EMShID "
Advanced Design Université Cortrale ‘vj:.;’ o
o= de Liege | 1 Nantes »5 'Lo_ﬁ?.{

Standard Manoeuvres Simulation of a Fishing Vessel

Krzysztof Patalong

Master Thesis

presented in partial fulfillment
of the requirements for the double degree:
“‘Advanced Master in Naval Architecture” conferred by University of Liege
"Master of Sciences in Applied Mechanics, specialization in Hydrodynamics,
Energetics and Propulsion” conferred by Ecole Centrale de Nantes

developed at "Dunarea de Jos" University, Galati
in the framework of the

“EMSHIP”
Erasmus Mundus Master Course
in “Integrated Advanced Ship Design”

Ref. 159652-1-2009-1-BE-ERA MUNDUS-EMMC

Supervisor: Prof. Dr. Ing. Dan Obreja

Reviewer: Prof. Dr. Ing. Marco Ferrando

Galati, February 2012

& Universitat

i Universitas Galatiensis = ] o
A . wy . "
- D > L Zachodniopomorski
. e - - Uniwersytet
Université O £ i . 4
e Lidge ug Centra '{k;l %'2“ UNIVERSITA DEGUI STUDI ROStOCk \ 7/ Traditio et Innovatio Technologiczny
g Nantes HOY DIGENOVA R w Szczecinie




This page intentionally left blank



ABSTRACT
Standard Manoeuvres Simulation of a Fishing Vessel
By Krzysztof Patalong

Fishing at sea has been known for many years as one of the most dangerous occupations
in the world. According to IMO statistical data (1999), over 24,000 lives are lost world-wide
every year during fishing operation as the vessels would often operate in the most harsh
conditions in the open sea. For this reason, the safety of their operation and performance should
be circumstantially examined.

In this thesis, the manoeuvring performance of a typical Mediterranean Sea fishing
vessel is investigated. The obtained results should provide some new valuable hydrodynamic
information into the common database of existing hullforms, since a rather complex
and uncommon hull shape with a double hard chine and inclined bar keel puts this vessel
out of the range of typical forms. Additionally, due to her moderately small length, the vessel
operates at fairly high Froude number, making the investigation even more challenging.

The main steps undertaken in order to achieve the goal of the thesis consist of:
design of a rudder geometry, estimation of the hydrodynamic forces and moments generated
on the rudder in order to determine the position and diameter of the rudder stock, preliminary
checking of the rudder cavitation and estimation of the manoeuvring performance
by means of the preliminary methods (based on regression formulas and linear hydrodynamic
models) as well as simulation codes based on non-linear hydrodynamic models.

In order to resolve above-mentioned problems, the following investigation methods are
used:

e Voitkounsky method (1985), in correspondence with PHP Galati University program
(Preliminary Hydrodynamics Performance), to preliminary estimate the hydrodynamic
forces and moments on the rudder as well as the position of the rudder stock;

e CFD methods and ShipFlow code, with non-zero drift angles and rudder deflection applied,
to determine the hydrodynamic forces and moments acting on the hull and on the rudder;

e Brix method (1993) to verify the rudder cavitation (with the use of PHP code);

e Clarke (1982) regression empirical formulae and linear mathematical models in
correspondence with MPP Michigan University program, to estimate the characteristics
of the turning circle and the dynamic stability parameter;

¢ Non-linear mathematical models applied in the PHP code (Abkowitz model, 1964) and
TRIBON commercial software, in order to simulate the standard manoeuvres in time-
domain (turning circle, zig-zag test and spiral manoeuvre) and to determine the vessel’s
manoeuvring performance.

Finally, the similarities between obtained numerical and provided experimental results
are examined with the following observations and conclusions derived:

e Existing preliminary codes based on empirical formulas and linear mathematical models
should be used, with fair attention paid to, only in the initial design stage of a vessel;

e Time-domain simulation codes based on non-linear mathematical models, hence providing
more accurate manoeuvring performance characteristics, can be used in the basic design
stage, simultaneously with the CFD codes and/or experimental tests, in order to determine
the hydrodynamic derivatives of a given vessel.
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Krzysztof Patalong

1. INTRODUCTION

Fisheries sector contributes significantly to the economy of many countries
and provides employment opportunities to thousands of people. FAO! statistics (2004)
reveal that roughly 30 million fishers are working aboard 4 million fishing vessels
operating in capture fisheries, 1.3 million decked and 2.7 million undecked vessels. For this
reason, designing a ship with a good hydrodynamic performance that would allow the safe
operation in a given environmental condition should be the main aim of the naval architect.

For conventional ships (including the fishing vessels), the course-keeping and
manoeuvring characteristics often tend to work against each other: an easy-turning ship
would be difficult to keep on course whereas course-stable ship might be hard to turn.
However, a practical compromise between those two features is usually possible to be
applied. But before it could be implemented, it first needs to be found.

There exist several different techniques and tools allowing the naval architect
to design a ship with an optimum hydrodynamic performance allowing safe operations in
a certain environmental conditions. Since designing a ship is a long-lasting iterative
process, it is very important for the designer to use the powerful and reliable hydrodynamic
tools allowing the investigation of the ship performance at sea from the initial design stage.

Some of the tools are based on comparison of the vessel’s characteristics with
the earlier successful designs. They can be referred to as statistical methods. Other methods
may consist of experimental techniques, theoretical analyses, simple empirical or semi-
empirical formulas up to complex manoeuvring simulation models containing sets of non-
linear differential equations covering three (or more) degrees of motion freedom.
Additionally, the CFD-based simulation codes are becoming more polular and widely-used.

In general, use of data bases would be reliable only for a standard forms of the hull,
stern-propeller-rudder configurations, size of rudder etc., and could not be extrapolated
to a new design concepts. The empirical relations, derived by means of regression analysis
which correlated the manoevrability performance of the existing ships with their main
dimensions [Lyster, 1979; Norrby, 1972], result to be highly imprecise, especially for
the new and unusual hullforms. On the other hand, model tests are inappropriate

! The Food and Agriculture Organization of the United Nations (FAO) — a specialized agency of the United
Nations leading the international efforts to defeat hunger among people all over the world.
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at the initial stages of design due to the high cost of preparation of the model as well
as long time of execution of the tests. Additionally, since usually an extensive number
of conditions have to be tested with large number of hull concepts, the model tests become
even more costly and time consuming. To add to this, scaling relations are often not
precisely known or are based upon very limited data. For all the above reasons, the initial
computer simulations should be performed in order to establish the optimal dimensions
of the designed concept and to avoid running the tests with undesirable model
configurations. Moreover, when providing reliable results, simulations can be
complementary used by the governmental authorities (e.g. IMO) for the judgment
of the ship’s safety, by harbor authorities while verifying the port design, operations, traffic
system and scope of manoeuvrability in the confined areas, as well as training tool for
the sea-going crew.

The main goal of this thesis is to investigate the manoeuvring performance
of a typical Mediterranean Sea fishing vessel. To do so, three standard manoeuvres (turning
circle, zig-zag manouvre and spiral test) are simulated using both commercial and
university-developed simulation programs. Subsequently, the accuracy and reliability
of these programs is evaluated by comparing the numerical results with the data obtained
during the experimental campaign (Obreja, 2001). Additionally, the optimum geometry
of the rudder is designed, together with the calculation and selection of a steering gear,
as well as verification of the proposed rudder cavitation risk.

In the final part of the thesis the CFD techniques are applied to estimate
the hydrodynamic forces and moments acting on the hull as well as on the designed rudder.

The detailed structure of the thesis can be described as follows:

Chapter 1 highlights the main goal of the thesis and the main steps undertaken
to accomplish this objective.

Chapter 2 introduces the mathematical models applied in ship manoeuvring
performance estimation as well as explains the theoretical preliminary methods
of hydrodynamic derivatives prediction.

Chapter 3 presents the standard manoeuvres of the vessel as well as describes
the main methods of estimating the standard manoeuvring parameters and correlated with

them IMO requirements and limits.

13 “EMSHIP” Erasmus Mundus Master Course, period of study: September 2010 — February 2012
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Chapter 4 consists of theoretical explanation of hydrodynamic behavior of a passive
control surface.

In Chapter 5 the main characteristics of the investigated vessel are presented.
Additionally, the design of the rudder and the analysis of its hydrodynamic performance
and cavitation risk are performed. Finally, the optimal steering device for the proposed
rudder is chosen from the commercial catalogue.

Chapter 6 refers to the hydrostatic verification of the given loading condition.

The aim of Chapter 7 is to estimate the manoeuvrability performance of the ship
in the initial design stage by means of tools commonly used by naval architects.
The accuracy and reliability of these tools for hydrodynamic prediction of the unusual
hullforms is subsequently evaluated.

Chapter 8 presents the standard manoeuvres results obtained with a use of a time-
domain simulation code. The main numerical parameters of these manoeuvres are then
compared with the experimental data and results obtained with the initial design programs.
Additionally, the hydrodynamic derivatives of the fishing vessel are estimated and
the verification of their influence on the standard manoeuvres parameters is subsequently
analyzed.

The computation of the hydrodynamic forces based on the CFD techniques is
presented in Chapter 9. The vessel’s resistance computation, subsequently compared with
experimental data and results obtained by means of commonly-used empirical formulas,
is performed on the basis of potential flow theory. The hydrodynamic forces in oblique
flow are computed by use of the Reynolds-averaged Navier-Stokes equations. Different
drift and rudder deflection angles are applied in these simulations, resulting in a total
number of 21 computational cases.

Chapter 10 consists of a final conclusions on different aspects of the manoeuvrability
prediction of the investigated fishing vessel.

Additionally, two appendices are attached to the thesis. Appendix 1 provides
an extensive description of the steering gear selected from a commercial catalogue, whereas
Appendix 2 presents a detailed parameters of the standard manoeuvres obtained by means

of the university-developed simulation code.

Master Thesis developed at the “Dunarea de Jos” University of Galati 14
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2. NONLINEAR MATHEMATICAL MODEL OF THE SHIP
MANOEUVRABILITY

2.1. ABKOWITZ’'S MODEL

2.1.1. Equations of Motion for a Body Moving with Six Degrees of Freedom

Thanks to many researchers of the past decades, the hydrodynamic phenomena
of ship motion as well as forces and moments acting on the vessel when performing
maneuvers can be represented these days by a suitable mathematical models.

Mathematical models are very common and widely used in many disciplines,
including, but not limited to, natural and social sciences, engineering disciplines etc.,
and can take various forms. These models simply describe a certain system by means
of mathematical concepts and language. Eykhoff (1974) defined a mathematical model
as “a representation of the essential aspects of an existing system (or a system to be
constructed) which presents knowledge of that system in usable form”.

The assessment of the manoeuvrability performance at the initial design stage of the
vessel requires a reliable mathematical description of the manoeuvring motion of the ship.
For this reason, many mathematical models have been developed in the recent decades.
One of them, commonly used to simulate the standard manoeuvres of a vessel, has been
proposed by a former professor and director of MIT Ship Model Towing Tank, as well
as a Life Member of SNAME and regular participant in the ITTC, prof. dr. M.A. Abkowitz.

In this model, providing the equations of motion for a moving body with six degrees
of freedom, the following conventions have been applied:
¢ right-handed earth-located coordinate system OoXoYoZo;
¢ right-handed coordinate system Oxyz fixed on the moving rigid body;

o the origin of the coordinate system placed on the midship section;

e the longitudinal x-axis, positive forward, coincides with the centerline plane and is
parallel to the keel and/or still water plane;

¢ the transverse y-axis, positive to starboard, is perpendicular to the plane of symmetry;

o the vertical z-axis, positive downwards, is perpendicular to the still water plane;

o the heading angle (yaw angle) v between the ship’s centerline and xq-axis;
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o the drift angle (angle of attack) S between the ship’s centerline and the velocity vector;

¢ the angle of the rudder deflection (rudder angle) J;
¢ the velocity vector v_otangential to the CG path of the ship in the origin.

Having the coordinate systems established [Fig. 1], one can define the ship’s rotation
motions as follows (looking forward from the ship bridge):
¢ roll motion about the x-axis is considered positive clockwise;
e pitch motion about the y-axis is considered positive bow-up;

e yaw motion about the z-axis is considered positive turning-starboard.

Initial course X
0 0

Fig. 1. Adopted axial systems

Additionally, the following notation complying with SNAME [1950] have been
introduced [Table 1]:

Table 1. The notation of SNAME for marine vessels

Force / Linear/Angular Position /
DOF .
Moment velocity Eulers angles
1 surge X u X
2 sway Y v y
3 heave z w z
4 roll K p 1)
5 pitch M q [
6 yaw N r W
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A rigid body dynamics with six degrees of freedom is based on two fundamental
theorem: the linear momentum and the angular momentum [9].

The linear momentum theorem states that:
N, _ Nod _
2 F=2—(mV) 1)
i=1 i dt

with m, being the mass of a small particle; V; the speed and Eithe external force acting

on the particle.

Accordingly, the angular momentum theorem implies that:
_ _ N
(M, +FxF)= Zr

where M, is the external moment acting on the particle i and T, is the body-referenced

Q_|Q_
\/

()

1M

radius vector.

Indicating \/_0 as the ship speed in the origin of the coordinate system and ®

as the angular speed, the total speed of the vessel can be expressed as:
Vi =Vo+ @ XT; 3)
Using the above relation (3), equation (1) can be written as:

i=1 i=1

N
where m=>"m, is the total mass of the ship.
i=1

Subsequently, defining the center of gravity vector E as:

=Y (m-r) 5)

i=1

and accepting the following conventions:

17 “EMSHIP” Erasmus Mundus Master Course, period of study: September 2010 — February 2012



Krzysztof Patalong

T (6)

one can continue the development of the equations obtaining finally three linear

momentum equations (with r #0):

ou dq dr 2, .2
X :m-{a+qw—rv+aze—ayG+(qu+rzG)p—(q +r )XG}

ov dr d
Y :m.[a_pru— pW+EXG —d—i)ZG—l—(rZG + pr)q_(r2+ pZ)yG:| (7)

Z =m-[%’v+ pv—qujL%yG _99

S - xG+(pr+qu)r—(p2+q2)ZG}

Similar development of equations can be performed for the angular momentum

theorem. Employing the definitions of moments of inertia:

XX Xy Xz
|: Iyx Iyy Iyz (8)
sz Izy Izz
. 2 2
Ixx:Zmi(yi +Zi)
i=1
Iwzimi(xf+zf)
i=1
N
Izz:Zmi(Xiz—l—yiz)

N

Ixy = Iyx :_zmixiyi
i=1
N

Ixz = sz :_Zmixizi
i=1

N
Izy = _Zmiyizi
i=1

I,
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and performing some logical transformations of equations, the complete momentum

equations can be obtained as follows:

K:@IXX+8—qIX +glxz+
ot ot Yot

+rq(1, -1, )+(a® =r?)1, + pal,, - prl,, +

ow ov
+m{yG (EJF pv—quj—zG (EJF ru— pwﬂ

6—ql +ar

p
M=—I1_+ —I,+
oo ™ o ¥ ot ”
+pr(lxx_lzz)+(r2_p2)|x2+qr|xy_qp|yz+ (9)
+mj| z (a—u+qw—rvj—x (@-F pV—QU)
¢ at °\ ot
N:a_plzx-’_@lzy-i_qlzz"_
ot ot ot

+pa(ly, =1, )+(p*=a*) 1, +prl, —arl, +
+m| X (@+ru—pwj—y (a—u+qw—rvj
°lat clot

Finally, neglecting the cross-inertia terms and considering E =0, equations (7) and

(9) become:
X = m[é—quqw—rvj
ot
Y = m(%-}' ru— pwj (10)
Z= m(%-l— pv—quj
Kz%lxx+rq(lzz—lw)

aq

Mzalw+pr(lzz—lzz) (11)

8
N :Erlzz+ pa(l,, — 1)
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However, as most of the ships can be assumed to be symmetric about the x-z plane,

then:
Yo =0
w=0 (12)
q=0

Further, neglecting the influence of the roll motion (p=0, K=0), the system

of the differential equations of motion in the horizontal plane finally becomes:

X = m[é—u—rv—rzxej
ot

Y—m(@+ru+£ j 13
=M% thG (13)

or ov
N=—1I,+mxX;| —+ru
ot ot

in which X and Y are the longitudinal and transverse components of the hydrodynamic
forces, N is the vertical component of the hydrodynamic moment, m is the mass of the ship,
I, symbolizes the ship’s yaw moment of inertia, \TO(U,V,O)iS the speed of the ship
in the origin of the coordinate system, Z)(0,0, r)is the angular speed and (Xg,0,2c)

are the coordinates of the ship’s center of gravity placed on the symmetry plane.

2.1.2. Hydrodynamic Forces and Moments Acting on the Ship

The hydrodynamic forces and moments acting on a ship depend on such factors as:
properties of the hull (e.g. body lines, main dimensions, CG, mass, inertia moments etc.),
ship motions, properties of the fluid and surface control parameters (angle of incidence,
speed and acceleration of the rudder deflection).

To ease the notation of the derivative equations, the following convention will

be introduced into the equations from now on:
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OA
A

By the use of Taylor’s series expansion method, one can obtain a simplified
formulations of the above-mentioned equations of motion where only the first order terms
are taken into account. If the initial condition of the ship is considered to be a straight

ahead motion in horizontal plane at a constant speed (u=U), the linear form
of the differential set of equations (13) is given by:

X, + X, u+ X,u=mu
Y, +YV+Y r +YV+Y,F =m(V+rU +x;) (15)

N, + NV+N.r+NV+NF=1,F+mx; (V+rU)

with Xe, Ye and N, being the components of the external forces and moments acting
on the ship due to the rudder-propeller system and the thrusters.

The terms X, X,,Y,.,Y,.Y,.Y;,N,,N;,N,,N,are called hydrodynamic derivatives
and represent the action of the fluid motion on the ship.

As far as the ship motions in the horizontal plane only are concerned, equations (15)

can be presented under the following equivalent form:
(m—-X,)u=Xu+X,
(M=Y, )V+(mxg =Y, )F =Y v+(Y, —mU )r+Y, (16)
(mxg =N, )V+(1,, =N, )F =NyV+(N —mx,U)r+N,

It can be observed that the surge equation (of the ship motion along the x-axis)

is independent of the sway and yaw motion ones.

2.1.3. Stability of the Ship in Straight Ahead Motion

Directional stability of the ship, also called the dynamic stability or course-keeping
stability, is a feature of a vessel to take up a new straight line after she has been disturbed
from her initial straight path. Directional stability in usually referred to as controls-fixed

21 “EMSHIP” Erasmus Mundus Master Course, period of study: September 2010 — February 2012



Krzysztof Patalong

directional stability where rudder and any other control surfaces are fixed amidships and
no control forces are being applied.

Assessing whether the vessel is stable (or not) only by looking at her body lines plan
is an impossible task. For this reason, the designer can use such called ship stability
parameter, C, which depends on the magnitude and sign of the derivative N,. For a ship
to be stable, to following relation must be achieved:

C=YVNr+NV(mU —Yr)>0 7)
If the assumption X # 0 needs to be considered, the stability condition (17) becomes:
C:YV(Nr—mXGU)JrNV(mU —Yr)>0 (18)

Generally, one can expect the ships with large skegs aft and with well-rounded
forefoot to be more directionally stable than a similar ship without these features. Also,
a long slender hull would be more directionally stable than a short tubby form [8].

Two main solutions exist to increase the course-keeping stability of the vessel: adding
more lateral surface area in the aft part of a ship and/or moving the longitudinal center
of gravity forward. In the latter case the attention needs to be paid not to introduce
a negative trim. However, if no hull modifications could be applied, the dynamically
unstable ship can maintain the linear course only by continuous use of the rudder

deflection.

2.1.4. Ship Response to the Action of the Control Surface and Moments

The manoeuvring systems generates the forces and moments capable of controlling
the ship trajectory. In this case, the most important components of the ships velocities
would be: v = sway velocity and r = yaw velocity, which can be described with

the following formulas:
o
V:E[(meU—Nr)Y5+(Yr—mU)N5] (19)

r=—(N,Y;-Y,N;)

(@R SY)
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where C is the stability parameter.
Neglecting the expression N,Y;, the steady turning rate can be approximated by:

1)
r :_EYva‘ (20)

It should be noted that for a stable ship (C > 0) the steady-state yaw rate is negative
for a positive rudder deflection (6 > 0).

The turning radius, R, can be estimated with the following relations:

R=Z = C (21)
r 5(NY,—Y,N,)
or
uc
R= 22
SV N, (22)

It can be observed that the radius increases with the increase of the stability
coefficient, C. That means that a very stable ship would certainly have a poor turning
performance. However, increasing the rudder area would cause the N to increase, which
in turn would decrease the turning radius.

The drift angle, S, can be calculated with the relation:
v=-U-tgf (23)
where for small drift angles (¢gf = ) one can use the following estimation:

v o
ﬂ:—U:—E[(mXGU—Nr)Y5+(Yr—mU)N5:| (24)

which shows that increasing the rudder deflection causes the increase of the drift angle.

2.1.5. Solution of the Nonlinear Equations of Motion

Due to its complexity, the realistic prediction of the ship manoeuvers at high rudder
deflection angles requires the development of the nonlinear mathematical model, including

higher order terms of Taylor’s series expansion of the hydrodynamic forces and moments.
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One of such models (with terms up to the third order) have been proposed
by Strom-Tejsen [19], employing the following assumptions due to the nature
of the acceleration forces (Abkowitz, 1964; Chislett and Strom-Tejsen, 1965):
¢ the second and higher order terms of acceleration can be neglected,;

e the cross-coupling terms between acceleration and velocity parameters can
be neglected;
e as a consequence of the symmetry of the body, the following terms are considered

to be equal to zero:
Y, =Y, =Y =Y.=N,=N,=N,,=N,=0 (25)

u u u uu uuu u

Taking the above assumptions into account, the nonlinear mathematical model

of the ship manoeuvring can be written under the form:
(m—X,)u=Xu+X,+f(uv,r,o)
(M=Y, )V+(mxs =Y, ) F =Y,v+(Y, —mU)r+Y, + f,(u,v,r,8)  (26)
(mxg =N, )V+(1,, =N, ) F=Nv+(N, —mx,U)r+N, + f,(u,v,r,5)

with

fl(u,v,r,§)=%(xuuu2 + X, V2 + X5552)+(%Xrr erxejr2 +

+X,,VO + Xr5r5+(xw+m)vr+%xuwu3+ (27)

+%(quv2u + X, rPu+ X55u52U)+(quvru + X5 VOU + X, 5, FOU)
f, (U V.1, 8) =Y,u+Y, U2 + Y8 +(Y, VU +Y, ru+Ys,6u)+
+%(YWVV3 Y 12+ Y5507 )+

vrr roo

+%(Y VI Y VR Y OV Y, V5P Y1)+ (28)

duu vro

+%(Y5rr5r2 Y, VU + Y, 107 Y, 5U )+ Y, vr S

Master Thesis developed at the “Dunarea de Jos” University of Galati 24



Standard Manoeuvres Simulation of a Fishing Vessel

fy(u,v,r,8)=Nu+N,u®+N;5+(N,vu+N, ru+Ndu)+

1
+€(NWVV3 +N,_ r*+ N55553)+

+%( N V2 + Np V2 Ny OV 4 N g% + N 16 + (29)
+%( N 1% + Ny MU + N, 1 + Ny, 5% )+ N, vrs
Considering the new functions as:
f (uv,r,8)=Xu+X,+f(uvr,s)
f,(u,v,r,8)=Yyv+(Y,—mU)r+Y, + f,(u,v,r,5) (30)
f, (u,v,r,6)=N,v—(N, —mxU)r+N, + f; (u,v,r,5)
the nonlinear equations become:
(m=X,)u=f (uv,r,s)
(M=Y, )V+(mx; =Y, )¢ =f,(u,v,r,&) (31)

(mxg =N, )V+(1, =N, )= f,(u,v,r,5)

An approximate numerical solution of the equations (31) can be obtained calculating

the unknown velocity components u, v and r at the time step (#+A¢) if the values of u, v and

r at the time t are known:

u(t+At)=u(t)+At-u(t)
V(t+At) =v(t) +At-V(t) (32)
r(t+At)=r(t)+At-r(t)

This method is known to give an accurate results due to the fact that the acceleration

terms vary fairly slowly with time, mostly because of the large mass and inertia of a ship

compared to the relatively small forces and moments developed by its control surfaces.

However, to obtain the solution of (32) one needs to know the values of u(0), v(0),

r(0) at the time t = 0. Subsequently, one can determine the instantaneous values of:
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the heading angle:

w(t+At) = (t)+At-r(t) (33)

the trajectory of the ship in an earth-located coordinate system 0oXgYoZo:

X, (t+At) =X, (t) + At[u(t) cosy (t) —v(t)siny ()]

Yo (t+At) =y, (t) + At[u(t) siny (t) +v(t) cosw (t)] (34)

the radius of the trajectory:

R(t) = —Vuz(t)_wz(t) (35)

r(t)

the drift angle:

v(t)

p(t) =—arctg U (36)

It just has to be added that the accuracy of the above solutions depends strongly
on the time step At.

In order to practically resolve the ship manoeuvring equations it is necessary
to know the hydrodynamic derivatives, which can be determined using both theoretical

and/or experimental methods.

2.2. Preliminary Theoretical Prediction of the Hydrodynamic Derivatives
In the theoretical prediction of the hydrodynamic derivatives, the linear equations
of motion (16) for the horizontal sway-yaw problem can re-written as:
(M=Y, )V=YVv+(mU =Y, )r+(mx; -Y,)F =Y,

37
(1, =N, )F+(mxsU =N, )r+(mx; —N,)v—Nv=N, (37)

Using a standard nondimensionalizing procedure (by means of the quantities: ship

length L, ship speed U and water density p), the above (37) can be written under the form:
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(M=, Jv=Y,v'+ (MU =Y, e (m'xg =Y, ) =Y,

38
(1 =Ny )e+(m'xU = N"r')r+(m'xg = N; Jv'=Nyv'=N (39

\ e

The linear nondimensional derivatives from (38) can be approximated with

the regression formulae developed by Clarke, Gedling and Hine (1982). This formulae is
valid only for the ships on even keel:
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To obtain the speed derivatives for a vessel with draft difference:

t=To —Ter (40)
the below stated formulas can be used (T being the mean draft):
Y, (£) =Y, [1+0.67(t/T)]
Y, ) =Y, [1+0.8(t/T)]
N, (©) =N, [1-0.27(t/T)(Y, /N, )] (41)
N, () =N, [1+0.3(t/T)]

The experimental investigation of the hydrodynamic derivatives can be performed
using the following methods:

o captive model in a towing tank with a Planar Motion Mechanism (PMM);

o captive model tests with rotating-arm-system in a circular tank.
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3. STANDARD MANOEUVRES OF THE SHIP

3.1. Measures and Criteria of Manoeuvrability
3.1.1. Manoeuvring Prediction Methods

There are many possible ways to predict the key parameters as well as the trajectories

of the standard manoeuvres of the ship, as illustrated on Fig. 2.

CFD Based Manoeuvring
Simulation

Mo Simulation

: System Based Manoeuvring Simulation

Database Method Trajectory

Hydrodynamic Derivatives Model Testing Computational Methods

Full-scale Trials i ¥ X
Inviscid RANS
1 Captive Model Tests Methods Methods
Free Model Tests
—y !
System Mathematical Model
[dentification -
v
Hydrodynamic Derivatives,
Coefficients
¥

Equation of Motion

Trajectories
i I

Derived Manoeuvring Parameters (advance, transfer, overshoots etc.)
1 1

Fig. 2. Manoeuvring prediction methods
Source: 24™ ITTC Manoeuvring Committee Report, 2005, p. 2

The “no simulation” methods are based on the existing database of manoeuvring
parameters derived from a wide spectrum of full-scale trials and free model tests. They can
indeed serve as a useful tool, especially at the very initial design stage, where the simple
formulas for hydrodynamic coefficients can be applied (Abkowitz, 1964; Clarke, 1982;
Voitkounsky, 1985). However, these methods would only be reasonable for a usual shapes
of the hull with a wide range of data to be investigated. If this is not provided, the free
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model tests are necessary to be performed with the scale effects on the trajectories carefully
taken into account.

If the manoeuvring parameters are not available in the database, the simulation
methods are necessary to be used. This requires the hydrodynamic forces and derivatives
to be provided, either from the hydrodynamics database or by means of captive model tests.
With the required input data possessed, the simulations, based on the developed
mathematical models (e.g. Abkowitz non-linear model, 1964), can be run with reasonably
accurate results delivered, which makes these methods useful in the basic design stage.

However, the unsteady character of the hydrodynamic forces makes the above-
mentioned methods sometimes hard to be correctly applied. In this case, the CFD
simulations allowing the user to calculate the complex hydrodynamic forces for both steady
and unsteady cases should be seriously considered. Although still under development, they
seem to become a very useful and commonly-used tools in the nearest future. Especially
codes employing the RANS methods have been found to provide satisfactory agreements

between numerical and experimental results for most of the investigated cases [14].

3.1.2. IMO Requirements

Professors Amin and Hasegawa (2010) from the Osaka University define
the manoeuvrability of the ship as “predictability and controllability of the motion of ships
at different situations at sea conditions”. Since navigating the ship is a complex problem
in terms of ship manoeuvrability, the International Maritime Organization (IMO) adopted
a set of detailed manoeuvring criteria and standards to evaluate its performance. These
criteria are considered as a valuable tool to ensure the minimum manoeuvrability
and enhanced controllability ensuring at the same time the operational safety of the ship.

The following recommendations related to manoeuvrability of ships have been
adopted by IMO:

1. Interim Guidelines for Estimating Manoeuvring Performance in Ship Design, adopted
by MSC/Circ. 389, 10 January 1985;

2. Provision and Display of Manoeuvring Information on Board Ships, adopted
by Resolution A.601 (15) on 19 November 1987;
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3. Interim Standards for Ship Manoeuvrability, adopted by Resolution A.751 (18)
on 4 November 1993;

4. Explanatory Notes to the Interim Standards for Ship Manoeuvrability, adopted
by MSC/Circ.644 on 6 June 1994.

MSC/Circ. 389 provides the specific manoeuvring characteristics and recommends
the estimation of them during design process both for the fully loaded ship and test
condition in deep water. It also outlines the list of the full-scale tests to be performed

in order to estimate the manoeuvring performance of a ship. The list includes:

Turning circle test;

Yaw checking ability (zig-zag test);

Initial turning test;

Course keeping information test:
= The pull-out test,
= The direct spiral test,

= The reverse spiral test;

Stopping test.

Resolution A.601 (15) requires that the manoeuvring information such as: pilot card,

wheelhouse poster and manoeuvring booklet are kept onboard and available
to navigators.

Resolution A.751 (18) recommends application of the interim standards for ships

longer than 100 meters and for all gas carriers and chemical tankers. The standards
comprise: turning ability, initial turning ability, yaw checking and course keeping abilities
as well as stopping ability.

MSC/Circ. 644 is intended to provide Administrations with specific guidance

on unified interpretation, application and consistent evaluation of the standards for ship

manoeuvrability adopted by Resolution A.751 (18).
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3.2. Turning Circle Manoeuvre

The turning circle, measured on model-scale, full-scale trials or numerically
simulated, is used to evaluate the turning ability of the ship as well as the efficiency
of the rudder. Starting from a steady course at a constant speed the rudder is put over
to a specified angle ¢ (usually max. rudder angle) and held on this position until the ship
completes the circle. The manoeuvre should be performed for both port and starboard side.
Additionally, for a ship to turn, the drift angle, , must be different from zero. Based
on empirical data, g, in degrees, generally falls within the following range of values:
B=225L/R+1.45and =18 L/R [4].

The response of the ship to the deflection of the rudder as well as the forces
and moments resulting from this action can be divided into two groups [4]:

e an initial transient one in which significant surge, sway and yaw accelerations occur
(u,v,r =0);

e a steady turning one in which the rate of turn and forward speed are constant
and the path of the ship is circular (V,r,R=const., u,v,f =0 ).

Fig. 3 represents a diagram for turns of any diameter, which primarily consist
of three phases, whereas the Fig. 4 illustrates the detailed characteristics of each phase.
The first phase starts at the very moment of the initial rudder deflection and may be
completed by the time the rudder reaches its desired deflection angle. During this period,
the rudder force, Ysor, and the rudder moment, Nsor, develop the accelerations, which are
opposed only by the inertial reaction of the ship because no hydrodynamic forces has been
developed yet. The values of these accelerations, Vv and I, can be obtained from

the following linearized equations of motion in the first phase of turning:

(A=Y, V=Y,r =Y;0;

(I, =N, )F =NV =N,5, (42)

As it is can be observed on figures below, the transverse acceleration, v, is directed to port
in the first phase of the manoeuvre, whereas the turn will eventually be performed
to starboard. This happens because the rudder force, Yor, is directed to port for a starboard
turn. The same accelerations soon develop the drift angle, £, and a rotation, r,
and the vessel enters into the second phase of the turn. During this phase, the acceleration,
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Vv, stops growing (to port) and eventually is reduced to zero as the inwardly directed Y,v
force comes into balance with the outwardly directed centrifugal force. With
the establishment of the final equilibrium of forces, the vessel finally enters it the third,
steady phase of turn, continuing its circle trajectory with a constant radius. In this phase,
the r and v speed components have nonzero values, whereas v and [ are equal to zero.
The linearized equations of motion in a steady state can then be written under the following

form:

=YV—(Y, —A'u)r=Y;0,

“NV-N.r=N,&, (43)

with u; being the initial equilibrium value of velocity component along the x-axis.

Generally, the turning performance of a ship is characterized by four numerical
values: advance, transfer, tactical diameter and steady turning radius [Fig. 3]. The advance
is the distance from the origin at the very first execute of the rudder to the x-axis of the ship
when performed a 90 degrees turn. The transfer is defined as the distance from the original
approach course to the origin of the ship when her x-axis has turned 90 deg. The tactical
diameter is the distance from the approach course to the ship’s X-axis when that axis has
turned 180 deg [4].

IMO requires the tactical diameter to be less than 5 ship lengths and the advance to be
less than 4.5 ship lengths [IMO, 2002a]. Additionally, the speed lost during the turn
and maximum heel angle v, as well as the peak and final yaw rates, should be recorded.

Another interesting characteristic of a steady turn is a “pivot” point, also presented
in Fig. 3. At this point, because of the combination of the drift angle on the ship and
the rotation of the ship, the flow of water past the hull is parallel to the x-axis of the ship.
Forward of this point, for a starboard turn, the flow approaches from off the starboard side
whereas aft of this point the flow comes from the portside. For most of the ship, the pivot
point would be located somewhere between the bow and about 1/5 L aft of the bow
(Mandel, 1953).
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The additional phenomena to be observed during the turning circle manoeuvre is that
the ship would heel to both sides while performing one circle. The heel results from
the vertical disposition of the forces applied both on the rudder and hull [Fig. 5].
As the fluid forces act below the waterline, but the center of gravity of the ship is usually

situated near or above the waterline, the heeling moment occurs.

|z

Gle_Tc
E

Y

)

. HK%*J_ A

Fig. 5. Disposition of forces during a turn
Source: Basic Ship Theory, Vol. 2, 1994, p.549

At the phase of initial deflection of the rudder, the inertial terms dominate and
the sway equation becomes:
(m_Yv)v_(Yr —me)r' =Ys0 (44)

Because the coefficients of r are rather small, the vessel will first heel to starboard
(positive) for a positive rudder action. As soon as the steady turning conditions are reached

(usually after 90" change of heading), the hydrodynamic forces equalize the centrifugal

force mUr and the rudder force Y;0 . The sway equation now becomes:
=Y Vv+(MU =Y )r=Y,o (45)

The centrifugal force acts above the waterline and thus the vessel will ultimately heel

to port (negative) for a positive rudder action.
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3.3. Zig-Zag Manoeuvre

The zig-zag manoeuvre is carried out to investigate more closely the initial response
of the ship to rudder action. However, the results of this test depend not only
on the effectiveness of the rudder, but also on the stability characteristics of a given ship.

The typical manoeuvre is a 10/10 zig-zag test, where the first value indicates the set
rudder angle and the second the set heading angle. Alternatively, a 20/20 or 10/20 zig-zag
tests can be performed. In a 10/10 manoeuvre, the ship is first brought to a steady course.
On a steady approach, the rudder is deflected to the angle ¢ = 10° (first execute) and hold
in this position until the change of heading has reached 10°. Once this is done, the rudder
is then immediately deflected to the opposite side with the same angle (second execute)
and held whilst the ship achieves a 10° heading angle in the other direction. At this very
moment the rudder is reversed again and the procedure can be repeated (third execute, etc.).

It can be observed [Fig. 6] that after the counter rudder has been applied (second
execute), the ship keeps on turning in the original direction with decreasing turning speed
until the yaw motion changes direction. This phenomena is called the overshooting
and the certain values of the yaw overshoot angle are one of the main IMO requirements
concerning the zig-zag test. It just needs to be added that the higher the speed of the vessel
the bigger overshoot angle will she achieve, demonstrating that the zig-zag manoeuvre
results are speed-dependent.

The zig-zag manoeuvre provides several important characteristics of the yaw
response. These characteristics are as follows: the initial turning time (time to reach a given
heading), the yaw first and second overshoot (amount the vessel exceeds imposed rudder
angle when the rudder has been brought the other way) and the period of the cycle.
The first value is a direct measure of the ability of a vessel to rapidly change course.
It improves with increased rudder effectiveness and with decreased controls-fixed stability
(Arentzen and Mandel, 1960). The latter values are numerical measures of counter-
manoeuvring ability and indicate the amount of the anticipation required by a helmsman,
mainly when navigating in restricted waters. It is interesting to know that the magnitude of
the yaw-angle overshoot was found to decrease with increased stability but to increase with
increased rudder effectiveness. Additionally, such results as the time necessary to obtain

the first maximum value of the heading angle as well as the advance (time between the first

35  “EMSHIP” Erasmus Mundus Master Course, period of study: September 2010 — February 2012



Krzysztof Patalong

execute of the rudder angle and the first zero value of the heading angle after the second
execute) would be of a significant interest for a ship designer as well as the operating crew
onboard the ship.
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Fig. 6. 10/10 Zig-zag test
Source: Principles of Naval Architecture, Vol. 111, 1989, p. 206

-

For a10/10 manoeuvre IMO requires the first overshoot angle, 10, to be:
e <10°ifL/V <10 sec.,
e <[5+0.5(L/V)]°if L/V <30 sec.,
o <20°ifL/V>30sec.
and second overshoot angle, a10, to be less than a10; + 15°.
For a 20/20 test IMO imposed only one criteria, requiring the first overshoot angle,

0204, to be less or equal to 25°.
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3.4. Spiral Manoeuvre

The spiral test is performed to estimate the controls-fixed straight line stability
of the ship and reveals whether the ship has the memory effect. However, one can
distinguish between direct spiral manoeuvre (Dieudonne, 1953) and reverse (indirect)
spiral manoeuvre (Bech, 1968).

The direct spiral test begins with the ship being on an initial straight course. Once
these conditions are achieved, the rudder is given a certain angle of deflection until the ship
reaches a steady turning rate. Subsequently, the rudder angle is decreased in steps
of a constant small value (typically 2° for -10°+10° heading angles and 5° for 10°+25°
heading angles) and again held until a steady condition is reached. The procedure is then
repeated until the rudder has covered the whole range to the maximum rudder angle
on the other side (dmax = -dmax) With the rate of turn being noted for each angle.

In the reverse spiral test the vessel is steered at a constant rate of turn and the mean
rudder angle required to produce this yaw rate is measured. This action is then repeated for
a range of yaw rates until a complete relationship of yaw rates versus rudder angles is built.

The numerical measures obtained from a spiral test are the steady yawing rates
in function of a rudder angle. A plot of these values reflects the stability characteristics
of a ship. In case of a directionally stable ship the curve will be a single function
[Fig. 7, left]. For an unstable ship, there may exist three possible heading angles for one
given rudder angle, as shown in the right part of Fig. 7. The dotted line represents
an unstable state that can be revealed only by the indirect method. In the direct method,
indicated by dotted arrows, the rate of turn moves from one vertical sections of the curve
to the other if the rudder angle is changed, creating a curve knows as a hysteresis loop.
Obviously, the larger the loop, the more unstable the investigated vessel. However, it has
been observed that many ships obtain a small hysteresis loop (within the range [-3°; 3°])
having a very small range of directional instability. As the course-keeping stability
increases with the increased lateral immersed area of the aft part of the ship (increase of
the N, hydrodynamic derivative), the most common solutions for this problem could be
either increasing the rudder area or introducing a skeg in the stern part. However, both

cases are often limited by inherent geometrical or physical constraints.
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4. HYDRODYNAMICS OF A PASSIVE CONTROL SURFACE

4.1. General Concept of a Rudder

Control surfaces are designed as tools to produce a force that helps to control
the motion of the vehicle. These surfaces may be either fixed or movable, but as long
the naval architecture is concerned, most of them would be a movable ship rudder.

Standard rudder is a hydrofoil normally placed at the stern of the vessel behind
the propeller(s), in order to produce a transverse force and steering moment about the ship’s
center of gravity by deflecting the water flow to a direction of a foil plane [2].

The height of the rudder is limited by both draft and shape of the stern part
of the ship. It needs, however, to be increased as much as possible in order to obtain
the biggest aspect ratio [see 5.2.3]. On the other hand, the bottom plate of the rudder should
be kept above the bottom of the keel for protection. Additionally, the rudder should be fully
immersed in order to avoid negative effects of free surface and ventilation of the upper part
of the rudder, since these phenomena are known to decrease the hydrodynamic efficiency.

The selection of the rudder depends on many factors with most important being
the type and size of the vessel, shape of the stern profile, size of rudder required, placing
(or not) a propeller upstream of the rudder, etc. The most common rudder concepts,
classified on the basis of the stock location, are as follows [7]:

e non-balanced rudders with the rudder stock located in the vicinity of the leading edge

[Fig. 8a];

e semi-balanced rudders with the rudder stock between 0.5t and 0.25c from the leading
edge [Fig. 8b], with t being the thickness and c the chord of the profile;
e balanced rudders with the rudder stock location between 0.25c and 0.33c from
the leading edge [Fig. 8c and 8d].
Depending on the attachment way to the vessel’s hull, one can classify the rudders as:
e simplex rudders, supported with bearings both at the upper and bottom part
of the rudder [Fig. 8a and 8c];
e semi-balanced rudders, where a fixed rudder horn extends over the upper plate
of the rudder [Fig. 8b];
e spade rudder, with both bearings at the upper part, inside the hull [Fig. 8d].
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a. Non-balanced rudder / b. Semi-balanced rudder
simplex rudder

¢. Balanced rudder / d. Balanced rudder /
simplex rudder spade rudder

Fig. 8. Main concepts of the rudder
Source: Manevrabilitatea Navei, 2008, p. 107

The main reasons why are the rudders usually placed at the ship’s stern (behind

the propeller) can be summarized as follows:

when maneuvering, the rudder moment that makes the ship to turn is created
by the transverse force acting on the rudder and an opposite transverse force applied
on the hull acting near the bow. The moment increases as the distance between
the rudder force and the hull force increases;

rudders situated outside the propeller’s slipstream lose their efficiency at very low
speeds (e.g. during berthing manoeuvre). Similarly, these types or rudders are far less
effective also at usual forward speed;

bow-placed rudders are usually ineffective in the forward motion since the oblique water
flow created by the turned rudder is redirected longitudinally by the hull. Therefore,
the transverse forces acting on a bow rudder and on a forward moving hull cancel each
other.

Summing up, the rudder effectiveness while manoeuvring depends mainly

on the maximum transverse force acting on the rudder. This effectiveness can be improved

by optimization of the rudder arrangement in the propeller slipstream, increasing

of the rudder area, shortening the rudder steering time, etc.
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4.2. Hydrodynamic Performance of a Rudder

Fig. 9 represents the rudder forces and moments generated by the dynamic pressure
distribution on the deflected rudder surface with an incident angle, a. The resistance
components in flow speed direction, v, and perpendicular to it are termed drag component,
Py, and lift component, Py, respectively. The force components in the centerline plan
of the profile and perpendicular to it are termed normal component, P,, and tangent

component, P, respectively.

Fig. 9. Rudder forces
Source: Manevrabilitatea Navei, 2008, p. 110

The resistance components are typically described by means of a dimensionless

coefficients, C, and Cp:

Lift(L)
=—— 46
b 0.5pAUZ (46)
_ Drag(d) 47)
®  0.5pAU?

with A being the planform area, Uy the fluid free-stream velocity, p the fluid density
and o the angle of attack or incidence.

Fig. 10 represents the coefficients C. and Cp plotted against the angle of incidence a.
It can be observed that, initially, C. rises almost linearly with the incidence a creating
a characteristic “lift slope”. At some point it Starts to rise more steeply until it reaches
a maximum value and ultimately falls down rapidly. With this point reached, the foil is

considered to be stalled. On the other hand, Cp rises almost parabolically with incidence «
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until about a “stall point” after which a significant increase in the rate of rise can be
observed.

The idea of stall can be explained with the help of Fig. 11. At a small angle of attack
the flow around the foil is smooth (laminar) and attached to both upper and lower surfaces
[Fig. 11a], with the points of separation of the flow in the vicinity of the trailing edge.
As the angle of attack increases, the flow detaches from the upper surface. However, there
is an increase of pressure on the upper side of the foil (pressure becomes less negative)
as the flow moves towards the trailing edge. As the incidence « increases, a further increase
in the adverse pressure gradient can be observed, with the separation point moved forward
[Fig. 11b]. This phenomena is known as stall and leads to a loss of lift and increased in
drag, as presented on Fig. 10 [6].

Incidence o

Fig. 10. Lift and drag characteristics
Source: Molland A.F., Turnock S.R., Marine Rudders and Control Surfaces, 2007, p. 40
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Turbulent wakea

{a) Low angles of attack {b) High angles of attack

Fig. 11. Flow behavior over a foil at different angles of attack
Source: Molland A.F., Turnock S.R., Marine Rudders and Control Surfaces, 2007, p. 41

4.3. Rudder-Propeller Interaction

During a forward motion of the vessel, the flow passing through the propeller
is accelerated and rotated. This action influences the forces and moments developed
by the rudder, which are requisitive to determine the overall manoeuvring characteristics
of a ship. On the other hand, the rudder itself both blocks and diverts the upstream flow
onto and through the propeller influencing at the same time the thrust and torque developed
by the propeller.

Because the rudder forces are proportional to the flow velocity squared at the rudder,
the adequate determination of the speed in the propeller slipstream at the rudder position
is required to correctly estimate rudder forces [2]. On the basis of the momentum theory
of the propeller, the mean axial speed of the slipstream far behind the propeller is:

V, =V,{1+Cy, (48)

with Cqp, being the thrust loading coefficient:

8 K T
T oyn “s)
EVA A,
where Ky is the thrust coefficient expressed as Ky = T/(anD“), J is the advance number
defined as J = Va/(nD), Va the average inflow speed to the propeller, and A, the propeller

area. The theoretical slipstream radius r., far behind the propeller can be obtained using

43  “EMSHIP” Erasmus Mundus Master Course, period of study: September 2010 — February 2012



Krzysztof Patalong

the law of continuity, assuming that the mean axial speed at the propeller is the average
between Va and V.:

1 V
— —11 A
r, =" 2( +VOO)J (50)

where ry is half the propeller diameter D. However, as the rudder is normally placed not
very far from the propeller plane, the slipstream radius as well as the axial velocity may
be approximated by the following formulas (S6ding, 1982):

. 0.14(r, /1))’ +r I, -(x/ 1)

0 024 /)P +(x/ )M

(51)

and

2
rw
V=V, (TJ (52)

with x normally expressing the distance of the centre of gravity of the rudder area from

the propeller plane.

4.4. Influence of Hull on Rudder-Propeller Interaction

The wake of the hull placed upstream of an isolated rudder-propeller combination
decreases the inflow velocity to the rudder and increases the propeller load. Additionally,
the hull affects the inflow angle during the turning manoeuvre, having a flow-straightening
effect.

The speed reduction from ship velocity, Vs, to wake or effective velocity, Va, can be

estimated by means of a characteristic wake fraction, wr, for a particular ship or boat type:

VA :Vs (1_ W ) (53)

The value of wy can be as low as 0.05 for a fine high-speed vessel up to 0.450 a large

full-form tanker [6]. At the initial design stage, the average wake fraction can be estimated
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using the empirical data. For small single-screw vessels (and sailing crafts) with the block
coefficient Cg = 0.40 — 0.60, Barnaby (1863) suggested the following formulae:

w. =0.80C, —0.26 (54)

When a ship is moving forward with a non-zero rudder angle, an interaction between
the flow around rudder and hull occurs, decreasing the lift force applied on the rudder.
However, an additional transverse force acting in same direction is generated
at the aftbody. When comparing with the rudder lift without hull interaction, it can be
observed that the total transverse force is increased by the factor: 1 + ay -ay, which can be
calculated with the formulae suggested by Soding (1982):

1
a, = -
1+(4.9-e/T +3-c/T)

(55)

where T is the mean draft of the ship, e the mean distance between the front edge
of the rudder and the aft end of the hull and ¢ the mean rudder chord length.

4.5. Rudder Cavitation

Rudder cavitation, likewise propeller cavitation, is caused by water evaporation
at point of high flow velocity, where the pressure locally drops below the vapor pressure
of the water. This may lead to such called cavitation erosion, resulting in damage and loss
of the material and further formation of grooves, valleys, wavy surfaces, holes etc. which
finally lead to reduced hydrodynamic performance of the control surface.

The following types of rudder cavitation can be distinguished:

e bubble cavitation of the rudder side plating [Fig. 12],
o propeller tip vortex cavitation [Fig. 13],
o propeller hub cavitation,
e rudder sole cavitation [Fig. 14],
e cavitation of the surface irregularities [Fig. 15].
It has been found that for large rudder angles the cavitation occurrence is unavoidable

in ships of more than 10 knots operating speed [2]. For this reason, the rudder cavitation

45  “EMSHIP” Erasmus Mundus Master Course, period of study: September 2010 — February 2012



Krzysztof Patalong

of the fishing vessel, which design speed is 12 knots, should be carefully investigated
[Chapter 5.2.3].

Fig. 12. Bubble cavitation Fig. 13. Propeller tip vortex cavitation
Source: The Hamburg Ship Model Basin Source: The Hamburg Ship Model Basin
Newsletter, No. 1, 2003 Newsletter, No. 2, 2004

Fig. 14. Rudder sole cavitation Fig. 15 Cavitation of the surface

Source: Schiffbau, No. 12, 2005 irregularities
Source: Manevrabilitatea Navei, 2008

4.6. Rudder Requirements

The main requirement of the rudder is the capability of developing the sufficient
sideforce to maintain the vessel on a steady course at nominal service speeds and
to manoeuvre at lower speeds. Additionally, in case of course-keeping, the rudder should
be able to minimize the deviations from the set course. However, a highly manoeuvrable
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vessel will be less controllable, and vice versa. Therefore, a compromise between two
characteristics needs to be accepted, depending largely on the service(s) to be provided
by a certain vessel.

To turn the ship in a desired manner, the rudder must be capable of putting and
holding the ship at a given angle of attack against the flow of water past the hull. This angle
of attack produces relatively large hydrodynamic forces to act on the hull causing the vessel
to turn, whereas the rudder provides only a small effect at this stage. The forces acting
on a ship during a steady turn are illustrated on the picture below [Fig. 16], with Fy being
the force applied on the hull and Fr representing the rudder force.

The force acting on the rudder, Fgr, depends upon the cross-sectional shape

of the control surface area A, the velocity V through the water and the angle of attack a:
F, =const.pAV?*f (a) (56)

The constant in (56) depends upon the cross-section and the rudder profile,
in particular the ratio between the rudder depth and its chord length. The lift is also
sensitive to the clearance between the upper surface of the rudder and the hull. The typical
rudder area in a merchant ship is between 1/60 to 1/70 of the product of length
and draught [10].

It just needs to be added that the radial components of the forces on the rudder and
the hull, Frand Fy, must have a resultant causing the radial acceleration.

Classification Societies provide some rules and/or recommendations concerning
rudder application, blade and stock scantling, forces and moments acting on the rudder etc.
Bureau Veritas Rules [Pt B, Ch 10, Sec 1] state that for the ordinary profiles, the maximum
orientation of the rudder at maximum speed should be limited to 35° on each side.
Deflections greater than 35° are acceptable only for navigation or manoeuvres at very low
speeds.

An undesirable feature of the rudder is that it produces a heel during the turn,
as mentioned in sub-chapter 3.2. Although the rudder is intended to develop the motions
only in the xy-plane (yaw motion), some other motions are induced by cross-coupling into

the xz-plane (pitch) and yz-plane (roll). While the magnitude of pitch motion is respectively

47  “EMSHIP” Erasmus Mundus Master Course, period of study: September 2010 — February 2012



Krzysztof Patalong

small and can be neglected, the roll motion magnitude is usually large enough to be
of significance for the designer.

Ship's head

X Centre of turmng circle

Fig. 16. Action of rudder in turning ship
Source: Rawson K.J., Tupper E.C., Basic Ship Theory, Vol. 2, 2001, p. 546

It just needs to be remembered that all the above concepts are based on a linear
theory of motion. However, in full-scale ship performance, most of the problems appear
to be non-linear which requires the introduction of higher degrees of derivatives to better
capture the realistic deviations of forces and moments from a steady state condition.
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5. GENERAL CHARACTERISTICS OF THE FISHING VESSEL

5.1. General Concept of a Fishing Vessel

A general definition of a fishing vessel describes this type of ship
as “a vessel that commercially engages in the catching, taking, or harvesting of fish
or an activity that can reasonably be expected to result in the catching, taking, or harvesting
of fish” (46 U.S.C.A. 82101(11a)). Furthermore, commercial fishing vessels can
be classified by architecture, the type of fish they catch, the fishing method they use
or finally by the geographical region they operate within. However, detailed classifications
are not of the interest of this thesis, hence will not be introduced in further details.

The size and autonomy of a fishing vessel is largely determined by its ability
to handle, process and store fish onboard. The factors which influence the design
of a fishing vessel maybe me grouped as follows (FOA, 2011):

o the species, location, abundance and dispersion of the fish resources;

¢ fishing gear and methods;

e geographical and climatic characteristics of the operating area;

e seaworthiness of the ship and safety of the crew;

¢ handling, processing and stowage of the catch;

e laws and regulations applicable to fishing vessel design, construction and equipment;
¢ availability of boatbuilding and fishing skills;

e choice of construction materials;

e economic viability.

According to FAO (2004), the world fishing fleet exceeds four million units, with
about one-third being the decked vessels. However, the decked vessels of the length larger
than 24 m ( > 100 GT) amount to about 1 percent of the world fishing fleet, the average
decked unit being around 10-15 m long (about 20 GT).
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5.2. Fishing Vessel’s Characteristics
5.2.1. Main Characteristics of the Ship and Model

The table below [Table 2] contains the main characteristics of the full-scale ship
and the model under a full load condition. The vessel, called “Citta di Genova” [17], has
been actually operating in the Mediterranean Sea area and can be considered as

a benchmark in hydrodynamic studies of fishing vessels.

Table 2. Main characteristics of the ship and model (full load condition)

Main characteristics Full scale Model scale (1/12)

Length overall, Loa [M] 32.7 2.725
Length between perpendiculars, L [m] 25.0 2.083
Moulded breadth, B [m] 8.0 0.667
Volumetric displacement, V [m?] 296.0 0.171
Draft at fore perpendicular, Tg [m] 242 0.202
Draft at aft perpendicular, Ta [m] 2.74 0.228
Medium draft, Ty [m] 2.58 0.215
Longitudinal centre of gravity, xg [m] 11.32 0.943
Vertical centre of gravity, zg [m] 3.05 0.254
Transverse metacentre height, GMy [m] 0.65 0.054
Block coefficient, Cg 0.574 0.574
Waterline are coefficient, Cy 0.819 0.819
Natural roll period, T, [s] 6.2 1.8
Roll radius of gyration, Ky, [m] 2.46 0.205
Pitch radius of gyration, ky, [m] 6.78 0.565
Yaw radius of gyration, k,, [m] 6.9 0.575
Avrea of load waterline, Ay [M?] 163.74 1.137
Propeller diameter, D [m] 18 0.15
Ship speed, U 12 kn 1.8 m/s
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5.2.2. Hull Geometry
The body plan of the vessel “Citta di Genova” [Fig. 17, 18] represents a typical hull

geometry of a fishing vessel designed to operate on the Mediterranean Sea.

The characteristic double hard chine and explicit rectangular bar keel can be easily noticed

on the figures below.
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Fig. 17. 2D body plan of the fishing vessel “Citta di Genova”
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Fig. 18. 3D body plan of the fishing vessel “Citta di Genova”
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5.2.3. Rudder Design and Hydrodynamic Performance

Fig. 19 represents the main geometric elements of the rudder:

e meanspan, b ;

e mean chord, T=(C, +C,)/2;

e root chord, C,;

e tipchord, C,;

e taper ratio, TR=C,/C,;

e root thickness, t ;

e tip thickness, t ;

e mean thickness, t =(t +1)/2;

e aspect ratio, A=b/C;

e relative thickness, t /C.

Axis of revolution

Roaot
Cr
Jody = . -
line
Trailing
edge
L -I

Fig. 19. Geometric elements of the rudder
Source: Manevrabilitatea Navei, 2008, p. 108
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Basing on the previously-mentioned geometry, Table 3 provides the typical values
of the geometric ratios for different types of ships [7]:

Table 3. Typical values of rudder geometric ratios

TYPE OF SHIP Aspiact ratio RelativE thickness

b/t t/c
Passengers and cargo ships 1.8 0.18
Ships with single | Coaster ships 1...1.15 0.16...0.18
screw Tugs 1.8 0.185
Fishing vessels 1.5...3.33 -

As mentioned in Chapter 4, rudders are designed in such a manner to provide high lift
effect with minimum drag. However, there is no general rule to determine the area
of the rudder due to the various steering and manoeuvring requirements for different ships
and different operational conditions. Manoeuvrability properties itself are very complex
and dependent on factors involving body lines, propellers and rudder geometry.
Additionally, the rudder torque may also vary significantly, depending whether the ship is
fully or partly loaded. For this reason, it is difficult to provide a general solution
to determine the rudder area that would guarantee good manoeuvrability performance for
all kind of ships.

However, as a result of several research activities, Det Norske Veritas succeeded

to develop a formulae to estimate the minimum rudder area for the merchant vessels:

A ,(BY
== 0.01{1+50c:B ( Lj } (57)

L x

One just has to remembered that vessels such as tugs, trawlers, supply vessels, ferries
and warships generally require relative larger rudder area than seagoing merchant ships.
Table 4 offers guidance for a preliminary estimation of area for a range of coastal
and seagoing ships [6]. In both cases, the rudder area, A, is expressed in terms
of an approximation to the underwater lateral area (L x T) and is the sum of the areas

if more than one rudder is fitted.
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Table 4. Rudder areas for different types of ships

SHIP TYPE A
LxT
Single-screw merchant ships 0.016 - 0.018
Twin-screw merchant ships 0.016 - 0.022
Warships 0.024 - 0.028
Tugs, trawlers etc. 0.030 - 0.040

Using the DNV formulae (57), the minimum rudder area of the investigated fishing
vessel, expressed in terms of underwater area, should be equal to 0.027, which is a little
less than the minimum value provided in Table 4. However, as the (57) has been developed
for the merchant ships, the obtained value should only serve as a starting point for further
and more accurate calculations.

Basing on the minimum rudder area obtained from the DNV formulae, as well as
on the typical values of geometric ratios and rudder areas [Table 3 and 4], the following

rudder geometry [Fig. 20] has been design to be mounted on the investigated ship:

few 220 — =

—d

. 131 ——

Fig. 20. Rudder geometry
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Searching for a relatively small thickness and, at the same time, the capability of
withstanding the important forces acting on it, NACA 0018 profile has been chosen as
the optimal one for the designed rudder. To verify the proposal, the results of previously
performed hydrodynamic analysis of different rudders have been investigated [11]. These
results prove that the NACA 00 rudders generate the largest maximum lift coefficient and
stall angle among other rudders with the same thickness. Additionally, the stock moment
coefficient of the NACA 00 rudder is much smaller than other rudder profiles, which is
favorable from the manoeuvring point of view. Finally, it had been found that thicker
NACA 00 rudders give larger C_max and greater asian Without much increase in drag force
[11]. For all the above reasons, NACA 0018 seemed to be the optimal rudder profile for
the investigated fishing vessel.

The NACA 0018 hydrofoil is symmetrical (00 indicates no chamber) [Fig. 21].
The last two digits describe the maximum thickness of the foil as percent of the chord,
hence the maximum thickness of the designed rudder equals: tnax = 0.18T = 0.24 m.

The main rudder geometry data is presented in Table 5:

Table 5. Main geometric parameters of the rudder

span [m] b 2.20
chord [m] c 1.31
area [m?] Ag 2.88
max. thickness [m] tmax 0.24
aspect ratio [-] A 1.68
relative thickness [-] t/c 0.18

Fig. 21. NACA 0018 profile
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Subsequently, with a use of the Preliminary Hydrodynamics Performance (PHP)
program developed at the Naval Architecture Faculty of the “Dunarea de Jos” University
of Galati (Romania), the hydrodynamic performance of designed rudder has been
computed. The main objective of this computation was to estimate the hydrodynamic
torque applied on the rudder in order to choose the optimal steering gear for the
investigated vessel.

The software allows the user to choose one of three basic types of the rudder:

e semi-balanced rudder;

e suspended rudder with the upper edge situated at a certain distance from the hull, which
is less than the max. thickness of the rudder blade;

e suspended rudder with the upper edge situated at a certain distance from the hull, which
is greater than the max. thickness of the rudder blade.

Since the distance of the upper edge of the designed rudder to the ship’s hull is greater
than the max. thickness of the NACA 0018 profile (0.24 m) and equals 0.26 m, the third
option has been chosen as the input data, with H = 2.465 m, h; = 0.152 m and b (span)
= 2.2 m [Fig. 22].

= |

b

|
|
[
H |
[
I
I

Fig. 22. Main dimensions of the designed rudder

Accordingly, the following position [Fig. 23] of the rudder-propeller system has been
selected, withd =1.17m,r=0.15mand R=0.9 m.

Fig. 23. Position and main dimensions of the rudder-propeller system
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After running the computation process, the following output data have been provided
by the PHP program [Table 6]. The optimum position of the rudder stock has been found
by means of implemented Voitkounsky method (1985).

Table 6. Hydrodynamic characteristics of the designed rudder

Characteristics Value
Optimal distance from the rudder stock to the leading edge [m] 0.240
Optimal distance from the rudder stock to the trailing edge [m] -1.070
Maximum hydrodynamic torque [KNm] 32.247
Supplementary torque due to friction [KNm] 6.449
Total hydrodynamic torque [KNm] 38.697

Additionally, basing on the calculated total hydrodynamic torque, the following
steering gear [Table 7] has been selected from the commercial catalogue [for more details,

see Appendix 1]:

Table 7. Main characteristics of the steering gear

Max. Ma>-(. Max. Weight Max Max.
stock working rudder . .
Brand Type . approx. radial axial load
diam. torque angle k] load [KN] [KN]
[mm] | [kNm] | [deg] g
Rolls SR
160 40 2x61.0 400 175 104
Royce 562-FCP

Having the initial rudder design completed, the bubble cavitation on the rudder side
plating has been finally investigated by means of Brix method (1983) introduced
in the PHP program. The calculation has been performed for three different inflow angles,
a, estimated on the basis of the rotation of the propeller slipstream (eq. 58) [3], with
the results presented in Table 8. Equation 58 is derived from the momentum theorem with
an empirical correction term for the local wake (Nishiyama, 1975):

1-w

K —
a(°) =arctan| 4.3- —*- 1 Vi
J 1- Wiocal VA

(58)
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with W being the mean wake number, W, the wake number at the respective position,

Vmax the maximum speed of the ship, Va the advance speed of the propeller, Kq the torque
coefficient and J the advance coefficient.

Table 8. Results of the rudder cavitation calculation

Flow angle, a Static pressure Dynamic pressure Total pressure
[deq] [kPa] [kPa] [kPa]
13 112.320 -54.014 58.306
22 112.320 -74.642 37.678
26 112.320 -86.624 25.696

If the resulting minimum pressure on the suction side is negative or slightly positive,
the side plating of the rudder is prone to cavitation. For a right turning propeller,
the cavitation will occur on starboard side in the upper part of the rudder and on the port
side in the lower part of the rudder (relative to the propeller axis) [3]. However, as for all
the flow angles, «, the resulting pressure is positive, no blade side cavitation should be

expected on the designed rudder.
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6. HYDROSTATIC CHARACTERISTICS OF THE LOADING CONDITION

6.1. Introduction to the Hydrostatics of a Ship

On the prediction of ship manoeuvring performance at the initial design stage,
it is considered that a loading condition is one of the important parameters caused for
the manoeuvring characteristics. Additionally, the hydrostatic properties of a vessel
are extremely important within its project before it can be moved on into hydrodynamic
performance simulation.

Usually the input to the hydrostatic calculation is an offset file of transverse stations,
provided in a computer file. On the other hand, the common procedure to display
the hydrostatic calculation results is to present them either in a tabular form or graphically
as a set of hydrostatic curves. These curves normally represent the hydrostatic information
relevant to zero-trim condition with the following information plotted against varying
drafts:
¢ longitudinal and vertical centre of buoyancy (LCB and VCB, respectively),
¢ longitudinal centre of flotation (LCF),

e transverse metacentre above the keel (KMr),

¢ displacement of the vessel (V),

o tonnef per centimeter immersion (TPC),

e moment to change trim one centimeter (MTC).

The first three characteristics depend only upon the hull geometry and are affected
neither by the density of the water nor by the weight of the ship. The following three
features depend greatly on the weight density of the water, with the MTC being
additionally related to the vertical position of the ship’s centre of gravity.

In the hydrostatic curves, the draft is usually placed on the vertical axis
and dependent quantities are plotted on the horizontal one. However, as these quantities
are given in different units and widely varying magnitudes, the usual practice is to scale
them by power of 10 (or other factor) to fit graphically on the plot.

The hydrostatic table would usually contain some additional properties, such
as longitudinal metacentric height (KML), wetted surface area (WSA) or waterplane area

(WPA), as well as some geometrical coefficients.
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6.2. Hydrostatic Characteristics of the Fishing Vessel
6.2.1. Input Ship Data

The hydrostatic characteristics of the investigated fishing vessel are calculated
by means of TRIBON Initial Design software, which is a naval architecture CAD/CAM
family of programs widely used in shipbuilding and offshore industry. The Calc Module
of TRIBON provides the main tool by which the hydrostatics, stability and other routine
naval architecture calculations can be performed, allowing the designer to assess
the hullform characteristics as well as the effects of internal arrangements and loading.

To obtain the hydrostatic results, the designer is first obliged to introduce some
general ship data which, together with the input hull geometry model, provides the basic
data for many subsequent activities. Hydrostatic particulars can then be calculated
for the main hull (including appendages, if defined) for either moulded or extreme drafts,
for a range of draft, and for a single combined trim and heel condition. In the phase
of initial design of the fishing vessel, the range of moulded drafts from 0 — 3 meters with
the increment of 0.25 m have been introduced. Additionally, the design draft (2.58 m) have
been implemented as additional input draft. The pivot point along the x-axis has been
chosen to be placed in the amidships, e.i. at the distance of 12.5 m from the aft
perpendicular. The calculation is performed for the calm water conditions (no waves)
for a non-trimmed vessel. The ship is equipped with a conventional type of rudder
of 2.88 m? planform area with the shaft line situated at the aft perpendicular. All the input

data for the hydrostatic calculation have been gathered in the table below [Table 9].

Table 9. Fishing vessel input data for the hydrostatics calculation

Length overall [m] 32.7
Length between perpend. [m] 25
Breadth moulded [m] 8
Depth moulded [m] 6.8
Design draft [m] 2.58
Range of drafts [m] 0-3
Rudder area [m?] 2.88
Water density [t/m’] 1.025
Water temperature [°C] 15
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6.2.2. Output of the Hydrostatics Computation

The results of the hydrostatics computation are presented to the designer in both
graphical and tabular form. The graphics include the Hydrostatic Curves diagram [Fig. 24]
and the Sectional Area Curves (a.k.a Bonjean Curves) [Fig. 25], whereas the tables consist
of detailed hydrostatic characteristics and additional properties of the fishing vessel

[Table 10] as well as values of sectional areas at various waterlines [Table 11].

DOraft - metres

T T
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0s 1.0 1.5 2.0 2.5 2.0 2.8
e MTC
T T T T T T
100 10.5 11.0 1158 12.0
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== KMT 2= (B

Fig. 24. Hydrostatic Curves of the fishing vessel

61  “EMSHIP” Erasmus Mundus Master Course, period of study: September 2010 — February 2012



Krzysztof Patalong

5.00 metres

6.80 metres
4. 50 metres
- 0.00 metres = 080 metres —— 1.00metres —1- 1.90 mefres - 2.00 metres = 2.0 metres

jen)

6.50 metres

20

3580 metres —=— 4.00 metres

5.50 metres 5.00 metres
Sectional Area - si.metres

—— 258 metres —3- 3.00 metres
L]

Distance from Origin- metres

Fig. 25. Bonjean Curves of the fishing vessel

With the results given in Tables 10 and 11, the basic hullform coefficients can be
calculated for the vessel at the design draft:
e the block coefficient, Cg, determining the fullness of the submerged hull, is obtained
as follows:

vV 29222
p-L-B-T 1.025-25-8-2.58

C, =0.553 (59)

e the waterplane area coefficient, Cy, expressing the fullness of the waterplane

at a design draft, can be obtained with the following formulae:
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WPA  165.32
L-B 25-8

Cy = =0.827 (60)

the midship section coefficient, Cy, describing the fullness of the underbody, is given
by:

_ A, 17503
M B.T 8.258

=0.848 (61)

finally, the prismatic coefficient, Cp, being used to evaluate the distribution

of the volume of the underbody, can be written as the ratio between Cg and Cy:

C, _Ce 0588 _ 65 (62)
C, 0.848

Table 10. Hydrostatic characteristics of the fishing vessel at a certain draft

Draft Dispt LCB VCB WPA LCF  EML EMT Wsa TPC MIC
) ) () ™) G ) ) (e"2) (om) (-miom)
0.25  6.07 10478 0.158 43.58 11.425 124.585 6.316 4676 045 030
0.50) 2248 11.568 0.326 B80.8% 12.257 73.949 9.178 87.94 083 066
0.75 4569 11.994 0.480 98.70 12.507 52.803 6.738 111498 101 096
100 72.58 12,199 0.627 110,70 12,565 41.525 5522 13030 113 119
1.25 102.25 12.299 0.772 120.31 12,502 34.397 4901 14769 123  1.38

150013399 12327 10,915 127,16 12,320 25604 4406 16436 1.30 1.54
175116740 12,292 1.057 133.65/12.041 26588 4113/ 181,53 1.57 171
200120252 12,226 1,197 14048 11.71% ) 24901 3942 15942 1.44 1.92
2,25 23252 12120 1.342 148,52 11,3458 | 24450 38592 21858 1.52 221
250 278,91 11.975 1,485 15951 10,806 | 25663 36545 24183 1.64 2770
2508 29222 11,915 1.536 16532 10477 27150 3 858 252 83 1.69 299
2753220011753 1,641 17485 5867 28,993 3881 27206 1779 352
00 36725 11,534 1,793 178,14 2997 267709 3835 28916 1.83 366

It can be observed that the above coefficients, Cg and Cy differ slightly from

the main characteristics of the experimental model. The main reason for this is that at

the design stage, the numerical computation has been performed for a non-trimmed vessel.

Additionally, the above coefficients have been obtained on the basis of the hydrostatic
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calculation of TRIBON, where the numerical model of the ship can be slightly different

from the experimental one.

Table 11. Sectional areas of the fishing vessel
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7. MANOEUVRABILITY PERFORMANCE PREDICTION IN THE INITIAL
DESIGN PHASE

7.1. TRIBON Powering Calculation
7.1.1. Resistance of the Fishing Vessel

The Powering Module of TRIBON incorporates a number of well-proven empirical
methods to estimate the resistance of a given hullform and its appendages, which will be
subsequently used to predict the manoeuvring performance of the vessel.

The hydrodynamic calculation is done on the basis of the loading condition described
in the previous chapter. However, additional information need to be introduced in order
to obtain the most reliable results. One of them would be the appendage resistance factor
(1+kz) which allows to take into account the hydrodynamic performance of various types
of appendages. Basing on the values provided by Holtrop & Mennen [13], the resistance
factor for the rudder behind the skeg of the fishing vessel has been given a value of 1.750.

TRIBON provides various empirical methods to estimate the ship’s resistance.
However, some of them would only give accurate results for a certain types of vessels.
Among them the two following methods, anticipated to give the most precise results, have
been chosen to assess the resistance of the fishing vessel:

e Holtrop & Mennen method, with accuracy claimed to be satisfactory for 95%

of the cases as long as the following hull parameters are preserved:

for trawlers, coasters, tugs: Fn <0.38 0.55<Cp<0.65 3.9<L/B<6.3 2.1<B/T<3.0

¢ Van Oortmerssen method, generally developed to estimate the resistance of small ships

such as trawlers or tugs. The limitations of this method are as follows:

Fn<050 050<Cp<0.73 3.0<L/B<6.2 1.9<B/T<4.0 8.0=<Lw <80.0

To validate the choice of the resistance calculation method, the following hull
parameters of the investigated vessel have been found:
Fn=039 Cp=0652 LB=31 BMT=31 Lyw=267m
It can be noticed that all the above parameters fit well within the range of Van
Oortmersen method, whereas at the same time all of them slightly exceed or fall below

the scope concerning the Holtrop & Mennen method.
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However, as both of the above-mentioned methods have been initially developed

to provide the resistance of a fishing vessel,

both of them have been used

in the computation process. The results have then been verified by comparing them with

the ones obtained during the experiments performed in a towing tank and extrapolated into

a full scale vessel [Table 12, Fig. 26].

Table 12. Empirical and experimental results of the fishing vessel resistance

Speed [kn] Ship resistance [KN] [ Ship resistance [KN] | Ship resistance [KN]
Holtrop & Mennen Van Oortmerssen Experimental

6 5.13 4.57 6.7
7 7.02 6.42 9.4
8 9.55 9.02 13.1
9 13.56 17.18 19.5
10 19.01 24.03 27.5
11 25.34 33.89 38.4
12 36.75 64.21 59.2
13 57.53 104.45 N/A
14 79.58 138.03 N/A

It can be observed [Fig. 26] that the resistance results obtained by means

of the Holtrop & Mennen method differ quite significantly comparing with two other

methods. At the same time, some similarities between the curves indicating the resistance

results obtained with VVan Oortmerssen and experimental method can be noticed, since both

curves represent quite similar trend. Additionally, the numerical values of these methods

are fairly comparable, whereas the ones given by Holtrop & Mennen method vary

considerably, especially for the velocities over 10 knots [Table 12]. For these reasons,

the Van Oortmerssen empirical method seems to be much more accurate for this type

of vessel.
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Fig. 26. Resistance comparison: experimental and empirical methods

7.1.2. Propulsion of the Fishing Vessel

Apart from the resistance calculation, the Powering Module of TRIBON facilitates
the reliable estimation of the powering characteristics for a given hullform. The propeller
characteristics are determined using standard series data of Wageningen B-Series
and Gawn-Burril Series. The propulsion factors (wake fraction, , thrust deduction
fraction, t and relative rotative efficiency, »#gr) can be obtained by different empirical
methods including Holtrop & Mennen as well as VVan Oortmerssen method. Furthermore,
on the basis of the input data and methods chosen, the basic propeller optimization
is performed.

The input data for both calculation methods is presented in Table 13.
The Wageningen B-series has been chosen as a reference data, as it is known to be suitable
for classical vessels, whereas the Gawn-Burril series propellers are more appropriate

for the higher loading conditions of warships.
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Table 13. Propeller design input data

Design speed [kn] 12

Propeller diameter [m] 1.8

Number of blades 4

Pitch fixed

Shaft height [m] 1.2

Min. effective BAR 0.7

Cavitation safety factor 1
Transmission efficiency 0.941

Propeller series Wageningen B-series
Optimisation mode by given speed and diameter

The propeller optimization process checks the proposed design against cavitation.
For this reason, the shaft height (measured from the keel to the centre of the propeller shaft)
needs to be introduced, from which the cavitation number is calculated. By interpolating
the cavitation line with the value of the cavitation number, a minimum allowable value
of blade area ratio is obtained. The program then ensures that the actual blade area ratio is
greater than the minimum allowable value multiplied by the user-specified cavitation safety
factor.

Using the resistance estimation and propulsion factors derived, the propeller
characteristic is interpolated at each speed using the appropriate value of K/J% This
provides the appropriate advance coefficient and open water efficiency at each speed from

which the propeller RPM and delivered power are obtained from the following calculation:

P. =R -V -(1+SVC /100) (63)
ny =1-1)/(1-w) (64)
Mo =(J-K)1(2Kyo) (65)
T = Koo / Kog (66)
Mo =10 Ty *TIg (67)
N =60-V -(1-w)/ (J - D) (68)
P =P./p, (69)
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Ro=Fy Iy (70)

where V is the ship speed, Ry the total ship scale appended resistance, SVC the service
margin, Pe the effective power, t the thrust deduction fraction, o the wake fraction,
J the advance coefficient, Ky the thrust coefficient, Koo the open water torque coefficient,
Kos the behind torque coefficient, ny the hull efficiency, o the open water efficiency,
nr the relative rotative efficiency, #p the quasi propulsive efficiency (QPC),
nt the transmission efficiency, N the rotations per minute, Pp the delivered power and
Ps the shaft power.

After running the calculation process, the following characteristics of the optimum

propeller, presented in the Tables 14 and 15, have been proposed:

Table 14. Optimum propeller (H&M method)  Table 15. Optimum propeller (VO method)

Diameter 1.800 metres Diameter 1.800 metres
Pitch ratio 0937 Pitch ratio 0.941

Effective BAR 0.700 (0596 min) Effective BAR (.881 (0.880 min)
Local Cavitaionno  0.632 Local Cavitation no 0,448

Thrustload. coeff.  0.176 (0.207 max) Thrust load. coeff. = 0.167 (0.167 max)
Kt/J"2 0.685 KtI"2 1.057

Adv. coeff ] 0558 Adv. coeff ] 0486

Thrust coeff. Kt 0213 Thrust coeff. Kt 0.250

Torque coeff. Kq 0.0338 Torque coeff. Kq 0.0394

Open water eff. 0.558 Open water eff. 0491

Accordingly, the following powering results of the investigated fishing vessel have
been obtained [Table 16 and 17] together with the graphical output of effective and shaft
powers [Fig. 27 and 28].
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Table 16. Speed-Power results — Holtrop & Mennen method

Speed  Pe THDF WEFT ETAR ETAO QPC | Ps RPM
kts (KW (kW)
6.000 15 0.236 0.259 0994 0624 0639 26 116.28
7.000 25 0236 0258 0994 0624 0638 4213590
8000 39 0236 0.257 0994 0620 0634 65 157.00
9000 62 0236 0256 0994 0608 0622 107 18228
10000 97 0236 0.256 0994 03594 0607 171 210.01
11.000 143 0.236 0255 0994 0583 0.595 25523750
12000 226 0.236 0255 0994 0558 0.569 423 27533
13.000 384 0236 0255 0994 0518 0528 774 32749
14000 572 0236 0254 0994 0493 0502 1213 37479
Table 17. Speed-Power results — Van Oortmerssen method
Speed  Pe THDF WEFT ETAR ETAO0 QPC Ps RPM
kts  (KW) (kW)
6000 14 0251 0212 1.102 0623 0653 22 11764
7.000 23 0240 0214 1.090 0622 0655 37 137.63
8000 37 02300216 1076 0618 0652 60 15946
9.000 7902220217 1.061 0.583/0.615 13719836
10,000 123 0215 0.219 1.045 0570 0599 21922740
11.000 1910210/ 0.221 1.029 05520576 35326078
12.000 396 0206 0.223 1.011 0490 0306 831 32957
13.000 698 0.203 0.224 0.993 0444 0453 1639 39973
14.000 993 0.202 0.225 0974 0425 0426 2476 45127

It can be easily observed on the below figures, that both effective and shaft powers

calculated on the basis of Van Oortmerssen method are much higher (almost double)

for the design speed comparing to the results obtained with the Holtrop & Mennen method.

To verify the obtained

results and to choose the most

reliable method

for the manoeuvring performance calculation, the comparison between the empirical and

experimental results has been subsequently performed [Table 18, Fig. 29 and 30].
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Table 18. Empirical and experimental results comparison of effective power and rpm

Speed Effective power [KW] Propeller revolutions [rpm]
[kn] | H&M method | VO method | EFD | H&M method | VO method | EFD
6 15.0 14.0 20.7 116.3 117.6 129.2
7 25.0 23.0 33.7 135.9 137.6 150.2
8 39.0 37.0 53.7 157.0 159.5 172.5
9 62.0 79.0 90.0 182.3 198.4 204.5
10 97.0 123.0 141.4 210.0 227.4 236.8
11 143.9 191.0 217.1 237.5 260.8 274.0
12 226.0 396.0 365.0 275.3 329.6 328.9
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Fig. 29. Effective power comparison

Fig. 30. Propeller revolutions comparison

It can be noted from the figures above that, similarly to resistance estimation,

the Van Oortmerssen calculation method gives the results much more comparable

to the experimental ones than the Holtrop & Mennen method. For this reason the following

manoeuvring performance prediction of the fishing vessel will be estimated basing

on the results obtained by the Van Oortmerssen method.
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7.2. TRIBON Manoeuvring Performance Estimation
7.2.1. Manoeuvring Module of TRIBON

The Manoeuvring Module of TRIBON has been developed to predict the ship
manoeuvring characteristics in the early design stages. The methods employed are
of semi-empirical formulation type. The program calculates the hydrodynamic derivatives
of the manoeuvring equation, ship resistance, propeller thrust and rudder forces and
moments. The differential equations of ship motion in the horizontal plane are solved
numerically in the time-domain to simulate the ship manoeuvring motion for certain rudder
movements.

All the following manoeuvring simulations have been performed in a deep water
conditions at the design speed. The input data concerning the vessel is the one obtained

in Hydrostatics and Powering Module.

7.2.2. Turning Circle Manoeuvre

The Turning Circle manoeuvre has been simulated with the maximum rudder
deflection (35 deg.) to portside. The output data, given in a graphical as well as tabular
form, is presented below [Fig. 31, Table 19]. To allow easier comparison with other

available data, the output results are given in a non-dimensional form.

Table 19. Summary of the turning circle test

Advance/L at 90 deg 4.24
Transfer/L at 90 deg -1.84
Tactical diameter/L at 180 deg -4.01
Steady turning diameter/L - -3.03
Steady drift angle [deg] - -14.14
Speed/Approach speed at 360 deg 0.60
Time [sec] at 360 deg 70.00
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Fig. 31. Turning trajectory of the fishing vessel in deep water

It can be observed that the obtained results are lower than the maximum values
imposed by IMO regulations, so the vessel has “passed” the turning circle test.
The graphical instability met at around 190 degrees is probably caused by some
of the vessel’s characteristics that do not comply with the requirements imposed

by the program on the vessels to be investigated [see 7.2.2. Limits of Applicability].
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7.2.3. Zig-Zag Manoeuvre

The Zig-Zag manoeuvre has been run for the 10 degrees rudder angle as well as
10 degrees heading check angle. Thie initial ‘zig’ has been performed in portside with
the output data presented below [Fig. 32, Table 20].

The IMO requirements concerning in this manoeuvre the maximum value of first

and second overshoot angle are fulfilled.

Table 20. Summary of the zig-zag test

Characteristics Numerical result | IMO max. value
1% overshoot angle [deg] 10.31 10.00
2" overshoot angle [deg] 14.21 25.00
Period [sec] 48.00 -
Initial turning time [sec] 8.00 -
1° time to check yaw [sec] 6.00 -
Time to 1* max. heading angle [sec] 14.00 -
Reach time (0 deg. heading angle) [sec] 26.00 -
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Fig. 32. Zig-zag characteristics of the fishing vessel in deep water
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The reverse spiral manoeuvre has been performed to determine the directional

stability of the fishing vessel. Calculation has been carried out for port and starboard sides

for the rudder angles from 15 to 35 degrees with intervals of 5 degrees. The results, proving

the dynamic stability of the ship, are presented in a tabular [Table 21] as well as graphical

form [Fig. 33] below.

Table 21. Reverse spiral test values

Starboard Rudder Deflection Portside Rudder Deflection

Rudder Yaw Yaw Ship Rudder Yaw Yaw Ship

angle rate rate speed / angle rate rate speed /
[deg] [deg/sec] | [non.dim.] | Approach [deq] [deg/sec] | [non.dim.] | Approach

speed speed
0.00 -0.02 -0.00 1.00 0.00 0.00 0.00 1.00
0.50 0.65 0.06 0.83 -1.54 -0.60 -0.05 0.82
4.07 1.05 0.09 0.79 0.02 -1.44 -0.13 0.77
6.26 1.46 0.12 0.84 -6.36 -1.61 -0.14 0.85
8.37 2.19 0.18 0.84 -8.97 -2.17 -0.18 0.86
12.19 2.79 0.23 0.85 -11.78 -2.79 -0.23 0.85
15.00 3.93 0.31 0.89 -15.00 -4.00 -0.32 0.89
20.00 4.59 0.39 0.83 | -20.00 -4.73 -0.40 0.83
25.00 5.05 0.47 0.76 -25.00 -5.17 -0.48 0.75
30.00 5.44 0.56 0.69 | -30.00 -5.35 -0.56 0.68
35.00 5.57 0.64 0.62 -35.00 -5.66 -0.67 0.60
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Fig. 33. Reverse spiral manoeuvre of the fishing vessel in deep water

Additionally, the following output data [Table 22] has been obtained for all
the above mentioned manoeuvres:

Table 22. Propulsion point at manoeuvring speed

Wake fraction 0.220
Thrust deduction fraction 0.212
Propleller RPM 304.53
Total ship resistance [KN] 49.48
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7.2.5. Limits of Applicability

In the author’s opinion, the main limitation of the Manoeuvring Module
is the estimation of ship resistance [Table 22], which is done with the use of BSRA?
Methodical Series. The user is not given a choice to perform the calculation with other
methods, even though the resistance computation in the Powering Module was done
by means of different method. The same problem occurs when estimating the wake fraction
and thrust deduction in a straight ahead motion in deep water. Additionally, the BSRA
Methodical Series uses the analysis of Methodical Series Experiments on Single-Screw
Ocean-Going Merchant-Ship Forms with the block coefficient 0.55 < Cg < 0.85,
the conditions not every investigated ship can fulfill. The other observed disadvantage is
that in the Manoeuvring Module, only the conventional rudders are considered, whereas
the other modules allow the user to choose between the conventional, Becker or Schilling
rudder type.

Apart from the above-mentioned disadvantages, the Manoeuvring Module
of TRIBON has the below-presented limits introduced for simulating the merchant ship
manoeuvring performance [Table 23]. It just needs to be added that the manoeuvring
calculations in TRIBON are based on mathematical models derived from regression
analysis of data sets of manoeuvring characteristics. However, as these data sets were used
for the analysis of merchant and naval vessels only, the fishing vessel has to be considered
in this case as a merchant vessel.

It can be observed that two characteristics of the fishing vessel (L/B and L/T ratios)
do not comply with the requirements imposed by the program on the merchant vessels.
This might be one of the reasons for unstable result of the turning circle performed
by TRIBON Manoeuvring Module.

? BSRA: British Shipbuilding Research Association
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Table 23. Merchant ship limits

SHIP Min. value: Max. value: Fishing vessel | OK?
Block coefficient (Cg) 0.480 0.850 0.553 | YES
Length/Beam (L/B) 4.0 8.0 31| NO
Length/Draft (L/T) 13.66 40.11 9.69 | NO
Beam/Draft (B/T) 2.15 6.247 3.1| YES
LCG from midships/Length -0.050 0.057 -0.023 | YES
Draft 0.67*Prop. diam. - 258 | YES
RUDDER Min. value: Max. value: Fishing vessel | OK?
N-r of rudders 1 4 1| YES
Rudder Area/Length*Draft
(ALT) - 0.075 0.045 | YES
Rudder height 0.75*Prop. diam. | Mean draft - Trim 2.2 | YES
Aspect Ratio 0.75 2.80 1.68 | YES
Rudder rate [deg/s] 1.0 7.0 2.14 | YES
PROPELLER Min. value: Max. value: Fishing vessel | OK?
N-r of propellers 1 3 1| YES
N-r of blades 3 5 4| YES

7.3. Manoeuvring Prediction Program MPP1

To verify the TRIBON Initial Design predictions of the manoeuvring characteristics
at the preliminary design stage, additional computations have been performed by means
of Manoeuvring Prediction Program MPP1 developed in the Department of Naval
Architecture and Marine Engineering of University of Michigan, USA.

MPP1 is aimed to be used at the parameter stage of design, before a detailed hull
concept is developed and offsets available. MPP1 uses methods given by Clarke et al
to assess the course stability, turnability and controllability by a helmsman as well
as the regression results of Lyster and Knights to estimate the turning circle characteristics

of a displacement vessel.
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The input data to the MPP1 program, taken from the hydrostatics characteristics
of the vessel, is given in the Table 24:

Table 24. MPPL1 input data

vessel characteristics:

length of the waterline (LWL) 26.728 m
max. beam (B) 8.0m
forward draft (T¢) 258 m
aft draft (Ta) 2.58'm
block coefficient on LWL (Cg): 0.565
longitudinal center of gravity (LCG) in % LWL 28%

from amidships, +ve foreward

yaw radius of gyration Ka; (as a fraction of LWL)

0.25 (default value)

difference of bow profile from a plumb bow
(as a fraction of LWL*T)

0.01

steering characteristics:

total rudder area (Ag) as a fraction of LWL*T

0.04

steering gear time constant (Tg)

2.5 sec (default value)

center of effort of rudder (Xg) in % LWL
from amidships, +ve aft

49% (default value)

number of propellers

1

single screw stern type

closed

operating conditions:

water depth to ship draft ratio (H/T)

1000 (default value)

initial or reference vessel speed (V) 12 kn
water properties:
type and temperature of water salt, 15°C

It should be noted that the MPP1 program, opposite to TRIBON, computes the results

on the basis of length of the waterline (LWL) instead of length between
perpendiculars (LPP). Resulting from this, all the non-dimensional values obtained from
MPP1 are presented by dividing the dimensional ones by LWL. These results, compared

with the ones provided by TRIBON as well as IMO requirements are presented in Table 25:
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Table 25. MPP1 and TRIBON results comparison

% Difference IMO | MPP1/ TRIBON

MPP1 | TRIBON TRIBON/MPP1 | max. vs. IMO
non-dimen. Advance 3.04 4.24 28.3% 45 YES/YES
non-dimen. Transfer 1.60 1.84 13.0% - -
non-dimen. Steady Turning 236 303 291 % ) )
Diam.
non-dimen. Tactical 3.35 4.01 16.5 % 5.0 YES/ YES
Steady Speed in Turn/App. 0 i i
Speed 0.40 0.60 33.3%
Directional Stability (C > 0) NO YES - - -

7.4. Observations and Discussion

The main goal of using TRIBON
to investigate whether the input data of main dimensions of the vessel only (initial design

Initial Design and MPP1 program was

stage) can lead to a reliable first hydrodynamic results. However, it have been found that

the existing codes are still unreliable providing results of a significant differences,

especially for the unusual types of hull [Table 25].

In author’s personal opinion, some more research should be performed concerning

the initial design manoeuvring programs. Additionally, special attention should be put

to estimation of the hydrodynamic characteristics of the uncommon hull shapes, like

the investigated fishing vessel, with double hard and rather small length, which makes them

operate at relatively high values of Froude number.
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8. TIME-DOMAIN SIMULATION CODE FOR STANDARD SHIP
MANOEUVRES

8.1. Introduction of the Problem

In order to apply theoretical calculations in different design stages, the numerical
code, validated by the experimental tests, has been developed as a result of cooperation
of two research and academic institutions: Naval Architecture Faculty of the “Dunarea
de Jos” University of Galati, Romania and Department of Naval Architecture, Ocean
and Environmental Engineering of the University of Trieste, Italy.

As far as the investigated fishing vessel is concerned, the Planar Motion Mechanism
experiments had been performed in order to evaluate the hydrodynamic derivates, which
have been subsequently implemented in the simulation model.

As there are only a few full nonlinear simulation models of merchant vessels e.g.
VLCC tanker, ro-ro passenger, container, ferry, etc. known in literature (Bertram, 2000;
Nielsen et al., 2001; Lee and Fujimo, 2003), this model, if reliable, can be used as
a benchmark for further investigation on the fishing vessels hydrodynamic performances.

The simulations results, as well as their verification with the experimental data,

are presented in the current chapter.

8.2. Hydrodynamic Derivatives Estimation

Ship steering and manoeuvring can be described by a system of simultaneous
equations of motion in the horizontal plane (eq. 13). The terms in these equations which
represent the hydrodynamic forces and moments acting on the vehicle are often expanded
in Taylor series about some convenient reference condition (eqg. 15, 16). For a surface ship
this reference condition is usually chosen to be the equilibrium condition of forward motion
at constant speed U,. The partial derivatives of these forces and moments are known
as hydrodynamic coefficients or hydrodynamic derivatives [15].

There are 36 first order hydrodynamic coefficients which could be evaluated
to describe the dynamics of the ship. However, as most of the ships are symmetric about

the x-z plane, many of these coefficients tend to be equal to zero.
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Different methods have been developed to estimate these derivatives. Clarke (1998)
has undertaken an extensive research of all 36 linear hydrodynamic coefficients and
succeeded to develop empirical formulas basing on regression analysis of experimental
data. Using Clarke’s method (eq. 39), the hydrodynamic derivatives of the investigated
fishing vessel has been found [Table 26] and compared with the measured ones
[Table 27] obtained by means of a standard Planar Motion Mechanism model tests in still
water (Obreja, 2001).

Even though the method is regarded as quite simple and based on the principal
dimensions of the ship and rudder attached (LPP, B, Ty, Cg), it has been found to provide
satisfactory results of hydrodynamic derivatives estimation. The numerical results fall
in the same range as experimental ones with only one numerical derivative having opposite
sign as its experimental equivalent. For this reason it can be concluded that estimation
of the various hydrodynamic derivatives by analytical means is possible and, accordingly,
reliable prediction of ship steering and manoeuvring can be made in the early stages of ship

design.

Table 26. Fishing vessel’s hydrodynamic derivatives by Clarke method

Derivative of sway force with respect to sway acceleration Yy -0.0255134
Derivative of sway force with respect to angular acceleration Y -0.0061119
Derivative of yaw moment with respect to sway acceleration Ny -0.0075238
Derivative of yaw moment with respect to angular acceleration N/ -0.0002673
Derivative of sway force with respect to sway velocity Yy -0.0572792
Derivative of sway force with respect to angular velocity Yo 0.0014743
Derivative of yaw moment with respect to sway velocity Ny -0.0250164
Derivative of yaw moment with respect to angular velocity N, -0.0064150
Derivative of sway force with respect to rudder angle Ys 0.0138336
Derivative of yaw moment with respect to rudder angle N; -0.0069168

83  “EMSHIP” Erasmus Mundus Master Course, period of study: September 2010 — February 2012



Krzysztof Patalong

Table 27. Numerical and experimental derivatives comparison

Derivative | Measured value | Computed value
x 10° x 10°
\ -2551.34 -991.90
Y, -611.19 -1259.97
N, -752.38 867.83
N/ -26.73 -211.09
Yy -5727.92 -4539.40
Y, 147.43 4158.40
N, -2501.64 -1793.60
N, -641.50 -7143.77
Ys 1383.36 624.70
N; -691.68 -278.00

8.3. Stability Criteria

Basing on the computed hydrodynamic derivatives and additional data concerning
vessel’s main parameters: LPP, LCG, vessel’s weight and yaw radius of gyration,
the stability criteria has been evaluated on the basis of the Abkowitz model (eg. 18). In this
case, the vessel has been found to be directionally unstable with the stability parameter, C,
having negative value: C = -0.645x 10°. Similar results of unstable ship have been obtained
using the preliminary design code, MPP1 [see 7.3].

However, with the hydrodynamic derivatives measured during the PMM model test
and introduced into the simulation code, the vessel has been found to be directionally stable
with the stability parameter equal to: C = 0.176x10°. Additionally, this results is
in a good agreement with the positive dynamic stability parameter found by means
of TRIBON Initial Design program [see 7.2.4].
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8.4. Time-domain Simulation

The manoeuvres at high rudder deflection angles require the consideration
of nonlinear hydrodynamic and inertial components. This can only be done by the use
of nonlinear hydrodynamic models, which include higher order terms of Taylor’s series
expansion of the hydrodynamic external forces and moments.

The main difficulty in creating a reliable theoretical manoeuvring model comes from
the lack of knowledge of these forces and moments applied on the hull. The known thing
is that their magnitude is directly related to the properties of the body and fluid, ship motion
and rudder deflection [17].

In the investigated code, the general form of the nonlinear model, represented
by the set of differential equations (eq. 26), has been used, including the certain functions
(f1, T2, f3) containing hydrodynamic derivatives (eq. 27, 28, 29). Additionally, the hypothesis
of symmetrical body was considered, which reduces the number of derivatives different
from zero. The higher order terms of the acceleration as well as the coupled speed-
acceleration terms have been neglected (Abkowitz, 1964; Chislett and Strom-Tejsen, 1965).

The trajectory developed by the fishing vessel during the simulation of a turning
circle test is shown on Fig. 34, whereas Table 28 compares the numerical characteristics
of the manoeuvre with the experimental ones as well as with the values obtained with initial
design manoeuvring programs and IMO limits.

Similarly, the graphical and numerical results of the time-domain simulations,
additionally compared with the experimental results, are presented for the 10°/10° zig-zag
manoeuvre [Fig. 35, Table 29] and the direct spiral test [Fig. 36, Table 30].

Table 28. Characteristics of the turning circle test (6 = -35°)

CHARACTERISTICS | SIMUL. CODE TRIBON MPP1 IMO MAX.
Advance/L [m] 3.44 4.24 3.04 4.5
Transfer/L [m] 1.39 1.84 1.60 -
Tactical diameter/L [m] 3.04 4.01 3.35 5.0
Steady diameter/L [m] 3.02 3.03 2.36 -
Steady drift angle [deg] 8.10 14.14 - -
Speed/Approach speed 0.59 0.60 0.40 -
Stability criterion, C 0.000176 +ve -ve -
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Fig. 34. Turning circle simulation result
Source: Identification of hydrodynamic coefficients for manoeuvring simulation

model of a fishing vessel, Ocean Engineering 37, 2010
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Fig. 35. Zig-zag manoeuvre simulation and experimental results
Source: Identification of hydrodynamic coefficients for manoeuvring simulation
model of a fishing vessel, Ocean Engineering 37, 2010

Master Thesis developed at the “Dunarea de Jos” University of Galati 86



Standard Manoeuvres Simulation of a Fishing Vessel

Table 29. Simulated and measured zig-zag manoeuvre (10°/10°) results

CHARACTERISTICS SIMULATION MODEL TRIBON IMO
CODE TEST MAX.
1% overshoot angle [deg] 11.3 11.3 10.3 10.0
2" overshoot angle [deg] 16.0 11.9 14.2 25.0
Initial turning time [sec] 0.8 - 8.0 -
Time to 1° max. heading [sec] 17.0 - 14.0 .
Reach time [sec] 28.0 - 26.0 -
. 8 —
v (deg/s)
Port . Starboard
I I I I hd I I I I I I
-30 -25 -20 -15 -10 -5 ¢ 5 10 15 20 25 30
-2 d (deg)
Simulation code
o Experiment 4
o) Tribon M2 i O o
-6 P
-8 -
Fig. 36. Direct spiral test simulation and experimental result
Source: Identification of hydrodynamic coefficients for manoeuvring simulation
model of a fishing vessel, Ocean Engineering 37, 2010
Table 30. Controls-fixed straight line stability comparison
CHARACTERISTIC | SIMULATION | MODEL TEST TRIBON MPP1
CODE
Vessel condition stable stable stable unstable
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8.5. Verification of Hydrodynamic Derivatives Influence on the Standard
Manoeuvres Parameters

The previously described time-domain simulation code of the standard manoeuvres
(see 8.4) uses the non-linear mathematical model (eq. 26) based on 23 hydrodynamic
derivatives obtained experimentally by means of PMM tests (Obreja, 2001). Having found
a good agreement between numerical and experimental results of the standard manoeuvres,
the verification of the importance of each hydrodynamic derivative on the final
manoeuvring parameters have been investigated.

It has been observed that the influence of the hydrodynamic derivatives on
the manoeuvring performance of the vessel is not constant and differ significantly between
different manoeuvres. Having all the 23 derivatives investigated, they have been finally
divided into two groups, basing on their influence on obtaining correct simulation results.
Table 31 presents the derivatives proving a significant importance for most of the results
obtained by means of the applied mathematical model, whereas Table 32 tabulates

the derivatives with minor or no influence on the investigated manoeuvring parameters.

Table 31. Hydrodynamic derivatives with major influence of the manoeuvring performance

Hy dro_ dyn_amic Turning circle test thge—sztag S{)ei ;’tal ?rtﬁgiliig
derivative _ C

T_actlcal Advance | Transfer Overshoot Rate_of
diameter angles heading

Yy Yes Yes Yes Yes No No

Y; Yes Yes Yes Yes No No

Yy Yes Yes Yes Yes Yes Yes

Y, Yes No Yes Yes Yes Yes

Ys Yes Yes Yes Yes Yes No

N; Yes Yes Yes Yes No No

N, Yes Yes Yes Yes Yes Yes

N, Yes Yes Yes Yes Yes Yes

Ns Yes Yes Yes No Yes No

Nyr Yes Yes Yes No Yes No

Nuws Yes Yes Yes No Yes No

N sy Yes Yes Yes No No No
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T able 32. Hydrodynamic derivatives with minor influence of the manoeuvring performance

L Zig-zag . -
. Turning circle test Spiral Stabilit
Hydrodynamic 9 test E)est ori terio)rﬁ
derivative C
Tactical Overshoot Rate of
. Advance | Transfer .
diameter angles heading
Xw No No No No No No
Xss No No No No Yes No
Xys No No No No Yes No
Yow No No No No No No
Y sss No No No No No No
Your Yes No No No Yes No
Yws Yes No Yes No No No
Y ssv No No No No No No
Ny No No No Yes No No
Now No No No No No No
N sss No No No No No No

8.6. Observations and Discussion

As mentioned before, the mathematical model used in the code includes terms
up to the third order only. The higher order hydrodynamic derivates have been neglected
not only due to limited accuracy of the measurement techniques (Chislett and Strom-
Tejsen, 1965), but also in order to create a simple design tool for estimating the horizontal
motions of fishing vessels. However, in spite of neglecting the higher order terms,
a satisfactory correlation between numerical and experimental results has been found.

The positive value of the dynamic stability parameter, C, calculated on the basis
of hydrodynamic derivatives, presents a very good agreement with the results of
the experimental spiral test.

Good correlation between the value of the ship’s drift angle and the loss of speed
(greater drift angle = greater speed losses) can be found in the turning circle simulation
results [Appendix 2].

Plotted numerical and experimental results of the spiral test and zig-zag manoeuvre

[Fig. 35 and 36] present similar hydrodynamic behavior of the ship in the same certain
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conditions. However, in both cases (simulation code and experimental investigation),

the recommendations of IMO are not fulfilled for the first overshoot angle.

The 23 hydrodynamic derivatives applied in the non-linear mathematical model show

miscellaneous influence on the standard manoeuvres simulation results. Twelve of them

prove a significant importance on the manoeuvring parameters, whereas other eleven

derivatives show minor or no influence on the final results. The more detailed conclusions

on the hydrodynamic derivatives importance can be defined as follows (Obreja, 2010):

the linear derivatives Y,,N, and N, have a major influence on all results given by
the proposed mathematical model,

the linear derivatives Y,,Y;,Y,,Y;,N;,Nsas well as the nonlinear ones N,, and N,
have a significant influence on the results. Hence, only Y, is influencing the stability
criterion, but does not have any influence on advance parameter; v,,Y, and N, are not
practically influencing the spiral tests results and N,,N,,and N, are not affecting
the values of the overshoot angle;

the nonlinear derivatives Y.

wWr

Y,sand Ny, have a significant influence on the results

of the gyration test, mainly on the tactical diameter;

the nonlinear derivatives X, and X,s have a clear influence on the rate of heading
of spiral tests while the linear derivative N, is affecting only the value of the overshoot
angle;

the nonlinear derivatives X, Yoy, Vs, Vs Now @nd Ngs do not have any significant

influence on the investigated parameters.
However, the mathematical model cannot be simplified by neglecting simultaneously

the above mentioned derivatives due to their influence on the gyration and spiral tests

results. In such a case 3% lower values of the tactical diameter and 6% higher values of

the rate of heading have been obtained for the fishing vessel.
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9. CFD Techniques in Manoeuvring Prediction

9.1. Introduction to Numerical Techniques
9.1.1. RANS -based Methods used in Simulations

The previously used mathematical model of Abkowitz considers the flow around
the ship to be inviscid and incompressible. To take account of the viscosity and to simulate
a detailed flow around the ship, several numerical codes have been developed so far. Most
of them integrate the steady or unsteady partial differential equations of fluid motion, thus
allowing the direct computation of the hydrodynamic forces.

Two basic equation systems suffice to describe all real flow physics for ship flows:
the Navier-Stokes equations and the continuity equation, whereas the simplified ideal flow
theory (describing the velocity field as the gradient of velocity potential and, thus, reducing
the number of unknowns) employs the simplified Laplace’s and Euler’s equations.

For practical reasons, the fundamental equations of fluid motion need to be Reynolds-
averaged and these equations for continuity and momentum are solved for the primitive

variables to describe the steady flow around a three-dimensional ship hull.

9.1.2. Mathematical Model

The following continuity equation states that the mass in conserved:
——+—=0 (72)

However, as only the incompressible flow in the present investigation is considered,
the (71) can be written as:
au,
— =0 72
ox (72)

The Navier-Stokes equations of motion can be presented in the following form:

an+ WY _ R+%
P ot P ox. P x

j i

(73)

where o is the total stress and for a Newtonian fluid can be written as:
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1
o; =—Po; +2/u(8ij _§Skk5ijj (74)

with S; being the strain-rate defined as:

"2l ax oo

Sk in (74) equals zero for an incompressible flow:

S, _1f oy, +8Uk _ oY, 0
2\ OX,  OX, X,

(76)

The RANS equations can be derived from (73) by splitting the instant velocity components,

Ui, and the instant pressure, P, in time-mean velocity, u;, and pressure, p, and time-

fluctuating  velocity, u’, U, =U,+u =u+u'and fluctuating pressure, p’,

P=P+p =p+p . Following some simple mathematic manipulations, the time-averaged

continuity equation and Navier-Stokes equation for an incompressible flow can be written

as follows:
ou,
x " )
ou  O(UU+uu) — 1op O ou, o,
+ =R ———+ v + (78)
ot OX; P O%  OX, oX;  OX

9.1.3. Turbulence Modeling

The RANS equations require external turbulence models to couple the Reynolds
stresses to the time-averaged velocities. All turbulence models used for ship flows are
semi-empirical. They use some theories about the physics of turbulence and supply
the missing information by empirical constants. Traditionally, the Boussinesq approach has
been used in practice which assumes isotropic turbulence, i.e. the turbulence properties are
independent of the spatial direction [2]. This assumption simplifies the turbulence

phenomena into a linear eddy viscosity model that can be written as:
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OX:

pﬁ = U (% +%j+gpk6 (79)
' ;o OX 3 !

However, due to the linear simplification, the Boussinesq model sometimes fails
to give satisfactory results, which can be improved by adding the nonlinear terms.
The Explicit Algebraic Stress Model (EASM) is such a model that includes nonlinear
terms. In this model, the Reynolds stress components are explicitly determined from
the tensor functions of the velocity gradients, turbulent kinetic energy, and turbulent length
scale [18]. These models have the advantage explicit solution of the Reynolds stresses
at each computational iteration with the Reynolds stress tensor given by:

- 2 1
pUU; = gpké}j — M (Sij +a,3, (Sikaj _\Nikskj ))_aea4 (Sikskj _ésmnsmné}jj (80)

whereas the turbulent viscosity can be defined as:
0.0005k
po

where o, f°, a,, &, a, are the numerical coefficients of the model, while W; is

V; = max (—kal, (81)

the rotation-rate.

For all the above reasons, the EASM turbulence model will be the one used in
the following CFD simulations aimed to predict the hydrodynamic forces and moments.

In the RANS solver the convective fluxes are evaluated using the approximate
Riemann solver of Roe. For the evaluation of the diffusive fluxes, central differences
around the cell face centers are employed. Flux-correction with a min-mod limiter is used
to increase the accuracy to second order in regions of smooth flow. The discrete equations
are solved iteratively by using the ADI method. The tri-diagonal system contains the first-
order Roe convective terms and the second order diffusive terms, while the second-order
flux corrections are used as an explicit defect correction. The free surface is obtained

as a potential-flow solution and it is kept fixed for the solution of the RANS equations.
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9.2. Resistance Computation Using Potential Flow Theory

Even though the RANS codes are mostly used to simulate the ship flows, the simple
resistance estimation can be easily performed using the potential flow theory. The potential
flow theory assumes the flow to be irrotational, inviscid and incompressible, which
simplifies the simulation process, reduces the computation time (by reducing the number
of unknowns) and makes the potential flow codes still the most commonly used CFD tools
in naval architecture [2].

The ship resistance is computed for seven speeds ranging from 6 to 12 knots at first,
in an attempt of validating the numerical solution. Fig. 37 illustrates a comparison of the
speed-resistance curves drawn for the experimental and numerical data. An overall
satisfactory agreement between measured and the computed data can observed. This
confirms the capability of the SHIPFLOW-XPAN numerical code (employing a fully non-
linear Rankine-source based method) to estimate the ship resistance with high accuracy.

70
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. /
/
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o

Resistance [kN]
w
o
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10 +
0 -
Speed [kn] =@ Van Oortmerssen

—O=— Computational Fluid Dynamics

—&— Experimental Fluid Dynamics

Fig. 37. Resistance comparison: experimental, empirical and numerical methods
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9.3. RANS Solution for the Hydrodynamic Forces Prediction in Oblique
Flow

9.3.1. Introduction to Numerical Study of Manoeuvring Performance

As mentioned before, the IMO regulations concerning the manoeuvrability of ships
increased the demand for CFD methods in the field. However, predicting the flow behavior
around the hull and appendages is much more complicated than predicting the steady flow
in resistance problems. Additionally, the number of computational cells is much higher
than for resistance computations, since both port and starboard sides must be discretized.

As most commercial RANS solvers, also SHIPFLOW CFD code (SHIPFLOW-
XCHAP) is based on the finite volume method (FVM). FVM not only discretizes the whole
fluid domain, but also ensures the conservativeness by integrating the equations for mass
and momentum conservation over the individual cell before variables are approximated
by values at the cell centers [2].

The numerical study is focused on the hydrodynamic prediction of steady
performance and investigation of the flow features around a manoeuvring fishing vessel
operating at the design speed of 12 knots. Several cases are examined for both bare hull
geometry as well as the hull equipped with rudder, both placed in symmetrical (5 = 0°)
and non-symmetrical (8 # 0°) inflow field. Additionally, when analyzing the appended
geometry, the different rudder deflection angles (6 = 0°, 10°, 20°, 30°) are applied, thanks
to which the ship behavior in the turning motion can be numerically investigated. All

the above combinations result in a total number of 21 cases.

9.3.2. Preprocessing

The preprocessing phase of the simulation involves the offset file preparation that
would describe the geometry of the investigated vessel and implementing it in the correct
coordinate system. SHIPFLOW uses a non-dimensionalized coordinates for the internal
computations, deploying the ship length, Lpp, for non-dimensionalization. However,
the offset points can either be input directly in full scale coordinates together with

a reference length (Lpp) or in a non-dimensionalized form.
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The set of points that describe the intersection between the hull and a constant x-plane
creates a station. Stations, on the other hand, create groups that describe the shape of a part
of the hull (bulb, main hull, bulbstern, rudder, etc).

The geometry of the fishing vessel described by the offset file is presented
on the figures below [Fig 38, 39, 40]. To simplify the simulation, a small stern bulb that
houses the propeller shaft has been removed from the bare hull to allow more precise cells

distribution.

Fig. 38. Side view

e

:

Fig. 39. Lines plan Fig. 40. Starboard view of the bulbous bow

*
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9.3.3. Boundary Conditions

Boundary conditions are a required component of the mathematical model that
governs the motion of the flow within the domain. They are formulated in terms of pressure
and velocity distribution on the boundary faces of the computational domain [Fig. 41].

Table 33 tabulates the applied boundary conditions on the fishing vessel’s simulation

domain, with u; being the time-averaged velocity component in Cartesian directions,
p the time-averaged pressure and &, the parameter direction crossing the boundary.

At the upstream part of the domain, each horizontal component of velocity has
the same constant value, equal with the velocity of the ship, and the pressure is extrapolated
with zero gradient. At the hull’s surface, the “no slip” condition is imposed, considering
the water’s relative velocity on the hull to be zero (u; = 0) as well as assuming zero
pressure gradient. The downstream boundary presumes that the velocity gradient is equal
to zero as well as no pressure is applied anymore (p = 0). Additionally, on the surface
of the domain, all the variables are extrapolated with zero gradients (“slip” condition).

As far as the turbulence characteristics is concerned, the zero extrapolation condition
is employed on all the boundaries of the domain.

Additionally, due to the hydrodynamic investigation of the fishing vessel with
the different drift angles imposed, the supplementary boundary condition of “no symmetry”
about the centerline of the ship needs to be introduced [Fig. 41].

Table 33. Boundary conditions

No slip Slip Inflow Outflow
u=0 n=o u. = const M _p
u i P = i p—
Mg 0%,
0y
D o =0 o =0 &b =0 p=0
08y 0&s 0Ss
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NO SLIP

INFLOW

NO SYMMETRY

Fig. 41. Boundary conditions

9.3.4. Grid Generation

A good grid is an important prerequisite in getting an accurate numerical solution for
any complex flow problem. For the numerical investigation, a global structured grid of 2.02
million cells has been generated to cover the entire computational domain. The cells are
clustered around regions where the geometry is changing significantly and where
the important flow details must be captured (around the bulbous bow and the stern/rudder
area). A Chimera-based overlapping grid approach is employed for the appended-hull case

simulation [Fig. 42], in which a total number of about 2.4 million of cells was necessary.

Top rudder grid —
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H

Hull grid Rudder grid

Fig. 42. Overlapping grid for appended-hull simulations
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9.3.5. Simulations at Different Drift Angles

Three different drift angles (8 = 0°, 3°, 6°) have been considered to determine
the hydrodynamic forces acting on the bare hull. The computational domain has been
discretized into 2.02 million cells. To reduce the computational time, the existence
of the free surface has been neglected.

Having dissembled the effect of free surface made it impossible to compute
the component of the total forces due to wave-making. For this reason, only the viscous
components of the hydrodynamic forces acting on the hull are investigated. Their variation
in function of drift angle is depicted on Fig. 43.

One may observe that the longitudinal component of the hydrodynamic forces
(Fx visc) present a very small variation throughout different simulation conditions, which
proves it to be independent from the vessel’s drift angle. On the other hand, the lateral

component of the viscous forces (Fy visc) has been found to vary in function of the drift

_
+

angle applied, increasing significantly with the increased drift.
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Fig. 43. Viscous components of hydrodynamic forces acting on the hull
in different drift conditions

The x-velocity components in the propeller plane for different drift angles are
presented on the Fig. 44 — 46, allowing the flow (a)symmetry analysis as well as

the influence of the drift angle on the velocity field.
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Fig. 44. X-velocity component around the hull at 0° drift angle condition

Fig. 45. X-velocity component around the hull at 3° drift angle condition

Fig. 46. X-velocity component around the hull at 6° drift angle condition
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9.3.6. Simulations at Different Drift and Rudder Angles

To obtain a more realistic results, the rudder has been added to the bare hull
geometry. Due to the rudder consideration, the number of cells composing the grid
increased to 2.4 million.

The following cases [Table 34] have been numerically simulated in order
to investigate the flow features around the appended geometry as well as to determine

the forces acting on the hull and the rudder itself.

Table 34. Simulation cases with drift
and rudder angles applied

RUDDER ANGLE | DRIFT ANGLE
(3 ®)
0 deg.
0 deg. 3 deg.
6 deg.
0 deg.
-3 deg.
10 deg. 3 deg.
-6 deg.
6 deg.
0 deg.
-3 deg.
20 deg. 3 deg.
-6 deg.
6 deg.
0 deg.
-3 deg.
30 deg. 3 deg.
-6 deg.
6 deg.

Fig. 47 and 48 present the evolution of the viscous components of hydrodynamic
forces acting on the hull. The ship is assumed to travel forward at a constant design speed
and to be exposed to flow of water incoming at gradually increasing angles (from -6 deg.
to 6 deg.).

101  “EMSHIP” Erasmus Mundus Master Course, period of study: September 2010 — February 2012



Krzysztof Patalong

85
=0 -
" /’,ﬁ
20 e o
& [PORT)
15 + . [:lEa:I
1] 10 15 20 25 30
Fx_visc [kN] —e—Fx_visc_-6°drift —W—Fx_visc_-3°drift —a— Fx_visc_0° drift
—— Fu_visc_+37 drift —=— Fx_visc_+& drift
Fig. 47. Viscous components of hydrodynamic forces acting on the hull
in longitudinal direction
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Fig. 48. Viscous components of hydrodynamic forces acting on the hull

in lateral direction
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The variation of hydrodynamic pressure acting on the rudder in different
combinations of drift and deflection angle conditions is shown on the pictures below
[Fig. 49 — 60]. The distribution is presented for the leading edge as well as the pressure side
of the rudder’s geometry.

Additionally, a small “top” rudder can be observed on the graphics. This part has
been introduced for the reason of simplification the grid generation of the stern part

of the vessel’s geometry.

' Pressure Pressure

0.2 0.5
= _ 0.18 0.45
r i 0.16 —1 0.4
- 0.14 B 0.35

— 0.12 0.3

0.1 1 0.25

0.08 0.2

0.06 0.15

- 0.04 0.1
1 0.02 0.05
0 0
-0.02 -0.05
-0.04 0.1
- -0.06 -0.15
- -0.08 0.2
- 0.1 -0.25
o -0.12 0.3
-0.14
-0.16
-0.18
0.2

Fig. 49. 0° rudder deflection, 0°drift angle Fig. 50. 0° rudder deflection, 3°drift angle
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Fig. 51. 0° rudder deflection, 6°drift angle

Fig. 52. 10° rudder deflection, 0°drift angle
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Pressure Pressure
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Fig. 53. 10° rudder deflection, 3°drift angle Fig. 54. 10° rudder deflection, 6°drift angle
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Fig. 55. 20° rudder deflection, 0°drift angle
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Fig. 57. 20° rudder deflection, 6°drift angle

Fig. 58. 30° rudder deflection, 0°drift angle
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Fig. 59. 30° rudder deflection, 3°drift angle

Fig. 60. 30° rudder deflection, 6°drift angle

By integrating the above-presented pressure the hydrodynamic forces acting on

the rudder can be computed.

The viscous components of the total hydrodynamic forces, depicted separately for

longitudinally- and laterally-acting directions, are presented below [Fig. 61 and 62,

respectively].
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Fig. 61. Viscous components of hydrodynamic forces acting on the rudder

in longitudinal direction
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Fig. 62. Viscous components of hydrodynamic forces acting on the rudder

in lateral direction
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9.4. Concluding Remarks

Using CFD methods for simulating a 3D viscous flow, it was possible to determine
the pressure and velocity field spectra distributed around the bare and appended hull as well
as on the rudder itself.

Several flow cases have been analyzed with the ship travelling either on a straight
route or with a drift angle applied, varying every 3° from -6° to +6° each board side.
To ensure a reliable manoeuvring conditions, the rudder geometry has been introduced into
the vessel’s offset file, placed either in the centre-line (6 = 0°), or deflected with an angle,
0, varying every 10° from 0° to 30°.

Analyzing the curves depicted on Fig. 47 and Fig. 48 one may easily note that
for a rather small drift and rudder deflection angles (# < 6° and § < 10°) the longitudinal
component of the hydrodynamic forces demonstrates a relatively small growing tendency,
regardless of the side of both angles applied. On the other hand, the forces applied
in the lateral direction show an important growth in their numerical values compared to
the straight-course navigation condition. The biggest lateral force is found to be acting
at the max. rudder deflection angle applied to the same side of the ship as the drift angle
(0 =20 + 30 deg., B = -6 deg.) (see Fig. 1 for the convention used).

The hydrodynamic moment on the rudder has been computed for the case of 30 deg.
rudder deflection angle at 0 deg. drift condition. The result has been subsequently
compared with the value obtained with the PHP program for a comparable condition
(see 5.2.3., Table 6). A very good agreement between the two values has been found

[Table 35], proving the reliability of the computational methods applied.

Table 35. Hydrodynamic moment acting on the rudder
at max. deflection and no drift angle

Hydrodynamic moment applied on the rudder [KNm]

PHP program CFD simulation
(B =35°0=0° B=30°0=0°
38.7 38.1
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10. FINAL CONCLUSION

The risk of accidents and the possible resulting incidents involving losses of lives,
property and pollution of environment can be minimized by ensuring the optimum control
of a ship’s movement. To do so, the manoeuvring performance of the vessel should first be
thoroughly investigated and IMO requirements should be met concerning the parameters
of the standard manoeuvring tests.

As described in this thesis, prediction of ship manoeuvrability at the design stages
can be carried out by using:
= data bases of manoeuvring qualities,
= results of experimental model tests,
= numerical simulations of manoeuvring motions.

In general, use of data bases cannot be extrapolated to new design concepts and
unusual hullforms, such as the one of the investigated fishing vessel. On the other hand,
the cost and uncertainty of experimental measurements (especially in the initial design
stages) provide strong motivation to utilize numerical investigations, which can be done
either by applied mathematical model on the ship’s motion in the horizontal plane or by
the Computational Fluid Dynamics methods.

Two mathematical models have been presented in this thesis.

The first one, implemented in TRIBON Initial Design software, is based
on the differential equations of motions. The program calculates not only the hydrodynamic
derivatives of the manoeuvring equation, but also the ship resistance, propeller thrust and
torque, and rudder forces and moments. The differential equations of ship motion
in the horizontal plane are solved numerically in the time-domain in order to simulate
the ship manoeuvring motion for certain rudder movements.

The more complex non-linear mathematical model, based on the non-dimensional
hydrodynamic derivates obtained during the experimental campaign, has been applied
in a university-developed time-domain simulation code of the standard manoeuvres.

It has been observed, that the initial design softwares (TRIBON, MPP1) can only
provide a reliable first estimation of the hydrodynamic performance of the investigated
vessel. The significant differences between results obtained with these codes prove them

to be relatively inaccurate, especially for the unusual types of hull.
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For the prediction of ship manoeuvrabilty with higher accuracy, it could be
reasonable to use mathematical models based on the greater number of hydrodynamic
derivatives. The results of the 23-based time-domain simulation code has only confirmed
this hypothesis. The obtained standard manoeuvres parameters present a satisfactory
correlation between numerical and experimental results, which not only proves
the simulation code to be reliable and accurate enough to be applied in a detailed design
stage of a vessel, but also confirms the manoeuvring prediction dependence not only
on the appropriate mathematical model, but also on the preciseness of hydrodynamic data
coming from each individual ship. Additionally, since the manoeuvring characteristics
of a fishing vessel cannot be found in the open literature, the results obtained by means
of the described simulation code can be used as a reference in further investigation
of the hydrodynamic performance of this type of ship.

The hydrodynamic forces and moments acting on the bare and appended hull, as well
as on the rudder itself, have been obtained throughout an extended numerical analysis
consisting of 21 simulation cases. The cases include navigation on a straight route and in
oblique flow with various drift and rudder deflection angles applied. The results could
serve as a base for further computation of the hydrodynamic derivatives, which might be
subsequently used to estimate the standard manoeuvres parameters by means of complex
derivatives-based mathematical models as well as numerical techniques.

In general, it has been observed that realistic simulation models and numerical tools,
which satisfactorily estimate ship manoeuvres, are commonly accessible for naval
architects. However, the research community should continue its efforts to improve
the accuracy of the predictive process and to extend this capability to more complicate
manoeuvres and, especially, more unusual ship types and control systems [3].
In author’s opinion, a closer cooperation between the research centres and Towing Tank
Institutes on the development and application of ship manoeuvring computer simulations
would be highly recommended.

Further research should also be performed in developing the appropriate methods
or algorithms allowing to convert the results from one water depth to other (especially deep

to shallow water) with adequate accuracy.
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APPENDIX 1
The SRand SV series of steering gear The pump utilises a reversible gear, and enables a precise analogue
The SR series is suitable for hydraulic pump motor together with control system. The pump engines
small to medium-sized vessels. a frequency converter for changing are mounted directly on the rudder
The steering gear is designed with the speed and the direction of the actuator, which lessens the need for
integrated frequency controlled pump. The design gives smooth piping work on board a vessel.
pumps. starting and stopping of the steering
Typical
applications:
Suitable for vessels such as:
* Work boats
* Fishing vessels
* Offshore supply vessels
* Smaller cargo vessels
* Smaller passenger vessels
* Yachts
Unique technical solutions minimize The pump engines are mounted
noise and vibration levels. directly on the rudder actuator.

Benefits of the SR series

* Low noise level

* Low power consumption

* Low heat generation

* Excellent positioning
precision

Red indicates pressurised oil. The compact and simple design lessens the
Green indicates excess oil. weight and is quick and easy to install.
SR 562L-FCP 140 16 2x61.0 400 175 104
]E! 562-FCP 160 40 2x61.0 400 175 104
SR 622-FCP 200 70 2x720 620 400 200
SR 642-FCP 240 110 2x720 920 600 250
SR 662-FCP 280 170 2x720 1800 700 354
SR 722-FCP 340 275 2x740 2750 855 370
SR 723-FCP 340 412 2x440 2800 855 370
SV 430-2-FCP 340 430 2x 720 3430 1400 500
SV 650-3-FCP 360 650 2 x 46° 3430 1400 500

All rights reserved. Data subject to change without prior notice.
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APPENDIX 2

TURNING CIRCLE MANOEUVER

STABILITY CRITERION C= .0001755458

SLOPE [(deg/sec)/deg]= -.33513
-I;Sd%?rlglr%gl[gggﬁlz PARAMETEESO TURNING CIRCLE PARAMETERS
advance -90 deg- [m] 260..6 rudder angle [deg].............. -10.0
transfer -90 deg- [m]........... -207.6 advance -90 deg- [m].......... 157.8
max advance [M]................. 260.7 transfer -90 deg- [m]........... 1034
tactical diameter [m]........... 425.4 {naig aoll\gal_nce Em] """"""""" 12517791
time for change 90 deg [sec]... 61.2 t‘f"c 'C]f‘ |ﬁme erggﬂd‘ """"" 34'8
time for change 180 deg [sec]... 115.6 IMme Tor change eg [sec]... '
max transfer [m].............. -425.4 time for change 180 deg [sec]... 62.9
steady turning radius [m]....... 213.0 max transfe;r [m]..: """"""" 217.2
steady drift angle [deg]........ 14 steady turning radius [m]....... 109.1
final speed [kn] 11.95 steady drift angle [deq]........ 2.7
"""""""" ' final speed [kn]................ 11.85

TURNING CIRCLE PARAMETERS TURNING CIRCLE PARAMETERS

rudder angle [deg].............. -5.0
advance _990 Ejegg-][m] ___________ 260.6 rudder angle [deg].............. 15.0
transfer -90 deg- [m]........... 207.6 advance -90 deg- [m]........... 124.5
max advance [m]................. 260.7 transfer -90 deg- [m]........... -70.5
tactical diameter [m]........... 425.4 {na;g ac;l\:ja}nce Em] """"""""" 1124265
time for change 90 deg [sec]... 61.2 tf"c |cfa |ﬁme ergg{(lj' """"" 26 3
time for change 180 deg [sec]... 115.6 Ime Tor change e [sec]... '
max transfer [m].............. 425.4 time for change 180 deg [sec]... 45.7
steady turning radius [m]....... 213.0 max transfe;r [m]..: """"""" -149.6
steady drift angle [deq]........ 1.4 steady turning radius [m]....... 754
final speed [kn] 11.95 steady drift angle [deq]........ -3.9
"""""""" ' final speed [kn]................ 11.74

TURNING CIRCLE PARAMETERS

rudder angle [deg] .............. 10.0 TURNING CIRCLE PARAMETERS

advance -90 deg- [M].......... 157.8 rudder angle [deg].............. -15.0
transfer -90 deg- [m]........... -103.4 advance -90 deg- []......... 124.5
max advance [M]......cc........ 157.9 transfer -90 deg- [m].......... 70.5
tactical diameter [m]........... 217.1 {naig ac:\éqnce Em] """"""""" 112;)%
time for change 90 deg [sec]... 34.8 actical diameter [m].......... '

time for change 90 deg [sec]... 26.3

time for change 180 deg [sec]... 629 time for change 180 deg [sec]... 45.7

max transfer [m]................ -217.2

steady turning radius [m]....... 109.1 max transfe:r [m]..: """"""" 149.6

steady drift angle [deq]........ -2.7 steady trning radius [m]....... 754

final speed [kn]................ 11.85 steady drift angle [deg]........ 3.9
final speed [kn]................ 11.74
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TURNING CIRCLE PARAMETERS

rudder angle [ded].............. 20.0
advance -90 deg- [m]........... 107.8
transfer -90 deg- [m]........... -55.1
max advance [M]................. 108.0
tactical diameter [m]........... 116.7

time for change 90 deg [sec]... 22.2
time for change 180 deg [sec]... 37.2

max transfer [m].............. -116.9
steady turning radius [m]....... 58.7
steady drift angle [deq]........ -5.0
final speed [kn]................ 11.62
TURNING CIRCLE PARAMETERS
rudder angle [deg].............. -20.0
advance -90 deg- [m]........... 107.8
transfer -90 deg- [m]........... 55.1
max advance [m]................ 108.0
tactical diameter [m]........... 116.7

time for change 90 deg [sec]... 22.2
time for change 180 deg [sec]... 37.2

max transfer [m].............. 116.9
steady turning radius [m]....... 58.7
steady drift angle [deq]........ 5.0
final speed [kn]................ 11.62
TURNING CIRCLE PARAMETERS
rudder angle [deg].............. 25.0
advance -90 deg- [m]........... 97.7
transfer -90 deg- [m]........... -46.2
max advance [m]................ 97.9
tactical diameter [m]........... 97.6

time for change 90 deg [sec]... 19.8
time for change 180 deg [sec]... 32.3

max transfer [m]................ -97.8
steady turning radius [m]....... 48.9
steady drift angle [deq]........ -6.1
final speed [kn]................ 10.99
TURNING CIRCLE PARAMETERS
rudder angle [deg].............. -25.0
advance -90 deg- [m]........... 97.7
transfer -90 deg- [m]........... 46.2
max advance [m]................. 97.9
tactical diameter [m]........... 97.6

time for change 90 deg [sec]... 19.8
time for change 180 deg [sec]... 32.3

max transfer [M]................ 97.8
steady turning radius [m]....... 48.9
steady drift angle [deq]........ 6.1
final speed [kn]................ 10.99

TURNING CIRCLE PARAMETERS

rudder angle [deq].............. 30.0
advance -90 deg- [m]........... 90.8
transfer -90 deg- [m]........... -39.5
max advance [M]................. 91.1
tactical diameter [m]........... 84.9

time for change 90 deg [sec]... 18.1
time for change 180 deg [sec]... 29.0

max transfer [m].............. -85.2
steady turning radius [m]....... 42.5
steady drift angle [deq]........ -7.1
final speed [kn]................ 9.32
TURNING CIRCLE PARAMETERS
rudder angle [deg].............. -30.0
advance -90 deg- [m]........... 90.8
transfer -90 deg- [m]........... 39.5
max advance [m]................ 91.1
tactical diameter [m]........... 84.9
time for change 90 deg [sec]... 18.1
time for change 180 deg [sec]... 29.0
max transfer [m]................ 85.2
steady turning radius [m]....... 42.5
steady drift angle [deq]........ 7.1
final speed [kn]................ 9.32
TURNING CIRCLE PARAMETERS
rudder angle [deg].............. 35.0
advance -90 deg- [m]........... 85.9
transfer -90 deg- [m]........... -34.8
max advance [m]................. 86.2
tactical diameter [m]........... 75.9
time for change 90 deg [sec]... 16.9
time for change 180 deg [sec]...  26.8
max transfer [m]................ -76.1
steady turning radius [m]....... 37.7
steady drift angle [deq]........ -8.1
final speed [kn]................ 7.09
TURNING CIRCLE PARAMETERS
rudder angle [deg].............. -35.0
advance -90 deg- [m]........... 85.9
transfer -90 deg- [m]........... 34.8
max advance [m]................. 86.2
tactical diameter [m]........... 75.9
time for change 90 deg [sec]... 16.9
time for change 180 deg [sec]...  26.8
max transfer [M]................ 76.1
steady turning radius [m]....... 37.7
steady drift angle [deq]........ 8.1
final speed [kn]................ 7.09
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10°/10° ZIG-ZAG MANOEUVER

TIME RUDDER ADVANCE TRANSFER

[SEC]
0
1.0
2.0
3.0
4.0
5.0
6.0
7.0
8.0
9.0
10.0
11.0
12.0
13.0
14.0
15.0
16.0
17.0
18.0
19.0
20.0
21.0
22.0
23.0
24.0
25.0
26.0
27.0
28.0
29.0
30.0
31.0
32.0
33.0
34.0
35.0
36.0
37.0
38.0
39.0
40.0
41.0
42.0
43.0
44.0
45.0
46.0
47.0
48.0
49.0
50.0
51.0

ANGLE
[DEG]
0
-10.0
-10.0
-10.0
-10.0
-10.0
-10.0
-10.0
-10.0
-10.0
5.5
95
10.0
10.0
10.0
10.0
10.0
10.0
10.0
10.0
10.0
10.0
10.0
10.0
10.0
10.0
10.0
10.0
10.0
10.0
10.0
10.0
-2.0
-10.0
-10.0
-10.0
-10.0
-10.0
-10.0
-10.0
-10.0
-10.0
-10.0
-10.0
-10.0
-10.0
-10.0
-10.0
-10.0
-10.0
-10.0
-10.0

[M]
.0
6.2
12.3
18.5
24.7
30.8
37.0
43.2
49.3
55.5
61.6
67.7
73.7
79.6
85.4
91.2
97.0
102.6
108.3
114.0
119.6
125.4
131.1
137.0
142.9
148.8
154.9
160.9
167.0
173.2
179.3
185.4
1915
197.5
203.4
209.1
214.8
220.3
225.8
231.2
236.6
242.0
247.5
253.0
258.6
264.2
270.0
275.8
281.7
287.7
293.8
299.9

[M]
0
.0
-1
-1
-1
-1
.0
2
.6
1.2
1.9
3.0
4.3
59
7.8
9.9
12.2
14.5
16.9
19.3
21.6
23.9
26.0
27.9
29.6
311
32.2
331
33.6
33.8
33.7
33.1
32.2
30.9
29.2
27.2
24.8
22.3
19.5
16.7
13.9
11.0
8.2
5.6
3.0

-1.4

-3.2

-4.7
-5.9
-6.8
-7.3
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[KNOTS]

12.00
12.00
11.99
11.99
11.99
11.99
11.99
11.98
11.98
11.98
11.98
11.97
11.96
11.96
11.95
11.95
11.95
11.95
11.94
11.94
11.94
11.94
11.94
11.94
11.94
11.94
11.93
11.93
11.93
11.93
11.92
11.92
11.92
11.91
11.90
11.89
11.89
11.89
11.89
11.89
11.89
11.89
11.89
11.89
11.89
11.89
11.89
11.88
11.88
11.88
11.88
11.88

SPEED HEADING
ANGLE
[DEG]

0
0
2
.6
13
2.2
3.4
4.9
6.6
8.6
10.8
13.2
154
17.4
19.0
20.2
210
21.3
21.2
20.6
19.6
18.2
16.5
14.4
12.0
9.4
6.6
3.6

-2.8

-6.1

-9.5
-12.9
-16.1
-19.0
-21.5
-23.4
-24.8
-25.7
-26.0
-25.8
-25.1
-23.9
-22.4
-20.4
-18.1
-15.6
-12.8

-9.8

-6.7

-3.4

OMEG DRIFT

[DEG/SEC] [DEG]
.000 0
0 3
286 7
517 1.1
775 1.4
1.048 1.7
1.324 2.0
1.595 2.2
1.854 2.4
2.096 2.6
2.306 2.6
2.320 2.2
2.128 15
1.829 8
1.454 1
1.031 -4
580 -9
120 14
-.335 -1.8
-773 2.1
-1.186 -2.4
-1.567 -2.6
-1.912 -2.8
-2.218 -2.9
-2.485 -3.0
-2.713 -3.1
-2.905 -3.1
-3.062 3.1
-3.188 3.1
-3.286 3.1
-3.359 3.1
-3.411 3.1
-3.373 -2.8
-3.101 2.0
-2.702 1.2
-2.228 -5
-1.707 2
-1.163 8
-615 13
-078 17
435 2.1
916 2.4
1.357 2.7
1.754 2.9
2.105 3.0
2.410 3.1
2.669 3.2
2.886 3.2
3.063 3.2
3.203 3.2
3.311 3.2
3.391 3.2
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SPIRAL MANOEUVER
RUDDER RATEOF TIMEOF SPEED DRIFT TURNING

ANGLE  HEADING STEADY ANGLE  RADIUS
[DEG]  [DEG/SEC] [SEC]  [KNOTS] [DEG] [M]
25.0 -6.621 72.6 10.99 6.1 48.9
20.0 -5.422 18.6 10.91 4.9 59.3
15.0 -4.224 18.9 10.93 3.8 76.3
10.0 -2.920 19.9 11.03 26 1113
9.0 -2.731 10.8 11.08 24 119.6
8.0 -2.453 13.4 11.16 21 134.1
7.0 -2.173 135 11.23 1.9 152.4
6.0 -1.886 13.7 11.31 16 176.7
5.0 -1.591 13.9 11.38 13 210.9
4.0 -1.288 14.1 11.45 11 262.2
3.0 -977 14.3 11.52 -8 347.4
2.0 -.662 14.4 11.58 -5 515.9
1.0 -.341 145 11.64 -2 1007.1
0 -.015 14.6 11.69 0 22512.4
-1.0 312 14.6 11.74 3 1108.3
2.0 641 14.6 11.77 6 541.1
-3.0 970 145 11.80 9 358.7
-4.0 1.298 14.4 11.83 11 268.6
5.0 1.623 14.3 11.84 1.4 215.0
-6.0 1.945 14.2 11.85 17 1795
7.0 2.262 14.0 11.85 1.9 154.4
-8.0 2.573 13.8 11.85 2.2 1357
-9.0 2.878 13.6 11.84 2.5 121.2
-10.0 3.176 13.3 11.82 2.7 109.7
-15.0 4.652 18.4 11.74 4.0 74.4
-20.0 5.865 16.6 11.60 5.2 58.3
-25.0 6.620 496 10.99 6.1 48.9
-20.0 5.422 18.6 10.91 4.9 59.3
-15.0 4.224 18.9 10.93 38 76.3
-10.0 2.920 19.9 11.03 2.6 111.3
-9.0 2.731 10.8 11.08 2.4 119.6
-8.0 2.453 13.4 11.16 2.1 134.1
7.0 2173 135 11.23 1.9 152.4
-6.0 1.886 13.7 11.31 16 176.7
-5.0 1.591 13.9 11.38 13 210.9
-4.0 1.288 14.1 11.45 11 262.2
-3.0 977 14.3 11.52 8 347.4
-2.0 662 14.4 11.58 5 515.9
1.0 341 145 11.64 2 1007.1
0 015 14.6 11.69 0 22513.6
1.0 -312 14.6 11.74 -3 1108.3
2.0 -.641 14.6 11.77 -6 541.1
3.0 -.970 145 11.80 -9 358.7
4.0 -1.298 14.4 11.83 1.1 268.6
5.0 -1.623 14.3 11.84 14 215.0
6.0 -1.945 14.2 11.85 17 1795
7.0 -2.262 14.0 11.85 -1.9 154.4
8.0 -2.573 13.8 11.85 2.2 135.7
9.0 -2.878 13.6 11.84 25 1212
10.0 -3.176 13.3 11.82 2.7 109.7
15.0 4,652 18.4 11.74 -4.0 74.4
20.0 -5.865 16.6 11.60 -5.2 58.3
25.0 -6.620 49.6 10.99 -6.1 48.9
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