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Abstract

The risks associated with the navigation of large tankers in restricted waterways have resulted in continuing development of routing
measures such as Traffic Separation Schemes (TSS). This is generally subject to discussion between the administration and ship operators
which may find some navigational rules and regulations unnecessarily restrictive. Motivated by the need for an objective and scientific
method to determine the vessel characteristics and environmental conditions for a safe passage through a restricted waterway, this paper
presents an optimized routing procedure based on maneuvering simulations and non-linear direct search techniques which can be used to
determine the best attainable route for large tankers in restricted waterways and specified environmental conditions. The mathematical
model for predicting the maneuvering performance is based on a modular approach in which the hydrodynamic, propeller and rudder
forces are computed separately, while environmental forces are estimated by semi-empirical methods. The objective of the optimization
procedure is to determine the required number and magnitude of rudder control commands for remaining within a specified TSS and
minimizing a grounding or collision possibility.
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1. Introduction

Transportation of crude oil and refined petroleum products
by tankers between production sites, refineries and points
of consumption accounts for nearly a 30% of global [1].
These tankers are classified by their deadweight tonnage
and the scale of economy dictates that the capacity should
be as large as possible provided that there is adequate
cargo oil to fill the tanks and sufficient loading/unloading
facilities. As economic concerns resulted in classes of
large tankers, the number of accidents, mainly due to the
collision and grounding in restricted waterways, have
created significant environmental, safety and financial
risks [2]. Considering the environmental consequences,
there is a possibility of damage to soil, water, air, and all
living things in the ecosystem as a result of tanker accidents
[3]. Also, safety is a crucial concern in securing the crew
and passenger’s lives as accidents lead to injury and,
worse, loss of life [4]. From a financial point of view, these
collisions can lead to unavoidable delays and reduction

of profits [5]. These risks are not only associated with
tanker size and cargo capacity but also strongly related to
navigational conditions, environmental conditions, and
crew competence. In studies where past tanker accidents
were examined by risk analysis methods, navigation-based
errors were expressed with sub-segments such as inefficient
use of bridge navigation equipment, inappropriate route
selection, and procedure failure [6]. Environmental factors
are uncontrollable and can be considered as external effects
such as weather conditions, traffic speed and density [7].
Besides, crew competence was examined in many studies
within the context of the human factor, and it was revealed
that competition in training, critical decision-making skills,
and language skills can cause problems at sea [8,9]. In order
to ease the problem, International Maritime Organization
established vessel traffic control systems including traffic
routing schemes, shipping lanes, speed limitations, etc. [10].
Traffic Separation Schemes (TSS) consisting of regulated
traffic lanes indicating the traffic directions, turning-points,
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deep-water lanes, and separation zones between the main
traffic lanes have proven to be very successful in preventing
collisions and groundings in restricted waterways. Within
the TSS the risk of collision or grounding will be reduced by
avoiding the body of water between two opposite lanes and
between the lane and the shoreline, respectively.

TSS is implemented to regulate shipping through the
Turkish straits, consisting of the strait of Istanbul and the
strait of Çanakkale since 1994 [2]. The Maritime Traffic
Regulations for the Turkish Straits and the Marmara Region
were revised in 1998 [11]. These instructions regulated
the suspension of all traffic in conditions of poor visibility,
the implementation of one-way traffic during the transit
of certain types of vessels and the restriction of large
vessels carrying hazardous cargo to daylight-only transit.
It is assumed that some vessels because of their type, size
or maneuvering characteristics could not navigate safely
within the TSS. In the regulations, a vessel with restricted
ability to maneuver in the TSS is defined as a vessel 150
meters in length or more carrying dangerous cargo such
as crude oil. It should also be noted that ships that will
be subject to additional rules for safe passage of the strait
are defined as ships with an overall length of 300 meters
and above, and misunderstandings can lead to dangerous
situations and even accidents in the Turkish straits. The
passage of such vessels is restricted to permitted daylight
hours and they are not allowed to be in the straits at the
same time in the opposite directions. Periods of poor
weather also exacerbate the problem by further restricting
passage within the permitted hours. So, significant delays
are inevitable for transportation on restricted seaways.
Also, the overcrowding of anchorages at the ends of the
Strait of Istanbul, increasing the risk of collisions.

The length classification is mainly based on the pilot
experiences and has been a matter of discussion between
the ship operators and the regulatory bodies. For example,
based on the experience of its members OCIMF [12]
suggests that the Suezmax class tanker of 275 meters has
the maximum size which can safely navigate the Strait
of Istanbul with acceptable margins. Clearly, analytical
techniques need to be developed for the navigational safety
of large vessels in restricted waterways. Sariöz and Narli
[13] used a real-time ship maneuvering simulation to assess
the behavior of large vessels in a TSS under external forces.
It was shown that depending on the ship master’s skill and
experience the maneuvering behavior of the vessel may
differ significantly. This raises the question of whether
a set of optimum engine and rudder control commands
62

exist for a safe passage through a specified TSS for given
environmental conditions. A simulation-based optimization
method is developed by Gucma [14] for safe entering of bulk
carriers with a 300-meter length for a specific commercial
port. In order to improve safety in navigation, more followed
work was done for hydrodynamic interaction of vessels
in constrained waterways. Lee et al. [15] determined the
minimum safe distance between two vessels and speed
limitations numerically for a curved narrow channel. Shu
et al. [16] also analyzed automated identification system
data collected for a port to investigate the effects of not
only ship encounters but also external factors on ship
behavior. According to the typical maneuvers involved at
confined waterway, Du et al. [17] proposed a numerical tool
to investigate the maneuvering characteristics. Based on
identified hydrodynamic coefficients, the authors indicated
that fitting formulas are required to describe the turning
phenomenon. In a restricted two-way waterway, Liu et al.
[18] carried out a comprehensive traffic simulation model
to be a guide to improve the efficiency in ship traffic. In the
study, which stated that ship speed and channel length are the
most critical factors, features such as navigational rules and
interaction between ships were also included in the model.
Another Very Large Crude Carriers (VLCC) maneuvering
simulation through the strait of Istanbul was simulated by
Bayezit et al. [19] to express the safety of autopilot mode. In
the study, the one-way passage was examined and although
the voyage was generally safe in the Strait of Istanbul, it was
revealed that the controller parameters should be optimized
to be successful in critical areas. VLCC models were also
investigated in maneuvering performance perspective with
different mathematical models [20]. As a result of the study,
it is stated that the Maneuvering Modeling Group (MMG)
model-based third-order polynomial has an advantage in
terms of determining the maneuver characteristics.
In the simplest meaning, an optimization problem for ship
routing consists of determining a proper value of a function
by systematically selecting control parameters from within
a set. Setting up a rational and accurate ship routing system
by means of optimization procedures is important to
provide effective management in navigation routes, and to
determine traffic separation lanes. In the present paper, an
optimized routing procedure based on ship maneuvering
simulations and non-linear direct search techniques to yield
an optimum set of propeller/rudder control commands for
a safe passage through a specified TSS is presented. The
maneuvering simulation procedure, as described in Section
2, is based on a modular mathematical model in which
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hydrodynamic forces, propeller and rudder forces and the
environmental effects are estimated in separate modules.
Then, the non-linear equations of motion are solved in the
time domain to predict the vessel trajectory for given engine
RPM, rudder angle under specified conditions.

In order to validate the mathematical model, a typical
VLCC designed by KRISO which is referred to as KVLCC2
by SIMMAN workshops was selected as a benchmark case
[21]. The reason for focusing on the oil tanker in the current
study is that oil tanker operations are extremely critical
due to having potential risks. The collision or grounding
of oil tankers has the greatest risks of fires or explosions,
air pollution, and such environmental damages. Obviously,
many ship types, including bulk carriers and container
ships, use the Istanbul strait on a regular basis, in addition
to oil tankers. It is expected that similar results would be
obtained with different ship types of similar dimensions
and sizes.
In Section 3, the turning and zig-zag tests were simulated
and compared with the full-scale test results. Section 4
presents a numerical optimization procedure to determine
the rudder control commands required for a safe passage
through the lanes of the TSS established at the Straits of
Istanbul. The procedure is based on an inverse approach: The
maneuvering theory is recast in terms of the performance
criteria defined as the deviation from a specified trajectory.
Here, the propeller revolutions and the rudder angles are
the values of the ship maneuvering control parameters.

2. Mathematical Maneuvering Model

The behavior of a vessel navigating in a seaway in the
presence of wind, waves and current can be represented
by a set of coupled non-linear differential equations in
six degrees of freedom. However, for large vessels such as
VLCC’s the primary motions can be considered to take place
in the horizontal plane and the heave, pitch and roll motions
may be ignored, particularly in restricted waterways where
the wave conditions are not severe.

The Earth-fixed and the body-fixed reference frames are
shown in Figure 1. The origin of the body-fixed reference
frame is located at the mid-ship and the 
xand 
y axes
correspond to the longitudinal and lateral direction of the
vessel, respectively. The ship’s center of gravity is located
at (xOG, yOG, 0) in the system of coordinates. The path of the
vessel is defined as the trajectory traced by the centre of
gravity. Heading refers to the direction (ψ, yaw angle) of
the ship’s longitudinal axis with respect to the Earth-fixed
longitudinal axis. The difference between the heading and

the actual course (or direction of the velocity vector at the
center of gravity) is the drift angle, β.

Figure 1. Earth-fixed and ship-fixed coordinate systems

The equations of motion for a ship moving in the horizontal
plane with respect to a body-fixed reference frame can be
derived as follows by using Newton’s equation of motion;
Surge

m(u˙ − vr − xOG
 r2) = XH  + XP  + XR  + XEXT
 

Yaw

Izr˙ + m xOG
 (v˙ + ur) = NH  + NP  + NR  + NEXT
 

m(v˙ + ur + xOG
 r˙) = YH  + YP  + YR  + YEXT
 

Sway

where
m		

u, v

u˙, v˙
r, r˙
IZ 
		

 , Y
X
		
 
N
		



(1)

: mass of the ship

: ship velocities in x and y axes

: ship accelerations in xand y axes
: yaw rate and acceleration

: mass moment of inertia about vertical axis 		
through the centre of gravity
: surge and sway forces about longitudinal 		
and lateral axes

: yaw moment about vertical axis through the 		
centre of gravity

 , P, R, EXT : subscripts indicating hull, propeller, rudder 		
H
		
and external forces
This mathematical model is based on the concept of
modularity which is achieved by isolating the forces
exerted on the ship by the hull and appendages, rudder(s),
propeller(s) and external forces. The basic mathematical
modules required to solve the equations of motion for
typical large surface vessels are related to the following:
• Hydrodynamic forces due to the hull and appendages
(XH , YH , NH ),
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• Propulsion forces due to the propellers and thrusters
(XP , YP , NP ),
• Forces due to control surfaces like rudder and fins
(XR , YR , NR ),

• Forces due to the environmental disturbances such as
wind, current and waves (XEXT
 , YEXT
 , NEXT
 ).

2.1. Hydrodynamic Forces due to the Hull and
Appendages
The prediction of hydrodynamic forces on a maneuvering
vessel is a complex problem due primarily to the
complications of viscous and free-surface effects. It will be
assumed that the disturbance of free surface is sufficiently
small and the hydrodynamic forces at any instant depend
only on the prevailing instantaneous velocities and
accelerations of the ship. Then, the hydrodynamic forces
due to the hull and appendages can be considered as sum of
two main components:
• Added mass and moment (inertia) components due to the
motion in an ideal fluid with no circulation,

• Viscous damping force and moment components
accounting primarily for viscous dissipative losses of a
maneuvering ship.

2.1.1. Added Mass and Moment Components
The added mass and moment (inertia) components are
important at the initial and transient parts of the ship
maneuvering but the contribution of these terms in the
steady or near steady part of the turning maneuver is
small. Since the added mass and moment are assumed to
be essentially the result of the inertia of the fluid they can
be estimated using potential theory as a function of the hull
geometry and the fluid density. The complete set equations
for added mass and moment components can be simplified
by assuming that there is no significant interaction between
viscous and inertia properties of the fluid, and the second
or higher order acceleration terms can be neglected. It may
also be assumed that terms representing cross-coupling
between acceleration and velocity parameters are zero or
negligibly small, and forces and moments have appropriate
port and starboard symmetry. Then the added mass and
moment components can be expressed as follows:

The coefficients in these equations are known as the
hydrodynamic/maneuvering derivatives. Typical examples
of empirical methods to estimate the coefficients are
presented below:

X′u˙ = 0.55 CB _
BL Y′
v˙

Y′v˙ = − π (_
TL ) [1 + 0.16 _
 BT − 5.1 (_
BL ) ]

ρ
ρ
Y I = _
2 L4(Y′r˙r˙)+ _
2 L3(Y′v˙v˙)

2

ρ

ρ

NI = _
2 L5(N′r˙r˙)+ _
2 L4(N′v˙v˙)
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2

(3)

N′v˙ = − π (_
TL ) [1.1 _
BL − 0.041 _
BT ]
2

1 _
1 _
N′r˙ = − π (_
TL ) [_
12
+ 60
 BT − _
13 _
BL ]
2

C B

given by [22], and [23], where, L, B, Tand CB represent the
length, breadth, draught and the block coefficient of the
vessel, respectively.

2.1.2. Viscous Damping Force Components
Viscous damping forces, due to the viscous dissipative
losses, affect the flow around a maneuvering vessel in two
distinct ways. At small drift angles, the ship can be viewed as
a low aspect ratio lifting surface in the lateral plane, with the
assumption that the lift force develops with the circulatory
flow. At larger drift angles, a significant part of the forces is
due to the cross-flow drag which is not linearly related to
drift and yaw angle velocities. In typical ship maneuvering
problems, both circulatory and cross-flow forces are
present and equally important in all stages of a manoeuver.
A convenient way of expressing viscous hydrodynamic
forces is to employ a Taylor expansion consisting of linear
and 3rd order components as follows:
XV  = _
2 L4(X′rrr2)+ _
2 L3(X′vrvr)+ _
2 L2(Xvv
′ v2)
ρ

ρ

ρ

ρ

ρ

ρ

YV  = _
2 L4(Y′rrrr3)+ _
2 L3(Y′rur + Yvvr
′ vvr + Y′vrrvrr)+ _
2 L2

′ v3)
(Y′vuv + Yvvv
ρ

(2)

2

Y′r˙ = − π (_
TL ) [0.67 _
BL − 0.0033 (_
BT ) ]

ρ

XI = _
2 L3(X′u˙u
˙ 
 )

C B

2

ρ

ρ

NV  = _
2 L5(N′rrrr3)+ _
2 L4(N′rur + Nvvr
′ vvr + N′vrrvrr)+ _
2 
L3(N′vuv + Nvvv
′ v3)

(4)
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Typical semi-empirical formulae for estimating the linear
viscous hydrodynamic force coefficients are presented by
[23]:

ρ

2

T

1

B

ρ

B

B

The empirical methods to estimate the non-linear
maneuvering derivatives is limited comparing to linear ones
due to the complexity. The preferred methods, expressed in
[22], are given as follows:
2

T

T

ρ

The equations of motion can be written as below with all of
the acceleration-related terms placed in the left-hand side
and all the other terms placed in right-hand side.
ρ

(m − _
2 L3X′u˙)
u˙ = FX (v, r)


ρ

√

X′vr = CB Y′[1 + 0.28(1.7 −  _
 T )]
v˙

2

2

X′rr = − 0.07 (_
L ) _
L [1 + 0.8(_
B )] 
B

T

T

ρ

ρ

FX (v, r) = _
2 L2Xvv
′ v2+ (m + _
2 L3X′vr)vr +
ρ

ρ

ρ

FY(u, v, r) = _
2 L4(Y′rrrr3)+ (_
2 L3Y′r − m)ur +

ρ
ρ
_
2 L3(Yvvr
′ vvr + Y′vrrvrr)+ _
2 L2(Y′vuv + Yvvv
′ v3) 

N′vrr = 0.5N′v

ρ

ρ

FN (u, v, r) = _
2 L5(N′rrrr3)+ ( _
2 L4N′r − m xG )ur +

The remaining unknown variables are expressed by [24] as
follows.
Yvvv
′  = − (1.281 _
L + 0.031)
T

CB B

ρ



 B B
C
Y′rrr = 0.029 _
 L − 0.004
T

Nvvv
′  = 0.188 _
L − 0.01

These system of ordinary differential equations can be
presented in the following standard form:

⎢


⎣

0
0

⎥
⎤

0

u˙
m −  L Y′v˙  m xG −  L Y′r˙  v˙ 
[ ]
m xG − ρ_2L4N′v˙ Iz− ρ_2L5N′r˙ ⎦ r˙
_ρ
2

_ρ
2

3

⎢

CB B

The total hydrodynamic force components are represented
by the summation of the inertia and viscous terms:



0

4

⎡ F X (v, r) ⎤
=  FY(u, v, r) 
⎣FN ( u, v, r)⎦

CB B
Nvvr
′  = 0.178 _
 L − 0.037

N′rrr = − (0.014 _
 L − 0.002)

(10)

ρ
ρ
_
2 L4(Nvvr
′ vvr + N′vrrvrr)+ _
2 L3(N′vuv + Nvvv
′ v3)

⎡m − ρ_2L3X′u˙

(7)

(9)

(m xG + _
2 L4X′rr)r2

(6)

Y′vrr = Y′v/ 2.5

Yvvr
′  = 0.628 _
 L − 0.066

ρ

(m xOG
 − _
2 L4N′v˙)
v˙+ (Iz− _
2 L5N′r˙)r˙ = F N (u, v, r)

where

CB B

ρ

(m − _
2 L3Y′v˙)
v˙+ (m xOG
 − _
2 L4Y′r˙)r˙ = FY(u, v, r)


2

_

ρ

Nvvr
′ vvr + N′vrrvrr)+ _
2 L3(N′vuv + Nvvv
′ v3)

Xvv
′  = 12{0.07 (_
L ) _
L [1 + 0.8(_
B )] }
B

(8)

NH  = _
2 L5(N′r˙r˙+ N′rrrr3)+ _
2 L4(N′v˙v˙+ N′rur + 

(5)

N′r = − π (_
L ) [_
4 + 0.039 _
T − 0.56 _
L ]
1

ρ

ρ

2

2

ρ

Yvvr
′ vvr + Y′vrrvrr)+ _
2 L2(Y′vuv + Yvvv
′ v3)

B

T
T
1
 ′v = − π (_
N
L ) [_
2 + 2.4 _
L ]
T

ρ

YH  = _
2 L4(Y′r˙r˙+ Y′rrrr3)+ _
2 L3(Y′v˙v˙+ Y′rur + 

 B B
C
T
Y ′v = − π (_
L ) [1 + 0.4 _
 T ]
2

Y′r = π (_
L ) [_
2 − 2.2 _
L + 0.08 _
T ]

ρ

XH  = _
2 L4X′rrr2+ _
2 L3(X′u˙u
2 L2(Xvv
′ v2)
˙+ X′vrvr)+ _


⎥

(11)

The solution of the equation yields the surge, sway, and
yaw accelerations. The longitudinal and lateral velocity
components and the yaw rate can be obtained by the
following integrations with respect to time:
t

t

t

 ( t) = ∫  u˙( t)dt ; v(t) = ∫  v˙( t)dt ; r(t) = ∫  r˙( t)dt (12)
u
0

0

0
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The velocity components in a global coordinate system can
be obtained through the following transformation:

x˙(t) = u(t)cosψ(t)−v(t)sinψ(t)

(13)

y˙( t) = u(t)sinψ(t)+ v(t)cosψ(t)

where ψ
 (t)is the yaw angle which can be obtained by the
integration of yaw rate with respect to time:
t

ψ(t) = ∫  r(t)dt

(14)

0

The coordinates of the center of gravity of the vessel defines
the trajectory.
t

x(t) = ∫  x˙( t)dt ;
0

t

y(t) = ∫  y˙( t)dt
0



(15)

2.2. Propeller Forces
The propellers operate in a complex flow field at the stern of
the ship. The exact numerical simulation of the interaction
between the current due to the presence of the propeller
and the flow through the propeller requires powerful
computational resources. Therefore, most propeller design
and analysis applications are also carried out by establishing
more practical flow models. Also, prediction of the propeller
forces is important for maneuvers and indirectly for rudder
force modelling. The propeller produces a thrust in the
negative x-direction in Earth-fixed coordinate system. This
force can be non-dimensionalized by the nominal rotational
speed nDand propeller net thrust force may be represented
by

XP  = (1 − t)ρ nP2 DP4 KT(JP )

(16)

where tis the thrust deduction fraction, n
 P  the propeller
rotational rate and D
 P the propeller diameter. The thrust
coefficient, KT (JP ), can be estimated by using the open water
test measurements of the propeller in terms of the advance
number, JP , which is expressed as:
u(1 − wP )
u 
JP  = _
n  DP   = _
 n D  
P P
P P

(17)

where u
 is the axial ship velocity and w
 P is the Taylor
wake fraction for the propeller behind the ship hull. For
a manoeuvring vessel the following empirical formula is
developed for estimating wPbased on model test data [25]:

wP  = wexp(K1 βP2)
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(18)

where w
 is the wake fraction value is based on an average
longitudinal velocity at the propeller for a ship in straight
ahead motion and K1  = − 4.0is a constant. The geometrical
inflow angle at propeller position is defined as,

βP  = β − x′Pr′

(19)

where β
 is the drift angle, xP′  is the non-dimensionalized
longitudinal location of the propeller by xp/ L, and r′ is the
non-dimensionalized yaw rate by rL / U.
Values of the thrust deduction fraction (t) and the wake
fraction (w) for various types of ship hulls and propellers
in ahead motion are normally determined from model
test data, with appropriate corrections for scale effects
in order to apply the results to full-scale ships. When the
experimental data are not available semi-empirical method
of [26] may be used for estimating the coefficients.

2.3. Rudder Forces
The components of the hydrodynamic forces acting on the
rudder are essentially in the same category as for a ship hull,
also the interaction with the propeller slipstream and the
effective angle of attack should be fully taken into account.
For large single screw/rudder vessels, such as VLCCs the
standard MMG formulation has been shown to correlate
well with the experimental and full-scale test results [27].
The surge force, sway force, and yaw moment generated by
the rudder are respectively expressed as:

XR  = − FN sinδ

YR  = − (1 + aH )FN cosδ
NR  = − (xR + aH xH )FN cosδ

(20)

where xR is the x -coordinate of the centre of lateral force and
δis the rudder angle. The position of additional lateral force,
xH, is taken as − 0.45LBP. The aH coefficient is the rudder force
increase factor and can be estimated as a function of the
block coefficient as follows:

aH  = 0.62(CB − 0.6)+ 0.227

(21)

The normal force on the rudder, FN , can be approximated as
ρ

FN  = _
2 _
λ 6.13λ
A U2 sin αR 
+ 2.25 R R

(22)

where AR is the rudder area and λis the rudder aspect ratio.
The rudder inflow speed and angle are defined as follows:
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_

√

UR  =  uR2 + vR2
(23)

αR  = δ − tan−1(_
uR ) ≅ δ − _
uR 
v 

v 

R

R

with K3  = 0.45and CSO
  = 0.5. The effective inflow angle to
rudder, βR is defined as follows:

βR  = β − 2x′Rr′

(30)

The longitudinal inflow velocity component, 
uR can be
estimated by use of the axial momentum theory for an
actuator disk.

where β
 is the hull drift angle, x′P non-dimensionalized
longitudinal position of the rudder by 
xR / L
, and 
r′ the
dimensionalized yaw rate by rL / U.

where uA  is the speed of advance, ηis the ratio of propeller
diameter to rudder span, 
KM is a function of the axial
position of the rudder relative to the propeller and it equals
0.5 at the point on the propeller centre and 1.0 at infinity
for downstream. KT is the thrust coefficient, and Jis the
advance constant. The function εrepresents the ratio of
wake fraction at rudder position to that at the propeller
position where wP is the wake fraction at propeller and wR  is
the wake coefficient at rudder position.

2.4.1. Current Effects
The current forces depend on the absolute velocity and
the direction of current as well as the vessel velocity. The
relative current velocity components in the longitudinal and
transverse directions through the water is expressed by:

√

_______________________________
_
2

√

uR  = ε uA  η  1 + KM ( 1 + _
π8 _
JT2 − 1)  + (1 − η) (24)
[
]
P
K

1 − w 
ε = _
1 − wR 
P

(25)

The lateral inflow velocity component in the, vR can be
expressed as follows:

vR  = Uγ βR 

(26)

where U is the resultant ship speed, γ is the flow rectifying
effect and βR is the effective inflow angle to rudder. The flow
rectifying effect due the ship’s hull and the propeller can be
expressed as [25],

γ = CP CS

(27)

The propeller flow-rectification coefficient, CP , is given in
the following form:
_______________________

√

CP  = 1 /  1 + 0.6η(2 − 1.4s)s / (1 − s)2
s = 1 − u(1 − wP )/ nP P

,

(28)

where 
Pis the propeller pitch ratio. The ship flowrectification coefficient, CS, is given in the following form:

K3 βR  for βR  ≤ C
 SO
 / K3 
CS =    

{ CSO
  for β
 R  > CSO
 / K3 

(29)

2.4. External Forces
Many types of external forces may affect the maneuvering
performance of a ship such as wave, wind and current
forces, bank effects, ship-ship interaction, mooring lines,
fender forces and anchor forces, and wave forces. Within
the context of the present study only the current effects, the
wind and waves forces are considered.

UCx
  = UC cos αC − u
UCy
  = UC sin αC − v

(31)

where

UC 	 : absolute current velocity

αC 	 : current direction with respect to Earth-fixed 		
coordinate system
u, v : velocity components of ship in x and y directions

2.4.2. Wind Forces
There are various empirical methods that can be used to
determine wind loads [28]. In the first of these methods
[28], empirical formulas giving the transverse and
longitudinal wind forces and wind moment were derived
by analyzing the results of the experiments with different
types of commercial ship models in different model test
laboratories. Besides, in the study of [29] transverse and
longitudinal wind cross-sectional areas are included in the
wind force components and wind moment calculations. In
the proposed method for offshore platforms [30], the crosssectional area exposed to the wind includes all elements
above the waterline such as the superstructure, crane, and
derrick. The details of the method used in this study are
presented below [31].
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The wind force calculations are based on a steady-state
one-minute mean wind velocity measured at an elevation of
10 meters above the water surface. For wind velocities at a
different elevation, adjustments to the equivalent 10-meter
velocity can be made with the following formula:

Uw  = uw (_
10
 
h)
1/7

where
uw 	 :
h	

:

(32)

wind velocity at elevation, h

elevation above water surface

Since the wind speed is subject to gusts the one-minute mean
value is converted to the hourly mean value by multiplying
by 1.15. The wind forces and moment can be estimated by
using the following standard formulations:
  2
ρ
XW  = _
2a UWr
 ATCWx
 (αWr
 )
ρ 

YW  = _
2a UWr
2 ALCWy
 (αWr
 )
ρ 

NW  = _
2a UWr
2 ALLBP
 C (αWr
 )
Wn
where

XW , YW 		

: wind force in surge and sway

ρa 			

: density of air (1.23 kg/m3)

NW 		

CWx
 , CWy, CWn 	
αWr
 		
AT , AL 		
LBP
 		

(33)

: wind moment

: wind coefficients for given wind directions
: relative wind direction

: transverse and longitudinal wind area

: length between perpendiculars

UWr
  is the instantaneous wind velocity including the ship’s
speed over the ground with the following longitudinal and
transverse components:
_

√

UWr
  =  UWx
2 + UWy
2 

UWx
  = UW cos αW
 − u
UWy
  = UW sin αW
 − v
where
UW 	
αW
 		

u, v	
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(34)

: wind velocity

: wind direction with respect to Earth-fixed 		
coordinate system
: velocity components of ship in x and y directions

Then, the relative wind direction (αWr
 ), i.e. the angle between
the speed through the water and the ships heading can be
expressed as follows:

αWr
  = arctan (UWy
 / UWx
 )− ψ

(35)

where ψis the heading of the vessel. The wind coefficients
(CWx
 ,  CWy,  CWn) for given wind directions can be obtained
by model tests or Computational Fluid Dynamics analysis.
Alternatively, for early design studies, empirical coefficients
based on regression analysis of model test data can be used.
2.4.3. Wave Forces
The waves affect a maneuvering ship in two ways;

• First-order oscillatory forces centered on the dominant
wave encounter frequency,

• Second-order drift forces which consist of a steady
component and a low-frequency component.

The first-order harmonic wave forces are much larger
in magnitude compared with the second-order forces.
However, the effect on the trajectory of a maneuvering vessel
in a restricted waterway with limited wave heights may be
ignored. Since the second-order low-frequency wave forces
are also oscillatory with a mean about zero they may also be
ignored. Therefore, only the second-order mean wave drift
forces need to be taken into account in the maneuvering
simulation procedure.
The second-order mean wave drift forces can be estimated
from model tests but require a complicated measurement
system design. Ankudinov and Jakobsen [32] derived the
following empirical formulae by using a large number
of model tests, for estimating mean wave drift force
components and the wave drift moment:

XWD
  =  0.0388 ρgB CB H2 sin2 _
 T   cosβ
1/3
( 2 H1/3
)]
[
YWD
  =  0.0388 ρg LWL
 H2 sin2 _
 T   sinβ
1/3
( 2 H1/3
)]
[
NWD
  =  − 0.125 ρg LWL
 TH2 sin2 _
 T   
1/3
( 2 H1/3
)]
[
cosβsinβ − 0.03 YWD
 LWL
 

where

XWD
 , YWD
 	

: wave drag force in surge and sway

B		

: breadth of waterline

NWD
 		

LWL
 		

T		
CB  		

: wave drag moment

: length of waterline
: ship draught

: ship block coefficient

(36)
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H1/3
 		
β		

g		

: significant wave height

: wave direction

: gravitational acceleration

3. Validation of the Maneuvering Prediction
Procedure
To validate the mathematical maneuvering model presented
in Section 2, turning and zig-zag maneuver tests were
carried out for KVLCC2. The main particulars of the vessel
are presented in Table 1.
Table 1. Main particulars of KVLCC2 tanker

Parameter

Symbol
(units)

Value

Length between perpendiculars

LBP
  (m)

320.0

B (m)

58.0

Length of waterline

LWL
  (m)

Depth

D (m)

Block coefficient

CB  (-)

0.8098

Longitudinal centre of buoyancy

LCB (%)

3.48 of LWL
  (fwd)

No of propellers

NP (-)

1

Beam

Draught

Midship section coefficient
Displacement volume
No of blades

Propeller diameter

T (m)
CM  (-)

∇(m3)
Z (-)

DP  (m)

325.5
30.0
20.8

0.998

312622
4

9.86

Pitch ratio at 0.7R

P / D (-)

0.721

Movable rudder area

AR  (m2)

136.7

No of rudders

Rudder deflection rate

NR (-)

δr (deg/s)

Figure 2. Comparison of turning maneuvers for KVLCC2

1

2.34

A comparison of the turning circle maneuver for a rudder
deflection angle, δ, of 35 degrees is shown in Figure 2. The
turning simulation results are in excellent agreement with
the free running test results. A similar comparison for the
zig-zag maneuvering test is presented in Figure 3. It is
clearly seen from these figures that the simulation results
are in good agreement with the full-scale trial results. The
trajectories of the vessel are plotted in MATLAB software.

4. Formulation of the Optimization Problem

This section presents a numerical optimization procedure
to determine the rudder control commands required for

Figure 3. Comparison of zig-zag maneuvers for KVLCC2

a safe passage through the lanes of the TSS established at
the Straits of Istanbul. The Strait of Istanbul lies between
the Black Sea to the north, and the sea of Marmara to the
south which is connected to the Mediterranean via the
strait of Çanakkale. The length of the Strait of Istanbul is
approximately 16.74 nautical miles, with an average width
of 0.81 nautical miles. A major navigational difficulty in the
Strait of Istanbul is the existence several sharp turns which
require vessels to change course at least twelve times. At the
narrowest point, Kandilli (700 m), a 45° course alteration is
required.
In the present routing optimization approach, the theory is
recast in terms of the performance criteria and the output of
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the process are the values of the ship maneuvering control
parameters, i.e. the propeller revolutions and the rudder
angle. In order to simplify the problem, the propeller
revolutions are assumed to be fixed at a value corresponding
to a ship speed of 10 knots which is the maximum allowed
speed by the administration [11]. The objective is to
minimize the total deviation from the centerline of the
traffic lane.
In general, a mathematical optimization problem can be
described as follows:
Minimize	
f(x)

Subject to 	gi(x) ≥ 0

i = 1,2, … , m

where 
x = (x1 , x2 , … , xn )Tis the vector of optimisation
variables. Thus the aim is to find the value of x that yields
the best value of the objective function, f( x) , within a design
space defined by the constraints, gi( x).

In the present routing optimization approach, the design
variables xshould be related to the rudder angle. It is assumed
that the maximum rudder deflection angle is ±35° and the
rudder can be deflected at intervals of 5 degrees, yielding a
total of 15 optimization variables. In order to calculate the
objective function, f( x) , the absolute value of the distance
between the ship’s center of gravity and the centerline of
the traffic lane at each time step is computed and summed
for the total simulation time to obtain a measure of merit
representing the total deviation from the intended route.
The vessel’s position is determined by the coordinates of its
center of gravity and the yaw angle which are calculated at
each time step for the selected range of rudder angles. Then
the total number of alternative trajectories is:

NT = (nR )n

(37)

T

and Jeeves [33] has been found to work well for the problem
under discussion.

In order to demonstrate the effectiveness of the developed
numerical optimization procedure, several scenarios were
investigated. To limit the simulation time only the most
critical part of the Strait of Istanbul is considered. Only
the loaded condition is taken into consideration because
of the greater environmental risks. A matrix of simulation
cases was defined in Table 2 so that the influence of
different factors which affect the safety of navigation can be
investigated independently.

As a first application the northbound VLCC in ideal
environmental conditions case is considered. Note that, the
northbound passage is defined as “N” and the southbound
passage with “S” in Table 2. As shown in Figure 4a, the
trajectory of the vessel is barely within the traffic lane
while the swept track violates the boundaries. It should
be reminded that this trajectory represent the best
option among 
NT  = ( 15)18 ≅ 1.478 × 1015 alternative
trajectories, where 15 represents the number of possible
rudder angles and 18 represents the simulation time of 9
minutes with a time step of 30 seconds. The time step of
the simulation depends on the rudder deflection rate of
the vessel. For the current VLCC the rudder deflection
rate is 2.34 deg/s resulting in a 30 seconds time step to
be able to change the rudder angle from -35° to +35°. The
rudder deflection rate and the range of rudder angle may
significantly affect the maneuvering performance of the
vessel. For example, as shown in Figure 4b, when the range
of rudder angle is limited to -20° to +20°, the vessel cannot
remain within the traffic lane even in ideal environmental
conditions.

In moderate environmental conditions represented by 3
knots current, 20 knots wind and 1-meter significant wave
where, nT  is the number of time steps and nR  is the number
height, the best possible trajectory for the northbound
of rudder angles. For a simulation of 6 minutes with a
VLCC in south-westerly winds for a maximum rudder angle
time step of 30 seconds and 15 rudder angles, the number
of -35° to +35° is shown in Figure 5a. The drift forces due
of
alternative
trajectories
would
be
about

NT = ( 15)12 ≅ 1.3 × 1014.The evaluation of that many
to the south-westerly winds, waves and current result
alternative trajectories requires an efficient optimization
in significant deviation from the centerline of the traffic
procedure. The non-linear direct search method of Hooke
lane and there is a strong possibility of a collision with a
Table 2. Simulation matrix of KVLCC2 tanker at the Strait of Istanbul

Passage
N
N

10

10

Environmental
condition
Ideal

Ideal

Wind (South West)
(knot)

Current (South)
(knot)

0

0
3

0

N

10

Moderate

20

S

10

Ideal

0

N
S

70

Velocity
(knot)

10

10

Extreme

Moderate

0

40

5

20

3

0

Wave height
(South West) (m)
0

0
1

2

0
1

Rudder angle (°)

Increment (°)

±35

5

±35

5

±35

5

±20
±35

±35

5

5

5
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Figure 4. Northbound VLCC, Ideal condition: (a) Maximum rudder
angle: ±35°, (b) Maximum rudder angle: ±20°

southbound vessel. In extreme environmental conditions, as
shown in Figure 5b, the VLCC, even with the best possible
rudder commands, could not remain within the boundaries
of the traffic lane and a collision with a southbound vessel
is inevitable. The best possible trajectories in ideal and
moderate environmental conditions for the southbound
VLCC are shown in Figure 6a and Figure 6b. Similar to the
northbound VLCC, even in ideal environmental conditions,
the southbound VLCC could barely navigate within the
boundaries of the traffic line. In moderate environmental
conditions, even with the best possible rudder commands,
the vessel violates the traffic separation line resulting in a
strong possibility of a collision with a northbound vessel.

5. Concluding Remarks

The main objective of the routing procedure is to determine
the size of a vessel navigate within specified traffic lanes
so that the possibility of a grounding or collision is

Figure 5. Northbound VLCC, Maximum rudder angle: ±35°: (a)
Moderate condition, (b) Extreme condition

minimized. An optimized ship routing procedure based on
ship maneuvering simulations and non-linear direct search
techniques has been developed and used to determine
the best attainable route for large tankers in a restricted
waterway, represented by the Strait of Istanbul, under the
effects of specified environmental conditions. As a practical
application, a typical VLCC was selected and the best
attainable trajectories in the most critical part of the Strait
of Istanbul were investigated. The major findings of these
investigations are summarized as follows:
• Even under ideal conditions (no wind, no current, no
wave) it is almost impossible for a typical VLCC to maintain
its position within the traffic lanes in the critical part of
the Strait of Istanbul. In order to prevent a collision or
grounding, these type of vessels should not be allowed to
be in the straits at the same time in the opposite directions
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are inevitable. In present study, the wind, current and wave
effects are taken into account in a quasi-static manner. A
fully-dynamic maneuvering simulation is a desired longterm research goal that needs sophisticated mathematical
theories as well as extremely powerful computers.
However, this tool could be further used to determine the
ship particulars which can safely pass through a restricted
waterway for specified or the maximum allowable
environmental conditions.
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