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DEVELOPMENT OF MATHEMATIGCAL MODEL
TO PREDICT SHIP MANEUVERING

1.0 INTRODUCTION

This report is an extension of the work presented in the
reports "Mathematical Simulation of Ship Maneuvering”" and
“"Mathematical Simulation of Ship Maneuvering, Part 2 - Program
Verification and Study of Hull, Propeller, and Rudder
Interactions" [1]. 1In the previous studies, a hydrodynamic
derivative type mathematical maneuvering simulation model was
developed and implemented based on Inoue's formulations and the
capability of the model to simulate ship maneuvering behaviour in
open water without external influences was demonstrated. 1In
order to increase its versatility, further development to include
external influences (current, wind and bow thruster) and
restricted water effects (shallow water and channel) into the
maneuvering simulation model is planned., In addition, previous
studies also indicated the need of a user editable hydrodynamic
derivative file whereby tuning of the hydrodynamic derivatives to
better match the maneuvering characteristics of particular ships
can be accomplished, and the need of a reference source of
model-scale and full-scale maneuvering test results with the
corresponding ship particulars whereby the maneuvering simulation
model can be verified. -

The purpose of this report is to record the progress made
regarding to the needs identified previously; special emphasis
is placed on the documentation of the mathematical modellings and
,software implementation of the external influences and restricted
water effects since they are the thrust of the present study.
Bowever, the mathematical modellings of the additional features
(external influences and restricted water effects) are limited to
those published in the open literature and no attempt is made to
derive them theoretically since this is beyond the scope of the
present project. The software implementations is developed with
maximum flexibility to account for the arbitrary situations
foreseeable.

This report is divided into three parts. Part I describes
the formulations used in the mathematical modelling of the
additional features and their derivations from the literature.

It also discusses the verifications of their implementations into
the maneuvering simulation model with reference to the reference
source mentioned previously. Since Part I is the main part of
the report, it also includes the conclusions and recommendations
for future study regarding the present project. Part 11
describes the software implementations of the additional features
and the program structure of the maneuvering simulation model; it
also contains the source code of the main part of the maneuvering
simulation programs. Part II! describes the usage of the
maneuvering simulation model program including direction for
editting the hydrodynamic derivative file for tuning, and it

also contains the source code of the remaining programs not
included in Part II,




2.0 MATHEMATICAL FORMULATIONS
2.1 Equations of Motion
The equations of motion of the maneuvering simulation model

are written with respect to a moving coordinate system fixed on
the center of gravity of the ship,

Surge: mil-vr) = Xy X g+ X+ X (2.1
Sway: miv+ur) = Yy+Yp+Yy (2.2)
Yaw: bl = Nt YoX  + NetNg {2.3)
Roll: 1, W=KpV,2+KetKg (2.4)

The terms with subscript H represent the hydrodynamic forces and
moments induced by the ship's motion; the term with subscript P
represents the force induced by the propeller; and the terms with
subscript R represent those induced by the rudder. The
descriptions and calculations of these forces and moments were
documented in detail in the previous report [l). The terms with
subscript O represent other external forces and moments due to _
bank and channel, bow thruster and wind. The formulactions of the
external forces and the incorporation of current, engine model
and shallow water effects are presented in the following
sections,

2.2 Egogine Model
In order to account for the effects of power plaant on ship's
maneuvering characteristics, an engine model equation is

incorporated into the model, It is written as,

lpp P (2W760) = Q- Q (2.,5)

where Ipp™ moment of inertia of propeller-shaft system
Qp™ propeller torque
Qg™ torque delivered by power plant
n = time rate of change of propeller rpm

The moment of inertia of the propeller is approximated based on
the propeller diameter,

2
tpp = 20 D",', kg-m

and the propeller torque Qp dispensed at the propeller is
determined from the torque coefficient Rq versus advance

coefficient Jp table of the Wageningen B-series propeller of




similar geometry [2]; the procedure is identical to those used to
determine the thrust coefficient Ky in the previous report
[1]). Qg represents the power plant torque characteristics.

Two types of power plant are modelled - steam turbine and slow
speed diesel,

For a steam turbine,
- §0 SHP 60 SHP (2.6)
% 2w n 2T Mo X Agean

wvhere SHP = engine shaft horsepower in N-m/sec
n, ® command engine rpm
Nep = equivale?t command propeller rpm
RGgar ™ reduction gear ratio

and for a slow speed diesel engine,

QE = Qp@uE wor.tn, ., 'Qi s QEM.x 27

where ug * equilibrium straight ahead speed corresponds to a
propeller rpm of Nep

Qgmax ™ Maximum engine torque available -

In the engine model calculation two propeller rpms are used
n and Nep. Dep is the actual propeller rpm commanded at helm
and n is the instantaneous rpm of the propeller. When a ship is
maneuvering, its actual propeller rpm is usually different from
the one commanded; the difference between n and ng, 1is
dependent on the stage and type of maneuver the ship 1is
undergoing and the torque characteristics of the power plant.
The equilibrium speed ug is determined by equating the
resistance X(u) and propeller thrust Xp (corresponding to
n.,) in the surge equation. X(u) is expressed as a function of
ship speed in the resistance table and Xp is calculated from
Ky which is determined from the propeller thrust table., At
equilibrium speed,

Xtug) = X tde) (2.8)

where JPE-60|JEH-H5°I = equilibrium advance coefficient

2.3 Shallow Water Effects

In shallow water, the maneuvering characteristics of the
ship change according to the water depth to draft ratio h/T. As
the depth decreases, water can no longer pass unrestrictedly
underneath the ship due to the contriction between its keel and
the sea bottom. This increases the flow around the side of the

ship and consequently changing the hydrodynamic forces exerted on
the ship.




According to Hooft [3), the longitudinal forces acting on
the ship are influenced by water depth at h/T ratio of less than
3.5, the lateral forces are influenced at h/T ratio of less than
2.5, and at h/T less than 1.5 the ship's maneuvering
characteristics are changed appreciably from those of deep water.

In order to account for the influences of the shallow water
on the ship's maneuvering characteristics, the calculation of the
hydrodynamic derivatives, longitudinal resistance, propeller
thrust, engine model, rudder forces and moments are modified in
the model,

2.3.1 Assumptions and Limitations

The following assumptions and limitations are imposed on the
modifications for shallow water effects;

1. When h/T 3.5, the ship is at shallow water;
2. The ship speed is below the critical speed, i.e. u vgh;

3. The formulations are based on theoretical considerations _and
model experiments, They cannot be considered as
theoretically rigorous but may be considered as good
engineering solutions of a confused and complicated problem;

4, Constant propulsive power that Qg is a function of n.
and independent of water depth; and

5. The propeller torque Qp is determined from the deep water
Kn value with Jp calculated using u and n in shallow

water [&4].
2.3.2 Hydrodynamic Derivatives
A practical way to determine added mass and velocity

coefficients in shallow water is to find the ratio of their
shallow water to deep water values as function of h/T so that

f(h/T) = Hydrodynamic Derivative at Water Depth h
Hydrodynamic Derivative at Deep Water

Hirano [S5] and Sheng [6] published formulae of f(h/T) for
the linear hydrodynamic derivatives. Hirano's results were
derived using experimental data and low aspect ratio wing theory
by assuming the hull as an airfoil. Sheng's resuylts were derived
using strip theory by assuming the ship as a parabolic beam with
elliptical section., Sheng's formulae were verified with the
experimental results of Fujino {7] and used by Clarke [8].




Therefore, Sheng's formulae are adapted in the model for the
added mass coefficients and linear velocity coefficients:

2
My Ko+ 23K, BIT +8/15 Ky BIT) =K’ (2,10)
mv...-.
m
—= oK, + 2/5 K, B/T +24/105 K, (B/T )° (2.1
Mya
\/ 2
- -k, +K, B/T+ K, B/T) {2.12)
YUV&
v
o=k, (2.13)
YUI’"
N
ﬁ,_i‘: - Ky (2.14)
uy oo
Nur 2
- Ko+ V2K, B/T + V3K, (B/T (2.15) _
N‘urw
where - 1...0.0775 ___0.on
Ko™ V*m7T-02 "t - 11°
00643 . _0.072 _ 0.013
B TYE I S TYE L
K. = 0.0342

h/T-9

The change in surge added mass in shallow water is less than 102
of its deep water value and it is assumed to be unchanged in

the model. Similarly, the roll added mass is also assumed
constant regardless of the water depth,

No formula for the non-linear velocity coefficients
Y'v ¢ o Y ¢ s Nlyyrs N'ypp and N', . is found from
the open literature expect for the coefficieant Y'y,. Zhu (9]
reported,

72 .o

e ™ j_m f(T/h, X CpiXIv' + ), fiv's Xy 1) dx 2.16)

where f(T/h,x') = function of draft to depth ratio along the
ship's length
Cp(x') = sectional drag coefficient in shallow water




The prime denotes non-dimensional length, velocity and yaw rate,
According to eq. 2.16, the sectional drag coefficients along the
ship in shallow water must be known before Y',, can be
calculated. However, the ship's sectional drag ceofficients at
different depths are not generally known; therefore, the
applicability of Zhu's formula is limited.

Fujino [10), Yumuro [11] and Kijima [12]) conducted model
test to determine the variation of non-linear hydrodynamic
derivatives with water depth. Based on these findings, a general
variation of £f(T/h), the shallow water to deep water value ratio,
to T/h can be constructed, Figure 2.1. From Figure 2.1, at deep
water where the T/h ratio equals zero, it is obvious that £(o)
is one. The ratio does not increase significantly until T/h is
more than 0.29 (h/T 3.5), and it doubles its value when T/h
reaches 0.4 (h/T = 2.5). A maximum value ranging from 3 to 5% is
reached when T/h is around 0.8 (h/T=1.25), and then it decreases
as T/h increases,

Due to the lack of information, the f(T/h) versus T/h curve
proposed in Figure 2.1 is curve fitted in the model to calcuylate
the non-linear hydrodynamic derivatives in shallow water from
their deep water values. However, if the actual variations of -~
the non-linear hydrodynamic derivatives are known, they can be
incorporated using the same curve fitting routine.

2.3.3 Surge Equation - Resistance and Propeller Thrust

When a ship enters into shallow water, its speed will
decrease whilst the longitudinal resistance and propeller thrust
will increase. In order to calculate the surge velocity,
the values of resistance X(u) and propeller thrust Xp in
shallow water must be known explicitly,

From the previous report [l}, the values of X(u) and Xp in
deep water are determined from the resistance versus speed table
and thrust coefficient versus advanced coefficient table
tabulated in the ship description file. However, it will be
impractical to tabulate the same tables for different water
depths. Therefore, the shallow water resistance and propeller
thrust are calculated using Schwanecke's formulae [13],

XCup) = Xlues} (48)° EXP (0.11 3, B/h-T) (2.17)
(-]
(Xphy = {Xp)al U0)? EXP (0.30 Fyy, B/h=T) (2.18)
L]

* depending on the hydrodynamic derivative




where Fpp = shallow water Froude number = u,/v/gh

The subscript h and = denote shallow and deep water,
regspectively,

Since the resistance and propeller thrust in shallow water
in eq. 2.17 and 2.18 are determined from their deep water values
at the corresponding u,, a correlation between u, and up is
required. :

The shallow water velocity u, is calculated from u, at
the same propeller rpm using Schlichting’'s hypothesis [14].
Schlichting separated the total resistance in shallow water into
wave-making resistance and resistance due to viscous flow around
the hull, He further assumed that the wave-making resistance in
shallow water is identical to those in deep water when the same
wave pattern is generated. Using linear wave theory, he related
Up to an intermediate velocity uy in shallow water where the

wave-making resistances are identical, and up is expressed as a
function of u,/vYgh. Then using model test results, he examined

the velocity decrease due to viscosity in shallow water and
related uy with u; as a function of the blockage parameter -
/Ax/h, where A, is the maximum cross-sectional area of the
hull. Figure 2.2 shows the u; versus ug,/v/gh and Figure 2.3
shows the up versus /A, /h curves, both of these curves and

their inverse are incorporated into the maneuvering model to
evaluate uy from u, and vice versa.

The procedure of using Schlichting's hypothesis and
Schwanecke's formulae in the surge equation (when a ship enters
shallow water of depth h, with speed u,, and propeller rpm n)

is as follows:

1. Calculate'uh from u, and h using Schlichting's
hypothesis;

2. Calculate X(uy) from uy, uy, and X(u,) using eq.
2.17;

3. Calculate (Xp)y from uy, u,, and (Xpl, at u,
and n using eq. 2.18;

4, Calculate (up)ygy using the surge equation;

5. Calculate nygyw using the engine model equation with
assumption 4 and 5;

6. Calculate (uy)ygy corresponds to (uy)ygy using the
inverse of Schlichting's hypothesis; and

7. up = (up)ypws Yo=(uxdygy and n=nypy, go to
- Step 2. :




Step 2 to 7 are repeated as long as the ship is in shallow
water,

2.4 Rudder Forces and Moments

Fujino [7,15] claimed that water depth has little effect on
the rudder force due to two compensating effects:

1. the effectiveness of the rudder diminishes due to increase
in flow separation at the stern; and

2, the effectiveness of the rudder increases due to a stronger

propeller slipstream resulting from the reduced speed due to
increase resistance in shallow water,

Similar observations are reported by Kose [16] and Hooft [3]
that shallow water effects on the rudder are small. However,
Yumuro [17] and Hirano [18]) suggested that the rudder-hull
interaction force and the flow-rectifying effect related to the
rudder inflow angle are affected by water depth. Therefore, the
rudder induced force and moment expressions in the previous model
[1)] are modified, ’

Yg = -1+a,}F, cos 11 (2.19)
Ng=(Xp+ayX,)Fycos$ (2.20)
KR-(1+8H)zHFNcosb (2.2

where xy = point of application of rudder induced interaction
force on ship hull = £(T/h)

xp = horizontal distance between center of gravity and
rudder

ag = ratio of rudder induced hull force te rudder force
= £(T/h)

The parameters ay, Xy and the flow-rectifying parameter y
change with water depth as,

8= 8, .+ Cy {T/h) + C, T/’ = 8y, *Day, (2.22)
X = Xpeot Ca (T/M) + C (T/h)? (2.23)
¥ =00.332(T/h}+1]1%, (2.24)

where ayee = 0.627 Cg -0.153

XH., =05 Lpp




The subscript « denotes deep water value and the
coefficients C] to C, in eq. 2.22 and 2,23 are determined by
cubic splines curve fitting technique using Hirano's data [5],
listed in Table 2,1 and 2.2.

2.5 Bank and Channel Effects

When a ship is travelling off the centerline of a channel,
it experiences a suction force and a bow-out moment to the near
bank due to flow asymmetry around the hull, Figure 2.4, The bank
force is highly non-linear and varies almost inversely with the
ship-to-bank distance [19]. Although the hydrodynamic
coefficients are also affected, the maneuvering model only
considers the bank force and moment since they are the primary
influences of the channel [7]. The effects on the hydrodynamic
derivatives due to finite depth described in the previous section
are imposed in the channel; however, the cross-coupling between
the shallow water effects and channel effects is ignered in the
model [20].

Norrbin [21) and Eda [22] published empirical formulae for
the bank force and moment but they pertained to two specific
ships only. On the other hand, Schoenherr [23] derived simple -
non-dimensionalized design charts for estimating the bank force
and moment on full-form merchant ship hull. These charts are
expressed as functions of channel depth to draft ratio h/T,
channel width to beam ratio W/B, and off-centerline distance to
beam ratio Ygp /B, Figure 2.4.

Since Schoenherr's charts are the only source identified for

bank force and moment estimation, it is adapted into the model
as,

YeuanneL = Cp xotx V2L T u? (2.25)

Neuanner = Yonanner X L x X¢ {2.26)

where Cp = channel force coefficient at h/T = 1.40

¢ = depth correction factor
= (Cp at given h/T)/(Cp at h/T = 1.40)

Xc * location of the center of lateral pressure

The coefficient Cy is determined from Figure 2.5 as a function
of YCL/B and W/B, The parameters g and X, are determined

from Figure 2.6 and 2.7 as a function of h/T, respectively. The
off-centerline distance, Ygop, is measured at L/4 fore of
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midship because this will generate a bank force and moment when
the ship is travelling with & drift angle along the centerline,
Figure 2,8, This is a more realistic representation than
measuring Yo; at midship where the ship will experience no bank
effect in that situation,

2.6 Bow Thruster

The effects of bow thruster as a maneuvering aid are
modelled by a side force and an external moment it generates. 1In
addition, the decrease in effectiveness of the bow thruster due

to the increase of ship speed is also incorporated into the model
[24}.

The side force produced by the thruster is calculated using
the rated power, thruster impeller diameter and a merit

coefficient which was determined experimentally based on thruster
type and its pitch/diameter ratio [25] in Figure 2.9,

2/3
YruRusTeER = (8hP -@’ c) 2.27)

where shp = thruster shaft horsepower in N-m/sec -
Dg = impeller diameter
C = merit coefficient according to Figure 2.9

The turning moment generated is calculated usiag,
NrurusTer = YtHausTER * X7 (2.28)

where xp = distance from bow thruster to midship

The ship speed effects on the effectiveness of the bow
thruster are accounted for by the body force and body moment
coefficients,

¥

YmirusTeER = Ke X YrHRusTERg | . o (2.29)

Nruruster = Km X NtHausteRg (. o (2.30)

where Kp = body force coefficient
Ky = body moment coefficient
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Kp and Ky are expressed as a function of the ship speed
to jet velocity ratio, u/u; [26] and Pigure 2.10 shows the
relationship of Ky and Ky with u/uj ratio used in the
model. The jet velocity uj is the momentum mean jet velocity
based on the static thrust,

v2
uj =Yrupustern / ¥ Ag) {2.30

where Ag ™ duct cross-sectional area = nDZBIQ

and
u=(u2+ vy V2 (2.32)

2.7 Wind Effects

The wind induced forces and momeats on the ship are
estimated by the formulae published by Isherwood [27], which
were based on 49 sets of wind tunnel test datas conducted at
different test establishments. The data covered a wide range of
ships, and the formulae are valid for estimating the components _
of wind induced force and yaw moment on any merchant ship form
with wind from any direction., Isherwood's formulae are adopted
by Wilson [28] and Hirano [29] in their maneuvering simulation
models,

The wind induced forces and moments are calculated from the
following formulae:

Xwinp = ¥2 faim UwATCx (2.33)
2

Ywino = V2 Fam uwA_ Cy (2.34)
2

Nwino =72 Sam uwALLoaCy (2.35)

where Cy * fore and aft force coefficient

2A 2A
-A°+A1 _LZ+A2—B-;+A3—L-QA+A‘—L§_ +A5-9—k—+A6M

Loa B OA Loa
Cy = lateral force coefficient
2A), 2Ay L S CL A
= Bg+By — +B; = +B; 28 + B, + Bg —== + By 35
LoA B B boa  ° Loa AL
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- Cy ™ yawing moment coefficient
- =Cq +C,-2—-A-L +C i‘}l-pca_.LOA +C S +C CL

OA B 8 OA OA

pAIR- density Of ai.r

-
Uzw = relative wind velocity
- Ap = transverse projected area
A;, = lateral projected area
-
Loga ™ length overall
- ' Agg ™ lateral projected area of superstructure
S = length of perimeter of lateral projection of model -
excluding waterline and slender bodies such as masts
- and ventilators
C;, = distance from bow to the lateral-projected-area's
- centroid
M = number of distinct groups of masts or kingposts seea in
lateral projection; kingposts close against the bridge

front are not included

The aerodynamic coefficients Agto Ag, By to Bg and Cy to Cg
- are tabulated in Table 2.3, 2.4 and 2.5 with respect to the
relative wind angle yyrynp measured off the bow. 1In Table 2.3
to 2.5, yYyrNp Fanges O to 180° in increments of 10° and linear

- lanterpolation is used to find the aerodynamic coefficients for
the in between T“IND values,
- 2.8 Current Effects
ol There are two approaches to incorporate the current effects
into the maneuvering model [30). One approach is to form two
- acceleration components of the current in the coordinate system
moving with the ship. The two acceleration components are:
.3 .
-
\ % cunnent =28 cos¥ + 26 siny {2.36)
L] Dt Dt
| y ue Ove (2.37)
. CURRENT = = —= siny + cosy- 2,
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vhere u., = the x-component of current velocity over ground
(with respect to the earth fixed coordinate)

= the y-component of current velocity over ground

<

c
. . K-

D_ = the total derivative = %*u.{b—t t Ve mT

Dt

ug ® Xx-component of ship speed over ground

= uycosd -~ vsing + u
Ve

Ve ™ y-component of ship speed over ground
= usin¢ + vcosd + v,

Assuming that the current variation occurs over a distance

larger than the length of the ship, the current forces exerted on
the center of gravity of the ship are written as,

XcURRENT = = M XcyuRRenT (2.38)

YCURRENT =~ ™ ¥ CURRENT (2.39) -

An alternative approach, adapted in the model, is to express
the ‘ship speed (as seen from the earth fixed coordinate system)
as sum of the speed relative to water plus the velocity of

current, Thus,

V= Vs + Vc (2.4“
r= rs + rc ‘2-42)

The subscript s and ¢ denote velocity relative to water and
velocity of current, respectively. The equations of motion, eq.
2.1 to 2.4, are rewritten as,

m{(ﬁs+l'.|c)- ivg +vg llrg +re M ={Xy + Xp + Xq l@us+ Xo (2.43)

mVg+ Vel +lug +ucdleg +rg )l =(Yy + Yg Jgu  +Yo (2.44)
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lzz (Fg + fc ) = (Nw+ Yo XM+ NR)gu *N (2.45)
heo 8 = (Ky = Yy 2+ Kplgu, * Ko (2.46)
lop (271760 ) = Qg - Qpgu, (2.47)

The force and moment terms in bracket on the right hand side of
the equations of motion, eq. 2.42 to 2.45, are not affected by

the current, but they are determined by the relative velocity
between the ship and water,

The ship's trajectory is determined by integrating its
velocity over ground,

Xq ={Ug+ Uc) cos¥= (Vg + Vv )siny (2,48)
Vo =lug*tuc)sin¥+{vg +ve ) cosy (2.49)
Vo= s *Te {2.50)
R, -8 (2.51)

The current velocity is defined by four check points along
the ship's length, Figure 2.11. 1In.components form,

Ugp = U, cos (O ~7¥%), i=1to 4 (2.52)

Vej = Ug sin 10 -%), i=1to 4 (2.53)

where U.; and &.; are the magnitude and direction of current
at position x,j and y,;, respectively,
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1 4
uc® 3 Z.-: Ui (2,54)
. 4
Ve 3 Z Vel {2.55)
I=1
1 v, Yoz _( Yga, Nes
e = — + - + ) (2.58)

where 1; is the distance of check point i form midship as shown
in Figure 2.11.

The purpose of using four check points is to simulate the
current induced yaw due to non-uniform current along the ship's
length.

2.9 Enviroumental Data Base

The current, wind or shallow water effects are function of
the ship position., 1In order to determine these effects, the
magnitudes and directions of the current and wind, and the water
depth must be known over the entire maneuvering area. However,
environmental data on current, wind and depth in such detail are
usually scarce. Therefore, a surface fitting routine using thin
plate splines technique [31] is developed to calculate the local
environmental conditions at the ship position from the
environmental data available for the area of interest,

3.0 MANEUVERING MODEL IMPLEMENTATION

The implementations of the different effects described in
the previous chapter are documented in Part II of the Development
of Mathematical Model to Predict Ship Maneuvering Report,

4.0 VERIFICATION

Two aspects are involved in the verification process
regarding the maneuvering simulation model; one concerns the
mathematical modellings and the other concerns the coding of the
computer program, Since the mathematical modellings of the
external influences are taken from recognized sources, the
verification process is focused on the accuracy of the coding.
With the engine model, shallow water, bank and channel, bow
thruster, wind and current effects incorporated, the maneuvering
gimulation model program has become substantially more complex
than the d6riginal and extensive testing is required to ensure
the model is implemented correctly.
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In the verification process, the simulated results are
compared with those obtained from sea trial and model test when
information is available. An attempt is made to establish, from
open literature, a reference source of model-scale and full-scale
maneuvering test results and the corresponding ship particulars
for verification of the model; however, as the previous reports
[1] have indicated, data useable for comparison are scarce.
Published data often lack the pertinent information required by
the maneuvering simulation model in order to produce comparable
results. Nevertheless, the information collected for the
reference source is compiled in the bibliography section of this
report. The bibliography is divided into six topics: channel,
hydrodynamic coefficients, maneuvering data, propulsion and
resistance, shallow water and thruster; they list the references
used in the preparation of the report including those sited in
the reference section.

The tanker Esso Osaka is the most studied ship in the field-
of maneuvering [9, 10, 11, 12, 32], and it is used to test the
accuracy of the additional features implemented into the present
model,

4.1 Engine Model

The tanker Esso Osaka's power plant is a steam turbine with
service horsepower rated at 35,000 hp at 81 rpm. The engine rpm,
calculated according to Eq. 2.5 and 2.6, is hardly influenced by
the operating conditions of the ship. Figure 4.1 shows the
engine rpm versus time curve (solid line) of the ship starting at
zero speed with engine commanded to 36 rpm, the engine reaches
its command rpm readily even with the extreme propeller loading
due to the ship's slow speed. Figure 4.1 also shows the rpm vs
time curve (broken line) for a slow-speed diesel engine with
identical horsepower; the response of the diesel power plant to
engine command is much slower than the steam turbine. Good
engine command response is characteristic of steam turbine power
plants, and it is also evident in Inoue's data [33] that the rpm
decrease in turn is substantially lower for ships with steam
power plant than those with diesel engine.

In his report, Hooft [34] suggested an alternative method to
determine the engine shaft horsepower SHP in Eq. 2.6. The torque
Qg delivered by the power plant is calculated from the power
required to maintain the equilibrium speed ug corresponds to
the command engine rpm n,, instead of using the maximum service
horsepower. The resulting rpm vs time curve (dotted line)
calculated according to this method is also shown in Figure 4.1,
the rpm increase is remarkably slower than the one calculated
according to Eq. 2.6.
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4.2 Shallow Water
4.2.1 Shallow Water Effects on Resistance and Propeller Thrust

The shallow water effects on the longitudinal resistance and
propeller thrust are modelled by Eq. 2,17 and 2.18, the
modellings are verified by the rpm vs speed curves at deep,
medium and shallow waters represented by the solid, broken and
dotted line in Figure 4.2, respectively; they show the same trend
as those obtained from the sea trial of Osaka [32].

4.2.2 Shallow Water Effects on Maneuverability

The shallow water effects on the maneuverability of ships
are modelled by modifying the hydrodynamic¢ derivatives, and the
rudder parameters ay, Xy and vy according to the draft to
depth ratio T/h. Since this is achieved by adjusting their deep
water values with polynomial functions f(T/h)}, the accuracy of
the "adjusting” polynomials are essential to the correct
modelling of shallow water effects, The linear hydrodynamic
derivatives are adjusted according to Sheng's formulae and the
non~linear derivatives are adjusted according to the polynomial_
presented by the curve shown in Figure 2.1. However, there are
controversial regarding the values of the polynomial shown in
Figure 2.1 at different T/h ratios; Table 4.1 shows the
variations of f(T/h) for the non-linear derivatives derived
theoretically by Zhu [9] and experimentally by Fujina [10],
Yumuro [11) and Kijima [12] for Osaka., The three rudder
parameters are adjusted according to the results published by
Hirano [S5].

Figure 4.3 compares the turning path of Osaka with 7 kt
approach speed and 35° starboard rudder in deep water (dotted
line), shallow water with only the linear derivatives adjusted
(broken line), and shallow water with both linear and non-linear
derivatives adjusted (solid line); and Figure 4.4 compares the
heading angle versus time results of the 20°/20° zig-zag maneuver
of Osaka with 7 kt approach speed for the same test combination,
Because of the controversy regarding the shallow water values of
non-linear hydrodynamic derivatives, the simulated turning circle
and zig-zag maneuver results of Osaka cannot be compared
quantitatively with those measured from the sea trial.
Nevertheless, the simulated results in shallow water with both
tinear and non-linear derivatives adjusted show correctly the
shallow effects on maneuverability [3]:

1. Turning diameter increases in shallow water, Figure 4.,3;

2, Speed reduction due to maneuvering is less in shallow water
than in deep water, as indicates by the ship speed versus
time during the turning circle maneuver in deep water
(dotted line) and shallow water (solid line) in Figure 4.5;
and
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3. The overshoot angle during zig-zag maneuver decreases in
shallow water due to increase in dynamic stability.

Figure 4.3 and 4.4 also show the non-linear derivatives have
significant influences on the shallow water behaviours as
indicated by the differences between the results with the linear
derivatives adjusted (broken line) only and those with both
linear and non-linear derivatives adjusted (solid line),

4.3 Bank and Channel

The bank and channel effects are verified by examining the
simulated motion of Osaka in a channel. TFigure 4,6 shows the
simulated ship path in the channel and Figure 4.7 shows the
velocity parameters v and r. 1Initially, the ship is off-center,
closer to the high-side (the side with higher y-coordinate), of
the channel. Consequently, the bank suction force exerted
attracts the ship toward the high-side and thecorresponding
moment turns the bow counterclockwise thus decreasing the heading
angle, These effects are shown in Figure 4.6 and 4.7, they
indicate the ship moves to the high-side of the channel while the
bow is turning toward the centerline, and with no rudder
correction the ship will collide with the channel eventually.

4.4 Bow Thruster

The modelling of the bow thruster is tested for its ability
to turn the ship and the ship speed effects on its
effectiveness. The verification is based on the simulated
results, Osaka is assumed to have a thruster with shaft
horsepower of 1,750 hp, 5% of the main engine’'s. The ability of
the bow thruster as a maneuvering aid is demonstrated in Figure
4.8 where the space requirements with and without thruster for
Osaka to change heading 90° with 1 kt approach speed and 5°
starboard rudder are shown. 1In Figure 4.8, Osaka with bow
thruster assistance (solid line) reaches 90° heading with 453 m
of advance (measured from the abscissa) and 356 m of transfer
(measured from the ordinate); whereas the unassisted ship (broken
line) reaches the same heading with more than 1,916m of advance
and 1,180m of transfer. 1In Figure 4.9, the ship's turning paths,
using the bow thruster only with 0° rudder approach speeds of 1
xt (solid line) and 4 kt (broken line), are compared. The
corresponding advance, transfer and final heading angle are 425
m, 207 m and 59°, and 2034 m, 263 m and 22° after 1,000 s, for
the 1 kt and & kt path, respectively., Thus the ship speed
effects on the bow thruster effectiveness are clearly
demonstrated. ‘

4.5 Wind
The wind effects are verified using the estimated

aerodynamic shape of Osaka. Figure 4.10 shows the ship path with
an uniform wind of 10 m/s at 90° measured clockwise from the
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x-axis, Because the superstructure is near the stern, the wind
exerts a negative moment on the ship thereby turning it into the
wind, as illustrated in the figure.

The wind effects are alsc demonstrated in Figure 4,11 from
the turning paths (solid lines) with an uniform wind of 20 m/s at
90° with 7 kt approach speed and 35" starboard and port rudder,
respectively., The turning paths (dotted lines) correspond to no
wind with the same approach speed and rudder angle are also shown
in the figure. For the starboard turn, the turning diameter with
wind is bigger than the one with no wind; and the situation is
reverse for the port turn. The deviations in the turning path
are attributed to the wind induced moment discussed previously.
In the starboard turn, the wind moment opposes the rudder moment
at the beginning stage of the turn, similar to the situation in
Figure 4.10. When the relative angle between the ship and wind
exceeds 90°, the wind moment concurs the rudder moment until the
relative angle is above 270°, This phenomenon is also revealed
in the yaw rate of the turn, since Ehe vaw rate can be related to
the net moment exerted on the ship. Figure 4.12 compares the
yaw rate versus time for the starboard turn in Figure 4.11, the
yaw rate with wind (solid line) is lower initially and it exceeds
the yaw rate without wind (dotted line) as the turn progresses —
due to the higher net moment experienced.

Similar explanation can be used to describe the surge
velocity versus time curve and sway velocity versus time curve in
Figure 4.13 and 4.14 for the starboard turn. The surge and sway
velocities with wind are higher than those without wind because
at the start of the turn the wind force components are in the
positive surge and sway directions. The wind force causes higher
accelerations and consequently velocities in the surge and sway
direction. :

&.,6 Current

The current effects are incorporated into the equations of
motion as described in Eq. 2.43 to 2.47, To verify the current
effects, an inform current of 0.5 m/s at 90° measured clockwise
from the x-axis is used. Figure 4.15 shows the linear drift path
of Osaka with an approach speed of 7 kt and 0° rudder angle,

1 Strictly speaking the yaw acceleration should be related with

the net moment exerted on the ship not the yaw velocity which
is the time integral of the yaw acceleration. But in this case
the differences between the yaw acceleration with and without
wind throughout the turn are small so that the yaw velocity can
be used to relate net moment exerted,
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Figure 4.16 compares the turning paths of the ship with 7 kt
approach speed and 35° rudder with and without current, solid and
dotted line, respectively. Similar to Figure 4.15, the ship
drifts along the ordinate with the curreat velocity; therefore,
the turning path in current is distorted into a smaller turning
diameter,

5.0 CONCLUSIONS

Based on the findings of the previous section, the
mathematical modellings and implementations of the effects of
engine model, shallow water, bank and channel, bow thruster, wind
and current in the maneuvering simulation model are correct. The
simulated results of the different effects are in good agreement
with those expected from actual ship operating under similar
conditions. Therefore, the main objective of the project is
achieved,

However, the modelling of the engine model will require
minor tuning in order to decide on the most appropriate method to
calculate the engine torque Qg from the two methods
documented.The procedure adapted in the maneuvering simulation
model to model the shallow water effects is adequate since the -
results show the trends expected correctly. But in order to
simulate these effects more accurately, the changes in the
non-linear hydrodynamic derivatives with water depth must either
be known explicitly or tuned according to maneuvering behaviours
measured at different water depths. This is necessary since no
empirical formula is available to estimate the non-linear
hydrodynamic derivatives in shallow water and their influences on
the shallow water maneuverability are significant, as shown in
this report,

A reference source of maneuvering information is compiled in
the bibliography section. However, a detail documentation of the
model~scale and full-scale maneuvering test results and their
corresponding ship particulars contained in these references is
not feasible due to the time and budget constraint of the
project.

The software is modified to allow tuning of the deep
water hydrodynamic derivatives. The software modifications,
including the tuning of the deep water hydrodynamic derivatives,
achieved are documented in Part II of the report. The procedures
to use the modified maneuvering simulation model programs are
described in Part III of the report.

6.0 RECOMMENDATIONS
The following topics are recommended for future study:

1. To continue testing of the present maneuvering simulation
model and expand its capability by including the modelling

of slow speed, large drift angle and astern motion; features
included in most other maneuvering simulation models.
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To continue software development of the current maneuvering
simulation model including: implementation of run-time
graphics with display of the ship's path during simulation
and other pertinent information; improvement of
user-friendliness at the data entry and simulation command
levels; and refinement of the program output file structure
so that analysis of results can be implemented in an
organized and effective fashion.

To conduct a separate study solely for the purpose of
collecting and documenting of maneuvering data and the
corresponding ship information, since it is not practical to
link data collection with other study where the time and
budget allocated for data collection are not specified,

To conduct experimental and theoretical studies whereby to
refine the mathematical modelling of the maneuvering
simulation model including: prediction of the non-linear )
hydrodynamic derivatives in shallow water, theoretical study
of ship motion in a channel; and comparison study of the
accuracy of different mathematical modellings of the
hull-propeller~rudder interactions as recommended in the
previous reports [1]. -
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Fnh
Fy

h

hg

Nomenclature

duct cross-sectional area
lateral projected area
transverse projected area
immersed rudder area
lateral projected area of superstructure
maximum cross-sectional area of the hull

ratio of hydrodynamic force, induced on ship hull by rudder
action, to rudder force

breadth of ship
merit coefficient

block coefficient

channel force coefficient

distance from bow to the lateral-projected-area's centroid
midship section coefficient

yawing moment coefficient

propeller flow-rectificétion coefficient
ship hull flow-rectification coefficient
‘waterplane coefficient

fore and aft force coefficient

lateral force coefficient

impeller diameter

propeller diameter

shallow water Froude number

rudder normal force
water depth

rudder height




Nomenclature (Continued)

moment of inertia of ship in roll and yaw
respectively

Ixx' Izz

I moment of inertia of propeller-shafting system

PP
J advance coefficient

Kg body force coefficient
Ky body moment coefficient
Kq torque coefficient

Ky thrust coefficient

kyx radius of gyration in roll
L waterline length

Lpa length overall

L length of ship between perpendiculars

PP

M number of distinct groups of masts or kingposts seen in lateral
projection

MG metacentric height
m mass of ship

My My, My, My added mass (inert%a) of ship in surge, sway,
yaw, roll respectively

a propeller rpm
n, command engine rpm
fN¢p equivalent command propeller rpm

P propeller pitch

p
Qg torque delivered by power plant

QP propeller torque
r yaw rate over ground
r., Yyaw rate due to current

rg yaw rate over water




Nomenclature (Continued)

Rgear Treduction gear ratio

8 length of perimeter of lateral projection
SHP engine shaft horsepower

shp Lhruster shaft horsepower

T draft

t thrust deduction fraction

U ship speed (/u2+v2)

U, magnitude of current

Uy relative wind velocity

u ship speed in surge direction

u. current speed over ground

ug equilibrium speed corresponds to N
u, ship speed over ground

jet velocity

ship speed over water

Vg effective rudder inflow speed

v ship speed in sway direction

ve. current speed over ground

Ve ship speed over ground

vg ship speed over water

vp effective propeller wake fraction

Ypo effective propeller wake fraction in straight running

condition
wg effective rudder wake fraction
wap ¢effect rudder wake fraction in straight running condition

location of the center of lateral pressure




XH

XM

Xp
xR
x7
Ycu

ZH

ZR

a
aRr

B

| BrR

Y

Nomenclature (Continued)

point of application of rudder induced interaction force on
ship hull

horizontal distance between center of gravity aft of
midship

horizontal distance between center of gravity and propeller

horizontal distance between center of gravity and rudder

distance from bow thruster to midship
off-centerline distance

vertical distance between center of gravity and middle of
draf

vertical distance hetween center of gravity and center of
rudder

depth correction factor

effective rudder inflow angle

ship drift angle

effective drift angle at rudder

flow-rectifying effect

YWIND relative wind angle

6
6.
A

p

PAIR

T

$
b4

rudder angtle

direction of current

geometric aspect ratio of the cudder

density of water

density of air
trim of ship (=T,¢-Tegre)
roll angle
heading angle

volume displacement
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