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a b s t r a c t

This paper presents an experimental investigation on the manoeuvring characteristics of a pusher-

barge system for deep (H/d43) and shallow water (H/d¼1.3) condition. Since, the operation of pusher-

barge mainly concentrates on confined waters, there is a need to predict and analyze the manoeuvring

characteristic of the system for a safe and acceptable performance. A time domain simulation

determine the hydrodynamic coefficients using a planar motion mechanism (PMM). The time domain

simulation shows the manoeuvring characteristic in the form of turning circle trajectories and zig-zag

manoeuvre based on the hydrodynamic coefficients, which were derived based on experimental results.

The manoeuvring characteristics in shallow and deep water conditions were compared through the

simulation results. A comparison of simulation results based on experimental and empirical driven

coefficients for both conditions shows that the experimental coefficients gave better manoeuvring

characteristics for both turning circle trajectories and zig-zag manoeuvre.

& 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Presently, the most economical means of carrying goods in
inland waterways for Indonesia and Malaysia is through barges.
However, the use of barges in towing mode could affect its safety,
as it has to manoeuvre in rivers of confined waters. In order to
enhance safety there is growing use of pusher-barge systems for
carriage of cargoes, which is an alternative mode of transportation
in inland waterways and coastal regions that offered a minimum
operating cost and safety. This system must have good manoeuvr-
ing capabilities to maintain its intended course in inland water-
ways, coastal area and in ports. The pusher barge must also be able
to stop within a reasonable distance or turn within the reasonable
turning path in order to avoid some hazardous conditions, such as
collision, ramming and grounding.

Manoeuvring characteristic of a pusher barge is dependent on
the parameters of the waterways such as bank shape and water
depth (Lataire et al., 2007). Vantorre and Eloot (1996) compared
different formulations of lateral force and yawing moment with
model experiment results for shallow water manoeuvring for all
drift angles and found that a tubular formulation of the lateral force
and the yawing moment was needed to cover the whole range of
drift angles. According to Beukelman and Journee (2001), deduction
of water depth causes an increase of moment and lateral force,
which will reduce the manoeuvring capability of a vessel.
ll rights reserved.
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Since steering and manoeuvring describes the pusher barge
motions on a horizontal plane, atime domain coupled equation
may be developed to describe the motions. The coefficients of the
various terms in the equation are referred to as the hydrodynamic
derivatives. These derivatives are dependent upon the hydrody-
namic flow around the ship hull, which in turn depends on the
geometry of the submerged body of the hull (Wang et al., 2000).
This research focuses on a simulation programme, which was
developed based on the hydrodynamic coefficients to predict the
manoeuvrability of the pusher barge.
2. Mathematical model

The mathematical model for manoeuvring motion can be
described by the following equation of motion, using the coordi-
nate system in Fig. 1.

X ¼ 1
2 rL2dðm0 þm0xÞ _u�

1
2rL2dðm0 þm0yÞrv

Y ¼ 1
2 rL2dðm0 þm0yÞ _vþ

1
2rL2dðm0 þm0xÞru ð1Þ

N¼ 1
2rL4dðI0zzþ J0zzÞ_r

where m, mx, and my are the mass of ship, and added mass in
x- and y-directions, respectively; IZZ and Jzz moment of inertia and
add moment of inertia around z-axis, respectively; b is Drift angle
at the centre of gravity C.G. [b¼�sin�1(v/U)]; r0 is dimensionless
turning rate [r0 ¼r(L/U)]; r and v are the turning rate and sway
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Fig. 1. Co-ordinate system.

Table 1
Principal dimensions of pusher and barge.

Pusher Barge Pusher-barge

Full scale Model Full scale Model Full scale Model

Lal (m) 29.76 0.5952 95 1.9 117.92 2.358

Lpp (m) 25 0.5 94.5 1.89 116.71 2.3342

B (m) 10.208 0.2042 19 0.38 19 0.38

d (m) 3.7 0.0740 4.75 0.095 4.75 0.095

Volume (m3) 542.147 0.004446 7502.5 0.0615 7805.74 0.06401

CB 0.5746 0.5746 0.8797 0.8797 0.723 0.723
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velocity, respectively; and L, d and u are the ship length, ship
draught and ship speed, respectively

The superscript {0} in the equations refers to the non-dimen-
sional quantities defined by:

m0,m0x,m0y ¼
m,mx,my

0:5rL2d
; I0zz,J0zz ¼

Izz,Jzz

0:5rL4d

As shown in Fig. 1, (U) is the actual ship velocity that can be
decomposed in an advance velocity (u) and a transversal velocity
(v). The Pusher-Barge has also a rotation velocity with respect to
the z-axis. This axis is normal to the XY plane and passes through
the Pusher-Barge centre of gravity (C.G). (b) is the angle between
U and the x-axis and it is called drift angle. (C) is the Pusher-Barge
heading angle and (d) is the rudder angle. X,Y and N represents the
hydrodynamic force and moment acting on the mid ship of hull.
These forces can be described separating into the following
component from the viewpoint of the physical meaning.

X ¼ XHþXRþXP ð2Þ

Y ¼ YHþYRþYP ð3Þ

N¼NHþNRþNP ð4Þ

where, the subscripts H, P and R refer to hull, propeller and rudder,
respectively, according to the concept of MMG expression.

2.1. Forces and moment acting on Hull

XH, YH and NH are approximated by the following polynomials
of b and r0. The coefficients of polynomials are called hydrody-
namic coefficients.

XH ¼
1
2rLdU2ðX0brr

0 sinbþX0uu cos2bÞ

YH ¼
1
2rLdU2ðY 0bbþY 0rr

0 þY 0bbb9b9þY 0rrr
09r09þY 0bbbb

3

þY 0rrrr03þðY 0bbrbþY 0brrr0Þbr0Þ ð5Þ

NH ¼
1
2rL2dU2ðN0bbþN0rr0 þN0bbb9b9þN0rrr09r09

þN0bbbb
3
þN0rrrr03þðN0bbrbþN0brrr0Þbr0Þ

The calculation method of forces and moment induced by
propeller can be referred in Appendix A.

2.2. Determination of hydrodynamic coefficient

Success of the manoeuvring prediction depends heavily on
the knowledge of the hydrodynamic coefficients and the ways
to estimate them. This research involves model testing and
empirical methods to determine the hydrodynamics coefficients
for the simulation. Hydrodynamic coefficients based on model
testing method are obtained by the measurement of forces from
planar motion mechanism (PMM). The empirical method is based
on an approximation formulas to determine the hydrodynamic
coefficients. In this case, the Kijima’s formula will be used as a
reference. This formula is obtained semi-empirically from the
results of numerical calculations based on lifting surface theory
and model tests in full load condition. The shallow water
coefficients are obtained by multiplying a correction factor with
coefficients in deep water condition (Maimun et al., 2005).

Dshw ¼ f ðhÞDdep

where Dshw is the derivatives in shallow water including ballast
and half load conditions, Ddep is derivatives in deep water includ-
ing ballast and half load conditions and f(h) is correcting factor

Kijima’s approximation formula is further explained in Appendices
B and C.
3. Experiment

The experiment was conducted in the 120 m long towing tank
at Marine Technology Laboratory of Universiti Teknologi Malaysia
(UTM). Captive model tests are carried out using a planar motion
mechanism (PMM) to determine the hydrodynamic coefficients of
the pusher barge.

The model was connected to the PMM by means of one
longitudinal and two transverse force transducers fitted in ball-
jointed rods, allowing heave, pitch and roll. The transducer in
longitudinal direction is more sensitive than the transducers as
applied in transverse direction in order to increase the accuracy of
the measurements.

3.1. Data collection

In the experiment, the hydrodynamic forces and moments are
measured in both deep water and shallow water. The deep water
condition has a water depth to vessel draught ratio H/d greater
than 3 and in shallow water H/d of 1.3. The principal particulars of
these ship models are listed in Table 1.

Oscillatory model tests results are used to develop the hydro-
dynamic coefficients as input in mathematical modelling. Measure-
ments of hydrodynamic forces and moments are shown with ship
model from Figs. 2–9 as an example. The model will experience
oscillatory motion while being towed in the tank at constant speed.
The motion generated by PMM could be drift tests, pure sway, pure
yaw, and yaw with drift test. The model is also free to heave and
pitch, but restrained in surge, sway, and yaw motions. The input
parameters of these tests are presented in Table 2.

Hull force and moment coefficients: XH, YH and NH are deter-
mined based on measurement by force transducers on the PMM.
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Fig. 2. Sway force (pure sway-deep water).
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Fig. 3. Yaw moment (pure sway-deep water).
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Fig. 4. Sway force (pure sway-shallow water).
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Fig. 5. Yaw moment (pure sway- shallow water).
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Forces and moments are made non-dimensional by rLdU2/2 and
rL2dU2/2, respectively, and plotted against drift angle, as shown in
Figs. 6–9. Coefficients based on experimental and empirical
methods are compared in Table 3. Comparison of manoeuvrability
of the pusher barge will take place once these coefficients are
imported as parameters in the simulation.
4. Time domain simulation

The components of forces in the equation of motion were
calculated corresponding to the prescribed manoeuvring motions.
The vessel’s swept path can based on the input of hydrodynamic
coefficients in the simulation. The swept path is by double
integrating the acceleration of the vessel in surge, sway and
yaw axis of the mathematical model. In this case, Matlab Simulink
programs were used to create numerical simulation of the turning
and zig-zag manoeuvres (Kijima et al., 2000).

The equations of motion in this time domain simulation are
then solved by numerical integration Dormand–Prince Method
(Maimun et al., 2005). This method is included in one of the
Mathlab ODE suites. The Mathlab ODE suites is a collection of five
user-friendly finite-difference codes for solving initial value
problems given by first-order systems of ordinary differential
equations and their numerical solutions. The three codes (ode23),
(ode45), and (odell3) are designed to solve non-stiff problems and
the two codes (ode23s) and (odel5s) are designed to solve both
stiff and non-stiff problems. (Ode45) was used in the simulation
programme with variable time steps integration to avoid errors in
some critical condition.
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Fig. 6. Sway force (pure yaw-deep water).

N
' H

-2
-0.06

-0.04

-0.02

0

0.02

0.04

0.06

-1 0 1 2
r’

Fig. 7. Yaw moment (pure yaw-deep water).
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Fig. 8. Sway force (pure yaw-shallow water).
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Fig. 9. Yaw moment (pure yaw-shallow water).

Table 2
Input parameters of PMM test.

Model test Drift angle
(deg.)

Oscillator
amp (m)

Phase angle of
oscillator
arm (deg)

Drift test 01, 41, 81, 121, 161 0 0

Pure sway 01 0.1–0.4 0

Pure yaw 01 0.1–0.4 33.021

Yaw with drift 41, 81, 121, 161 0.1–0.4 33.021
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4.1. Simulation equation

The equations in the system of a three degree of freedom
motions is used in the simulation and is based on the concept of
the modular manoeuvring model. Whereby each element con-
sisting of hull, propellers, and rudders- is represented by a self-
contained and discrete module. The surge, sway, and yaw force
equations are presented as follows:

X ¼ 1
2 rL2dðm0 þm0xÞ _u�

1
2rL2dðm0 þm0yÞrv

Y ¼ 1
2 rL2dðm0 þm0yÞ _vþ

1
2rL2dðm0 þm0xÞru ð6Þ

N¼ 1
2rL4dðI0zzþ J0zzÞ_r

The equations can be rewritten in an acceleration form:

_u ¼ ðXþ1
2rL2dðm0 þm0yÞrvÞ= 1

2rL2dðm0 þm0xÞ
� �
_v ¼ Y�1
2rL2dðm0 þm0xÞru

� �
=ð12rL2dðm0 þm0yÞÞ

_r ¼N= 1
2rL4dðI0zzþ J0zzÞ
� �

ð7Þ

The above set of Eqs. (7) could be integrated once to obtain
velocities, while displacement of motion is obtained with a single



Table 3
Comparison of hydrodynamic coefficients.

Symbol Hydrodynamic coefficients value

Deep water (h/d43) Shallow water (h/d¼1.3)

Empirical[1] PMM Empirical[1] PMM

X0uu 0.0162 0.0174 0.040 0.1875

X0br 0.0509 0.3124 0.0509 1.9588

Y 0b 0.2646 0.5967 1.2396 2.4193

Y 0r 0.0070 0.2501 �0.4351 �1.0408

Y 0bb 0.5269 0 1.8385 0

Y 0rr �0.0141 0 0.0232 0

Y 0bbr �0.1239 �1.7505 1.0400 4.4692

Y 0brr 0.4934 2.0189 3.5500 2.6048

N0b 0.0788 0.0383 0.4172 0.2081

N0r �0.0366 �0.0188 �0.1126 �0.0737

N0bb 0.0140 0 0.0331 0

N0rr �0.0245 0 �0.0647 0

N0bbr �0.1750 �0.3262 �0.2193 �1.5483

N0brr �0.0254 �0.1190 �0.0312 �0.5450

Y 0bbb – 1.4556 – 6.2548

Y 0rrr – 0.0387 – 2.4542

N0bbb – �0.0049 – 0.0398

N0rrr – 0.0086 – 0.0578

Table 4
Propeller and rudder parameters.

Item Deep water Shallow water-h/T¼1.3

Ship speed, V (knots) 7 7
Number of propellers 2 2
P/D 0.74 0.74
Number of blades (Z) 4 4
Diameter, D (m) 2.67 2.67
Blade area ratio, EAR 0.461 0.461
Revolutions, RPS (n) 2.0636 2.7415
Wake fraction (wpo) 0.299 0.4236
Trust deduction (t) 0.2 0.254
Advance ratio (Jp) 0.458 0.275
Thrust coefficient (KT) 0.173 0.238
go 0.525 0.33
Thrust, T (kN) 76.825 193.29
C0, C1, C2 0.3139;�0.2736;�0.1048 0.3139;�0.2736;�0.1048
Wake fraction (wRo) 0.3189 0.4395
Rudder high (m) 2.5 2.5
Rudder area (m2) 10.00 (NP¼2) 10.00 (NP¼2)
Number of rudders 2 2

Table 5
Turning circle parameters based on experimental data.

h/T Indices Experimental
(m)

IMO standards Correspond

Deep water Advance 254 o531 m or 4.5 L Yes
Tactical
diameter

265 o590 m or 5.0 L Yes

1.3 Advance 360 o531 m or 4.5 L Yes
Tactical
diameter

410 o590 m or 5.0 L Yes

Fig. 10. Comparison of simulated turning trajectories in deep water condition

between empirical and PMM test [H/d¼26.5, where ship speed is 7 Knots].
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integration to the velocities (Maimun et al., 2002):

u¼

Z
_u dt and x¼

Z
udt

v¼

Z
_v dt and y¼

Z
vdt

r¼

Z
_r dt and c¼

Z
rdt

€c ¼ _r and c¼ _r ð8Þ

4.2. Simulation data

The simulation input data, which is a combination of hydro-
dynamic parameters and forces of hull, rudder and propeller,
must firstly be determined before the pusher barge simulation of
manoeuvring pusher barge can begin. The effect of hydrodynamic
force, which incorporates the rudder, propeller and hull is
included in the simulation together with equation of motion
(Maimun et al., 2005).

Hydrodynamic force composes of three components namely the
bare hull, propeller, and rudder force components, which are
determined by their respective source (Yoon and Rhee, 2003).
Tables 4 and 5 show the propeller diameter and rudder area used
in the simulation. Prediction of resistance component was carried
out in Universiti Teknologi Malaysia towing tank. The resistance
and propulsion components are one of the parameters in the
simulation programme. Rudders area is calculated based on Det
norske Veritas (DnV) for minimum rudder area and the calculation
of rudder area coefficient is referred to Crane et al. (1989). For
vessel with increased manoeuvrability, rudder area coefficient are
estimated 2–4 percent of L� d (Maimun et al., 2005).
5. Results

The simulation results illustrate a comparison of experimental
and empirical results of ship motion in both deep and shallow
water conditions. The result of ship motion is based on manoeuvr-
ing ability test such as turning circle test and zig-zag manoeuvre.
5.1. Comparison of empirical and experimental results

The series of Figs. 10–12 display the empirical and experimental
results obtained from the simulation programme in deep water
condition. The advance and tactical diameter of experimental
result in Fig. 10 are smaller as compared to the empirical result’s
diameter. Figs. 11 and 12 show a higher value of overshooting
angle for empirical as compared to experimental result for 10/10
and 20/20 zig-zag manoeuvre.



Fig. 11. Comparison of time histories of 10/10 zig-zag for deep water [speed¼

7 Knots].

Fig. 12. Comparison of time histories of 201/20 zig-zag [speed¼7 Knots].

Fig. 13. Comparison of simulated turning trajectories in deep and shallow water

based on empirical equations.

Fig.14. Comparison of simulated turning trajectories in deep and shallow water

based on experimental results.
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5.2. Comparison of results for deep and shallow water conditions

5.2.1. Turning ability

The comparison of results in both deep and shallow water
conditions are illustrated in Figs. 13–16. Figs. 13 and 14 show a
smaller advance and tactical diameter for deep water condition.
However, the empirical result shows a slower response of turning
trajectory in deep water as compared to shallow water.

5.2.2. Zig-zag manoeuvre

The 10/10 zig-zag manoeuvre result in Fig. 15 demonstrates a
larger overshoot angle in shallow water. However, the difference
of overshoot angle between deep and shallow water is less
obvious in Fig. 16 in the 20/20 zig-zag manoeuvre.
6. Discussion

The simulation results of the manoeuvring capability of the
push barge are dependent on the input of hydrodynamic
coefficients as well as the hull and rudder parameters. Thus the
divergences of results in the experimental and empirical methods
are mainly due to some error during the experiment or model
preparation. Errors such as noise during data collection from the
experiment are normally present. However, the result generated
from the simulation on the turning circle and zig-zag manoeuvr-
ing test based on experimental method illustrate better man-
oeuvring properties as compared to empirical approach.

The turning circle results have satisfied the IMO standards by
not exceeding the IMO advance and tactical diameter. However,
the same could not be said to the zig-zag manoeuvre result as the
overshoot angle for shallow waters exceeds the IMO standards.
One of the main causes of for exceeding overshoot angle is design



Fig. 15. Comparison of time histories of 101/101 zig-zag for deep and shallow water (H/d¼1.3) [speed¼7 Knots].

Fig. 16. Comparison of time histories of 201/201 zig-zag [speed¼7 Knots].
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of the pusher-barge system. Thus, further studies on the hull
design for the pusher-barge system might improve the zig-zag
manoeuvre result.

The comparison of experimental and empirical results for
turning circle shows that the experimental result has a better
manoeuvring characteristic based on IMO standards. The zig-zag
manoeuvre result shows that the empirical result has a higher
overshoot angle as compared to the experimental result. A
comparison of the 101/101 zig-zag manoeuvre in Fig. 15 illustrates
an irregular overshoot angle of the empirical result whereby the
difference of the first and third overshoot is around 51.

The comparison result of turning circle for both deep and
shallow water conditions in Fig. 13 shows deep water condition
has a tendency to have a smaller turning circle diameter as
compared to the shallow water condition. A smaller turning circle
indicates higher turning angle rate for a deep water condition.
The turning circle results show that the deep water has a higher
course changing capability as compared to shallow water condi-
tion. The relationship of the turning circle test in the context
of push barge operation in confined and normally shallow water-
ways such as in canals and river inlet raises complication as the
vessel needs a good course changing capability to avoid ground-
ing effects and collisions.

Two standard time history of zig-zag manoeuvre result namely
the 101/101 and 201/201 for both shallow and deep water conditions
provide estimation on the vessel ability to enter into turning
motion. Results for both rudder angles signify a higher overshoot
of heading angle for shallow as compared to deep water condition.
However an increase of rudder angle indicates a small difference of
overshoot between the two conditions. The increment of rudder
angle produces larger moment acting on the vessel, which counters
the opposite yaw motion. However, vessel’s response towards the
change of rudder angle and moment depends on the flow field
around the hull. Constraints of flow field around the hull in shallow
water will reduce the rudder efficiency.

The combination of turning circle and zig-zag manoeuvre test
suggests shallow water conditions have a significant impact on
the manoeuvring characteristic of push barge. Operations of a
push barge in shallow water are confined to several limitations
such as difficulty in course changing capability as well as low
rudder response. These limitations require a great deal of naviga-
tion experience as well as high dependency of navigation aid.
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The result of the simulation can be further utilized in the future
to analyze the correlation of ship manoeuvring capability with
finite depth condition by adding more ratio of water depth to ship
draught (H/d) condition. Since the simulation incorporated the
rudder parameters, a recommended future research of analyzing
the correlation of increment of rudder area to the manoeuvrability
of pusher barge could be done with experimental validation
7. Conclusion

This research can be concluded as follows:
(a)
 The simulation result of zig-zag manoeuvr and turning circle
shows that the experimental derived coefficient tend to give
better manoeuvring characteristic as compared to the empirically
derived coefficient based on agreement with IMO standards.
(b)
 The comparison of manoeuvring properties of deep and shallow
water conditions show that a pusher barge has difficulty in
manoeuvring in shallow water due to constrains such as com-
plexity in course keeping and high overshoot heading angle.
(c)
 This research can be further developed by determining the
correlation of finite water depth and rudder area with
manoeuvrability of the pusher-barge by varying the water
depth to ship draught ratio (H/d) as well as increasing rudder
area of the pusher barge.
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Appendix A. Force and moment induced by propeller and
rudder

XP, YP, NP and XR, YR, NR are expressed as the following formulas

XP ¼ Ctpð1�tpÞn
2D4

pKT ðJPÞ

YP ¼ 0

NP ¼ 0

X0P ¼
XP

1
2rLdU2

where

KT ðJPÞ ¼ C1þC2JPþC3J2
P

JP ¼U cosbð1�wPÞ=ðnDPÞ

wP ¼wP0 expð�4:0b02P Þ
b0P ¼ b�x0Pr0

x0Pffi�0:5

where tp is the thrust reduction coefficient in straight forward
moving, Ctp the constant, n the propeller revolution, Dp the propeller
diameter, wp the effective wake fraction coefficient at propeller
location, wpo the effective wake fraction coefficient of propeller
in straight running, KT is the thrust coefficient of a propeller force,
JP the advance coefficient, and C1, C2, and C3 are the constants for
propeller open characteristics.

The terms and the non-dimensional of ruder forces describes
as the following.

XR ¼�ð1�tRÞFN sind
YR ¼�ð1þaHÞFN cosd
NR ¼�ðxRþaHxHÞFN cosd
where xR is the the distance between the centre of gravity of ship
and centre of lateral force ðxR ¼ x0RLÞ and xR represents the location
of rudder (¼�L/2), xH is the distance between the centre of
gravity of ship and centre of lateral force (xH ¼ x0HL), d is rudder
angle, and tP, tR, aH, and xH are the interactive force coefficients
among hull, propeller and rudder. F 0N is rudder normal force and
described as the following:

F 0N ¼ ðAR=LdÞCNU2
RsinaR, F 0N ¼

FN

1
2rLd

where AR is the rudder area, CN is the gradient of the lift
coefficient of ruder, and can be approximated as the function of
rudder aspect ratio KR.

CN ¼ 6:13KR=ðKRþ2:25Þ

UR and aR represent the rudder inflow velocity and angle,
respectively; they can be described as the following.

U2
R ¼ ð1�wRÞ

2
f1þCgðsÞg

gðsÞ ¼ ZKf2�ð2�KÞsgs=ð1�sÞ2

Z¼DP=hR

K ¼ 0:6ð1�wpÞ=ð1�wRÞ

s¼ 1:0�ð1�wpÞU cosb=nP

wR ¼wROwP=wPO

aR ¼ d�gb0R
b0R ¼ b�2x0Rr0

x0R ��0:5

where AR is the rudder area, hR the rudder height, KR the aspect
ratio of rudder, UR the effective rudder inflow speed, aR the
effective rudder inflow angle, C the coefficient for starboard and
port rudder, wR the effective wake fraction coefficient at rudder
location, wRO the effective wake fraction coefficient at rudder
location in straight forward motion, P the propeller pitch, and
g the flow straightening coefficient.
Appendix B. Approximate formulae of hydrodynamic
coefficients in deep water by Kijima

These formulae are function of ship length (L), breadth (B),
draught (d), block coefficient (CB) and aspect ratio of ship hull k;
(k¼2d/L). However, the prediction formulas proposed by Mori
(1995) are for four parameters, which are ea, e0a, sa and K to
express the characteristics of aft hull shape. The coefficients ea

and e0a express fullness of aft run and sa is aft sections fullness
metric, while K is the form factor. The parameters are defined by
principal particulars with water plane area coefficient Cwp and
prismatic coefficient Cpa of aft hull between A.P.:

ea ¼
L

B
ð1�CpaÞ

e0a ¼ ea

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

4
þ

1

ðBþdÞ2

s,

sa ¼
1�Cwp

1�Cpa

K ¼
1

e0a
þ

1:5

L=B
�0:33

� �
ð0:95saþ0:40Þ

The engagement of these parameters together with a model
database of 15 kinds of ships and 48 loading conditions generates
a series of approximate of hydrodynamic coefficients as follows:

Y 0b ¼ 0:5pkkþ1:9257
CB

L

� �
s0a

Y 0b�ðm
0 þm0xÞ ¼ 0:25pkþ0:052e0a�0:457

Y 0bb ¼�1:199CBsaþ1:05
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Y 0rr ¼ 0:225
dCB

B

� �
e0a�0:12

Y 0brr ¼ 7:1256
dð1�CBÞ

B

� �

Y 0bbr ¼ 10:443
dð1�CBÞ

B

� �
e0a

	 
2

�9:374
dð1�CBÞ

B

� �
e0aþ1:227

N0b ¼ k 150:668
dð1�CBÞ

B

� �
e0aK

� �2

�23:819
dð1�CBÞ

B

� �
e0aKþ1:802


"

N0r ¼�0:54k�k2�0:0477e0aKþ0:0368

N0bb ¼ 0:15K�0:068

N0brr ¼�0:4086CBþ0:27

N0bbr ¼�0:826
dð1�CBÞ

B

� �
e0�0:026

Appendix C. Approximate formulae of hydrodynamic
coefficients in shallow water

The approximate formulae for estimating the hydrodynamic
force acting on a ship in shallow water was proposed by (Kijima
et al., 1990). These formulas are obtained semi-empirically from the
results of numerical calculations based on lifting surface theory, and
model tests in full load condition. The formulae for full load
condition can be applied to the case of shallow water by correcting
the hydrodynamic coefficients and coefficients, which have been
originally obtained for deep water (Maimun et al., 2005).

Estimation of the hydrodynamic force acting on a ship in
shallow water can be done as follows:

Dshw ¼ f ðhÞXDdep

where Dshw is the coefficients in shallow water including ballast
and half load conditions, Ddep the coefficients in deep water,
including ballast and half load conditions, and f(h) the correcting
factor, h¼d/H (d is draught, H is water depth).

The correcting factor f(h) for the effect of water depth is
divided into two different equations, which are applied based
on a certain hydrodynamic coefficients. The correcting factors f(h)
are as followed:
(a)
 Correcting factor, f(h) for hydrodynamic coefficients Y 0b, Y 0bb,
Y 0brr , N0b and N0r:

f ðhÞ ¼ ½1=ð12hÞn�2h

where, for instance, Y 0b, n¼0.4CB (B/d); Y 0bb, n¼�0.26CB (B/
d)þ1.74; Y 0brr , n¼�2.13CB/Bþ1.8 (5.7); N0b, n¼0.425 x CB x B/

d; N0r , n¼�7.14kþ1.5

(b)
 Correcting factor f(h) for other hydrodynamic coefficients:

f ðhÞ ¼ 1þa1hþa2h2þa3h3

where for instance,
(i) For, Y 0b�ðm

0 þm0xÞ:
a1¼�5.5(CB(B/d))2

þ26CB(B/d)�31.5
a2¼37(CB(B/d))2–185CB(B/d)þ230
a3¼�38(CB(B/d))2

þ197CB(B/d)�250
(ii) For, Y 0rr:

a1¼�0.15�105(1�CB)5
a2¼1.16�105(1�CB)5

a3¼�1.28�105(1�CB)5

(iii) For, Y 0bbr:
a1¼2.15�104((d(1�CB)/B)2)
�0.48�104d(1�CB)/Bþ220

a2¼�4.08�104((d(1�CB)/B)2)
�0.75�104d(1�CB)/B�274

a3¼�9.08�104((d(1�CB)/B)2)
þ2.55�104d(1�CB)/B�1400

(iv) For, N0bb:
a1¼�0.24�103(1�CB)þ57
a2¼1.77�103(1�CB)�413

a3¼�1.98�105(1�CB)þ467
(v) For, N0rr:

a1¼�0.196�104((d(1�CB)/B)2)þ448d(1�CB)/B�25
a2¼1.222�104((d(1�CB)/B)2)�2720d(1�CB)/Bþ446
a3¼�1.216�104((d(1�CB)/B)2)
þ2650d(1�CB)/B�137

(vi) For, N0bbr:
a1¼0.91�102CB(d/B)�25
a2¼�5.15�102CB(d/B)þ144
a3¼5.08�102CB(d/B)�143

(vii) For, N0brr:
a1¼0.4�103CB(B/d)�88
a2¼�2.95�103CB(B/d)þ645
a3¼3.12�103CB(B/d)�678.
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