis 0.5fFi. This shows that
towing stability should be secured prior to the course stability. Also,



Fig. 18. Time history of sway motion and towline tension (fTug ¼ 1:5fFi).

Table 5
Example of prototype tug-boat’s speed calculation.

Equation Calculation value Unit

Breath of the FPSO (B) B 23 [m]
The distance of lateral motion per one period 4:0B 92 [m]
Fishtailing period TFi 40 [s]
Average lateral speed 4:0B=TFi 2.3 [m/s]
Towing speed (forward) V 3.6 [m/s]
Tug-boat’s speed

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð4:0B=TFiÞ2 þ V2

q
4.3 [m/s]
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the fluctuation of tension was very small. Under these conditions,
the amplitude of the tug-boat and the amplitude of the towed
vessel were similar. However, as the frequency of lateral motion of
the tug-boat increased, the behavior of the towed vessel did not
have a constant phase or showed a different amplitude than the
tug-boat, and the fluctuation of tension was also increased.
Therefore, the main parameters to be considered for evaluation of
the towing system in the obstacle avoidance situation are fTug , ATug ;

and the tension of the towline. This can be useful information for an
obstacle avoidance operation using the tug-boat.
6. Conclusion

In this study, the investigation of the towing- and course-
stability of the FPSO using the CEM and NEM was carried out. The
towing system in a Circular Water Channel (CWC) using the CEM
was designed and the towing characteristics were investigated to
compare with results from other researches. It was confirmed that
the qualitative evaluation of the towing system is possible at CWC.

From the perspective of towing stability, The parameter that
mostly affected the towing stability was the towed point in CEM.
22
The bridle type towline can be used practically since the towed
point can be taken away from the center of gravity of the towed
ship. Also, under NEM, when ATugis 1.0B and fTugis 1.5fFi, the RMS of
sway motion showed the greatest reduction rate. However, the
results are unrealistic and inefficient to be realized in actual towing
operations because the lateral speed of the tug-boat should be too
high and the magnitude of fluctuation of Tis too large.

From the perspective of the course stability, under the TC, the
towed FPSO did not follow the forced path of a tug-boat because the
stability was marginal stable in CEM. On the other hand, when the
fTugis 0.5fFi under EC, the FPSO has a constant phase difference. Also,
the amplitude and period of sway motion were seen similar to the
tug-boat and the change in Twas small. However, as fTugincreased,
the phase difference was not constant or the amplitude was
different, so the course stability has shown unstable. and, the
fluctuation of Twas also increased. This implies that the main pa-
rameters of course stability by a forced motion are the lateral speed
of the tug-boat and the tension at the towline so that higher lateral
speed of tug-boat compared to the towed FPSO or relatively large
tension on the towline may cause poor course stability.

The motion of the tug-boat was limited to lateral sinusoidal
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motions as an initial study for evaluating towing- and course-
stability considering tug-boat’s motion. The result of this study
can be extended to further study on towing operation considering a
more realistic tug-boat’s motion.
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