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Thesis Abstract.

The work contained in this Thesis presents manoeuvring
simulation models which can be applied to the dry and wet towing of jack
up units. The first chapter is a general introduction on the applications
and methods of transportation of jack up units. In Chapter Two, a single
vessel modular manoeuvring simulation model is presented and the
modelling of wind and current loading is then discussed in Chapter Three.
The wind loading on jack up legs is studied in Chapter Four using three
models proposed by Det Norske Veritas, the British Standards Institution
and Marathon Marine Engineering Company. The most appropriate leg
loading model from this study is then incorporated into the simulation
studies of the dry towing of a jack up on a heavy lift vessel in Chapter
Five. The modelling of a skeg is also presented for these simulations. In
Chapter Six, an experimental program is presented to obtain the linear
drift manoeuvring derivatives and the current loading coefficients for a
jack up geometry. In Chapter Seven, the Classical linear theoretical model
and the extended analysis is presented for the prediction of directional
stability of three single tow line systems. The system conditions for these
theoretical studies are then simulated in two tow simulation models and
the results are compared. The two tow simulation models employ a rigid
and elastic tow rope assumption. These tow models are further compared
under wind loading and for the location of the towed vessel
superstructure. The elastic tow rope model is then extended to model the
towing simulation with a bridle. The main conclusions to Chapter Two
through to Seven are presented in Chapter Eight with some

recommendations for towing operations and future work.
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Chapter One.

1.1 Introduction.

The number of jack up units used in present offshore operations
is a reflection on the economic advantages of employing such rigs. In the
offshore industry the jack up has been used primarily as a drilling and
production unit as well as an accommodations platform. It has also found
military applications such as a mobile missile launcher. The varied
applications of the jack up is clearly a result of its many qualities. These
include that it is self installing and once installed provides a stable
platform. It is also reusable with low removal and reinstallation costs. The
primary advantage is its high mobility.

Traditionally jack up units were used predominantly in the
exploratory drilling sector of the offshore industry for which it is ideally
suited. The production of oil and gas was usually undertaken by fixed
jackets and gravity type platforms. The jack up has however been used in
production where there has been an uncertainty of field life, as well as
other economic considerations such as regulations which require the
removal of jacket structures. The use of jack ups in production appears as
an attractive solution and may increase in the future as the oil industry
needs solutions to reduce production costs and develop marginal fields.
The operational design concepts for a drilling rig as opposed to a
production rig are very much different. The drilling platforms are used in
exploration and are relocated usually 5-6 times a year with a short
installation procedure. The production platforms move between 2-5 times
in their lifetime.

The present trends for jack up units are also leading the industry
into greater water depths and longer lasting commitments. The newest
generation of jack ups are capable of operation in water depths up to 130
meters. The need for high mobility of the drilling jack ups coupled with
increasing leg lengths will inevitably result in higher risks in

transportation. Towing historically is a hazardous operation for these



mobile rigs. The method of transportation of a jack up depends upon the
distance the rig must be towed. In the case of a transocean transportation,
the jack up is placed upon a heavy lift vessel. This is known as a dry tow.
This method is preferred for several reasons. The transportation speeds of
14 knots means that the rig can be located and functional in a shorter time
frame as opposed to wet towing Ref. 5.1, 5.7. Due to the unpredictability of
the weather, there is also greater control and bad weather can be avoided.
In addition, with the reduction in the motion responses, the fatigue life of
the legs can be prolonged.

‘ In the case of a local move, the most common undertaken by
drilling rigs, the jack up is towed by tugs to its new location. The speed of
such a tow is usually 5-6 knots. A larger weather window is required and
good forecasting is essential for such moves. In the case of the larger rigs it
may become necessary for the legs to be cut when undertaking a location
move. This action should be avoided not only because of the cost in
cutting the legs and reattaching them, but there are also problems with
stresses induced by the welding and the misalignment of corner posts with
jacking equipment. The loading due to wind is important in the transit
mode of the jack up. These loads will produce large overturning
moments. The legs can contribute typically 85% of this wind heel which
results in the reduction of the static stability of the tow. The wind heel is
more significant in dry towing due too the raised vcg and the loss in
metacentric height due to the narrower beam of the heavy lift vessel. The
static wind heel is not a problem in wet towing of jack up units.

The loss of several jack up platforms through capsize while under
tow has caused great concern from all those involved in the jack up
community. In the past, most research and discussion have focused on the
jack up in its elevated condition Refs. 1.1-1.4. These articles typically
include soil and spud can fixity, wave loading and fatigue associated with
the legs. This focus is absolutely necessary as jack ups are designed
primarily for operational uses, but there is a clear deficit in the research on

safe towing of jack ups. It has only been recently, that a greater emphasis



has been placed upon addressing the problems associated with towing
which can easily lead to capsize. These include watertight integrity of the
platform, better weather forecasting, damage stability, leg dynamics and
the motion responses. It can be argued that this increased emphasis is due
primarily to papers which highlighted the risks involved in towing as
well as reports on the losses themselves, Refs. 1.5-1.9.

One such review paper Ref. 1.8, concerning the losses of jack ups
has spotlighted the lack of published experimental studies on wet towing
and capsizing of jack up rigs. This can be due to the confidentiality and
sensitivity of the findings of such studies. The review paper also
recommends that more research should focus on the prediction of the
motion responses both theoretically and experimentally such as studies
conducted in Refs. 1.10-1.13.

Another approach which has been neglected, for improving the
safety and control of jack ups under tow is through the study of directional
stability and use of manoeuvring simulation.

It is felt that capsizing can occur as a direct result of the jack up
breaking its tow line connection. A factor which results in the loss of the
tow connection could be attributed to the loss of directional stability of the
tow under environmental loading. It is not known whether the geometric
hull design and arrangements of the top side structures have consciously
evolved with a view to optimum directional stability but one suspects not.
In the future, design studies of the type conducted in the USA and Japan
on barges Refs. 7.16- 7.18, for the addition of bilge keels and skegs to
improve directional stability could be applied to jack up geometries.

At present it is believed there has not been any published work
related to the field of towing simulation of jack up units and that this

Thesis is first attempt in addressing the subject.

1.2 Objectives of the Research Work.
The objectives of the research work were to increase the
understanding and knowledge of the mechanisms occurring when

undertaking the dry and wet transportation of jack up rigs. The route to



achieve these objectives was through the use of computer simulation
modelling. These methods would therefore concentrate on the control
aspects of jack up transportation rather than motion response studies. Due
to this fact, the major part of the work has been in the development of the
necessary simulation models. As the work has evolved it was realised that
the research program was ambitious and far beyond the resources
available to any single researcher. The ultimate aims and hopes for this
work unfortunately have not been realised. The main stumbling block
was due to the limitations of the hydrodynamics laboratory which were
insufficient to provide a complete set of linear manoeuvring derivatives
for a jack up geometry. It had been an intention to undertake a further
series of unconstrained towing experiments in an attempt to obtain these
manoeuvring derivatives. This would be achieved by the method
proposed by Burcher Ref. 1.14, but various factors have made this
impossible. The work however has been successful in introducing new
ideas and raising an awareness in the study of jack up towing. It is hoped

that this Thesis will stimulate further research in the future.

1.3 Composition of the Thesis. ‘

The work contained in this Thesis has covered many areas and
fields of related research. The work has included manoeuvring and
towing simulation with environmental loading for conventional vessels
and studies on the modelling of wind loading on lattice legs. Additionally
directional stability studies in towing and physical modelling through
experiments were also conducted.

Literature reviews will be detailed at the beginning of each chapter
where appropriate. In Chapter Two, the mathematical manoeuvring
model for the single vessel simulation of a tanker model is presented. The
effects of varying forward velocity, rudder area, rudder deflection,
interaction coefficients and load condition on the turning circle trajectory
are shown. The work in Chapter Three simulates the effects of wind

loading on the model tanker and introduces the formulation of an



automatic pilot for rudder control. The modelling of current is also
discussed. In Chapter Four, various lattice leg wind loading models are
investigated using methods proposed in Refs. 4.1-4.4. The effects of
cornerpost design, leg geometry, Reynolds number, orientation, marine
growth are all discussed. The selected lattice leg loading model is then
incorporated in the single vessel manoeuvring model for the simulation
studies of Chapter Five. These simulations are conducted to investigate
the behaviour of a heavy lift vessel with a jack up under wind loading.
The simulation model is limited by the maximum allowable wind heeling
moment for which the manoeuvring derivatives are valid. The effect of
the wind speed, leg length, positioning of jack up relative to the system
l.c.g. are shown and quantified using the auto pilot. Chapter Six introduces
the jack up model design based on the most advanced deep water jack up
‘Galaxy 1’. Also included in this chapter are the experiments undertaken to
obtain the drift manoeuvring derivatives along with the determination of
the current loading coefficients. In Chapter Seven, theoretical studies on
the directional stability of single point towing systems are conducted. The
conditions which predict stable and unstable tow configurations are then
simulated using two tow rope models. These tow rope models employ a
rigid tow rope and elastic tow rope assumptions. The elastic tow rope
model is then extended further to simulate towing with a bridle.
Recommendations for towing operations are then detailed in Chapter

Eight along with the main conclusions of Chapters Two through Seven.

1.4 Development of Computer Programs.

The manoeuvring simulation results presented in this Thesis
were obtained from simulation programs developed by the author. The
basic single vessel manoeuvring simulation program was developed from
an old version of a single vessel modular manoeuvring simulation
model, Ref. 1.15. Extensive modifications were performed by the author
on all the hull force modelling and the rudder model. The results from
the program, now referred to as SSC are given in Chapter Two. This

program was further developed to include an automatic pilot control, skeg



and environmental loading for the studies conducted in Chapters Three
and Five and Seven. The wind loading subroutine was developed to
model wind acting on a vessel turning for all angles of wind incidence.
The leg loading program MMEC of Chapter Four was included in the wind
loading program and named COMBWIND. This wind loading subroutine
is used in conjunction with the program SSC HLV.The rigid and elastic
towing simulation programs, RIGIDTOW and ELASTOW contain many
of subroutines used in SSC HLV. The wind loading subroutine
COMBTOWIND was extended to include a second vessel. The single point
tow simulation programs have additional subroutines for directional
sfability a{nélyéié ﬁsi'ng‘ linear theéry. The elastic tow r.op.e model was
further developed for BRIDLETOW. All these programs mentioned with
associated subroutines are the property of the author and are protected

under copy right.



Chapter Two.

21 Introduction.

The prediction of the manoeuvring characteristics of any vessel is
a complex matter. The manoeuvring behaviour of a ship is important
when one considers the vessel's safety. There are numerous factors which
affect manoeuvring performance and some of the predominant factors
include the vessel's control devices such as rudder, skeg, bow thrusters,
the water depth, load and trim condition, environmental loading from
wave, current and wind and the vessel's inherent manoeuvring
characteristics. - |

Perturbation theory exists to predict the degree of dynamic stability
of vessels Ref. 2.1, and the results take the form of stability indices. These
indices are obtained from a knowledge of the vessel manoeuvring
derivatives which are determined from constrained model experiments.
The perturbation model is limited however as it will predict the
manoeuvrability of a specific vessel for a defined condition. It is not
possible to model the variations in draft or rudder dimensions for
example, without first performing a series of experiments at differing
drafts or for various rudder geometries to obtain new derivatives and this
makes the approach very rigid. The perturbation model is also a linear
model. One method to examine the effects of varying load condition or
rudder geometry is to use a modular manoeuvring computer simulation
model. The simulation model will allow us to visualise the vessel's
performance in the time domain. This will generate a clearer
understanding of the vessel's manoeuvring behaviour than by merely
comparing the stability indices obtained from perturbation theory.

The number of computer time domain simulation models have
increased over the years each with varying degrees of sophistication and
accuracy. These computer simulation models could be used in future at
the initial design stage as a tool to check that vessels meet any future IMO

minimum manoeuvring performance standards which are currently



under discussion. The accuracy of the simulation model should however
be confirmed. A comparison study of various simulation models was
undertaken Ref. 2.2, but this study failed to give any insight as to which of
the simulation models was most accurate. The comparison of the
components of the simulation models such as rudder, propeller and hull
is inappropriate. The rudder and propeller models will have different
interaction variables. Any comparison of the manoeuvring derivatives is
also incorrect as each model uses different combinations of derivatives to
sum the total forces and moments. Isolating one derivative and
comparing it with a similarly named derivative from another model is

inconclusive. - S S

One of the best methods to determine the accuracy of the
individual simulation models concerned, is to compare the prediction of
the trajectory of the turning circle with trials data or if possible with free
running model experiments. A turning manoeuvre can generate
sufficient information for a comparison using the time of the manoeuvre,
the advance, transfer and the tactical diameter to determine if the
simulation matches the trials data or model tests. Additionally one can
examine other manoeuvring tests like the Kempf overshoot manoeuvre,
commonly called the Z manoeuvre, Ref. 2.3 but such a comparison is
more difficult to perform than the more simpler turning manoeuvre.

The equations presented in this chapter to predict the
manoeuvring of a vessel were formulated by the Manoeuvring Model
Group (MMG) Refs. 2.6 and 2.7, which was specially organised by the
manoeuvring sub committee of Japanese Towing Tank Conference. The
first manoeuvring reports on the form of the modular simulation model
were published in 1976, Ref.2.7. The manoeuvring model is complex as it
describes the forces on the hull, rudder and propeller in open water and
also includes the interactions between them. The manoeuvring
derivatives and the interactions coefficients were determined through an
extensive manoeuvring experimental program. The form of the equations

of motion can however be traced back to work carried out by Davidson and



Schiff in 1946 Ref. 2.8. The model presented contains the deep water
nonlinear hydrodynamic derivatives derived by Kijima et al., Refs. 2.3, 2.4,
2.5. These derivatives include the loading conditions from full to ballast
and for even and trimmed conditions. The empirical formula describing
the hull forces derived by Kijima et al. are specifically for relatively high
block coefficient forms such as tankers and container vessels and are
usually single screw and applicability should be considered.

In order to determine the accuracy of this specific modular
manoeuvring simulation model, several experimental investigations
were undertaken by the MMG with free running remote controlled
models for various vessel types and loading conditions Refs. 2.5, 2.9. The
results reported from these investigations present the real and predicted
turning circle manoeuvres for the models in a controlled environment.
There is in general, very good agreement for the model simulation and
the model experiments. Scale effects will not affect the comparison as the
derivatives and interaction coefficients were obtained by model
experiments. We can therefore conclude that there is strong confidence of
the accuracy of the simulation prediction method but there is a
dependence upon the accurate calculation of manoeuvring derivatives
and the interaction coefficients. There are problems however, associated
with free running model tests and a discussion of these may be found in
Ref. 2.10.

In this chapter, the formulation of the non dimensionalised
equations of motion and the non dimensionalised hull, propeller and
rudder forces and moments acting on a vessel is given. The procedure to
obtain the time domain trajectories for the simulations is detailed in
Appendix A. Simulations of the turning performance of a model tanker
will be investigated for the varying parameters of vessel velocity, load
condition, rudder area, rudder deflection, flow straightening coefficient
and wake ratio. The tanker model chosen for this study is the Esso Osaka
as this vessel was the subject of full scale manoeuvring trials in deep and
shallow waters Ref. 2.11. Sufficient information was generated from these

trials that the Osaka has become almost the standard vessel used to



determine the accuracy of many manoeuvring simulation models. The
main dimensions of the Osaka tanker and model and the propulsion
characteristics are given in Table 2.1. The trim and shallow water
derivative corrections determined by Kijima et. al., Refs. 2.4, 2.5 are
included in the Appendix B for completeness, but no investigations were
carried out as there is insufficient information concerning certain
coefficients. A discussion on the modelling of a full scale vessel will be

presented and is related to the simulations conducted in Chapter Five.

22 Equations of Motion.

'The formulation of the equations of motion are based on the
coordinate system shown in figure 2.1. The x axis is defined along the
centerline of the vessel, the y axis is positive in the starboard direction and
angular velocity and moments are positive in a clockwise sense. The
origin of the body fixed coordinate system is located at the center of gravity
of the vessel. In addition to this, the axes are assumed to be the principle
axes of inertia through the origin at G. We assume the mass distribution
of the vessel does not change with time and the motions are in the
horizontal plane only i.e. pitch, roll and heave are neglected. The

equations of motion are derived in Ref. 2.1 and can be described as,

M(gﬂ—ie-v) =X, 2.1.a.
dt dt
M(ﬂ+ @u) =Y, 2.1b
dt dt
2
51__?_ =N 2.1.c
dt

We can rewrite these in terms of mass and added mass in the local x and y

directions as,
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%:—(m+mx)—v%%(m+my) =X, 2.2.a
dv de

Et-(m+my)+ u-d—t(m+mx)= Y, 22b
dé

—(J+1i,) =N, 2.2.
dt J+i, ¢
We let,

MX = (m+mx)
M, =(m+m,)

I,=(J+i,)

The added mass and added inertia may be determined from Lambs
dimensionless coefficients of accession to inertia for spheroid bodies.
These coefficients are shown in fig. 2.2. as indicated in Ref. 2.8. The above

equations can therefore be rewritten as,

M, =m (1+ky) 2.3a
M, =m (1+k,) 2.3b
I, =(0.24LY’m(1+k,) 2.3¢

The inertia term, equation 2.3c is an empirical approximation common in
Japanese manoeuvring literature. A similar empirical form may be
obtained from Ref. 2.12. By the definition of drift angle figure 2.1, the

component surge and sway velocities and accelerations are defined as,

u = UcosB, 2.4.a
v =-Usinp, 24b
u= ﬁcosﬁ ~Usinpp, 24.c
V= —ﬁsin[} —UcosPp 24d

11



and we can write,

de
o 24
r i e
;46 2.4f
dt

Placing 2.4 a-f in the equations of motion 2.2 we get,

X = Mx{ﬁcosﬁ —Usinp B} +M,Ursinp 2.5.a
Y = —My{fjsih B+ﬁ’cos[3'['3}'+Mxﬁrcos[3 o | . 25b
N=1Lr 25.¢c

Non dimensionalising the forces, moments, mass and inertia terms in the
following manner, equations 2.6 and placing them in the above equations

of motion 2.5, we obtain equations 2.7,

2My o _2My o 2

M" = —, = —, = _z_,
X" pD1?” Y pDI2’ ? pDL!
X,=‘—'2—X?2, Y,=—2Y?2, N,=—g%—, 2.6
pDLU pDLU pDL'U

T T L L
172 2 . . . 2 _ IT

PD;U X’ = 92[‘ M;{U cosp—Usinp [3} +PPL M;Ur'%sin B 27.a
7712 2 . _ . 2 _ 7

ERZI&Y’ __pDL M;{U sinfB+ Ucosf B} + pDL M;(Ur’%cosﬁ 2.7b
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2772 4 T, T
pDL'U N’ = pDL r, Ur LI U 27c
2 2 L L

These equations then reduce to,

X’=LM; .—g—cosB—sinBB +Mr’sin 2.8.a
U U

’ L , U : A )

Y =—=M{{=sinf+cosP B+ M;r'cosP 2.8b
U U

N'=1fz%{pﬁi+f'} 2.8.c

The above are the form of the non dimensionalised equations of motion
used in the simulation model with reference to the coordinate system of
fig. 2.1.

2.3 Forces acting on the Vessel.

The total forces and moments acting on the vessel include
contributions from the hull, rudder, propeller and external forces due to
wind and current. The environmental forces are shown in the
formulation and wind and current will be investigated in Chapter Three.

These forces are shown with subscripts H, R, P and E.

X=X, + Xy + Xz +Xg
Y=Y, +Y+Yg
N =Ny +Ng +N;.

2.3.1 Hull Resistance Forces.

The forces acting on the hull can be described essentially in

components along the x and y axes and a moment about the vessel origin

13



at LCG. There are however cross coupling terms and the force along the x

axis can be written as,
Xy =-ma+(my + X, )vr+X(u) 29

The above equation may be found in Ref. 2.14. The resistance of the vessel

advancing along a straight course is described as,
1 o772
X(u) = —EpSU C,, 2.10

The wetted surface area S, is given by Dénny's apprbxhnaté formula

S=1.7LD+E. 2.11
D

The total resistance coefficient C; is determined from the addition of the
basic skin friction coefficient derived from the 1957 ITTC model ship

correlation equation 2.13 and a residual resistance coefficient.

Ry =— 2.12

0.075

= 213
" (log, Ry -2)?

The residual resistance coefficient can be estimated from figures 2.3 which
were taken from Ref. 2.13. We rewrite the cross coupling term of equation

2.9 as,

m, + X, =C,m 2.14

m y’

where C,, is a coefficient of added mass and varies from 0.5-0.75 and this

can be written as a function of block coefficient as,
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C, =17C,~-0.52. 2.15

If we consider the first two terms of equation 2.9 appear in the equation of
motion, rearrange equation 2.14 and then place this and equations 2.10 and

2.11, in equation 2.9 we then arrive at,
1 —, \%
Xy =-m (1-C,)vr —EPU C, 1.7LD+B 2.16

If we rewrite the terms of the above equation in their non

dimensionalised form with equation 2.4b and remove the common terms,

DLU?,, pDL?_, U, . 1= %
P > x;, =2 > my(l—Cm)-E r 51nB—EpU2Ct(I.7LD+B) 2.17
X}, = m;(l—Cm)r’sinB—C((l.7+ BSB) 2.18

23.2 Non Linear Deep Water Manoeuvring Derivatives.

The sway force and yaw moment acting on the vessel can be
determined from the vessel's manoeuvring derivatives in sway and yaw.
These forces are represented by the Kijima nonlinear deep water
derivatives Ref. 2.3, which are based on the earlier work of Inoue Ref. 2.14.
These derivatives take the form of non dimensional empirical formulae
which are functions of the vessel's main dimensions and load condition
but for trim by stern only. It is also noted that these equations apply to type
vessels and applicability of the equations should be considered. The
shallow water derivatives are determined using a correction factor applied
to the deep water derivative equations for fully loaded condition only Ref.
2.5. These equations are given in Appendix B. These manoeuvring
derivatives were obtained experimentally for a series of high block
coefficient vessels for varying load conditions and geometries. These
vessels are typically crude oil tankers, cargo and container vessels. The

sway and yaw drift derivatives can be determined from oblique towing
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experiments as detailed in Chapter Six. The derivatives dependent upon
the angular velocity can be determined from PMM tests or from rotating
arm experiments as explained in Refs. 2.1, 2.10.

The equations of lateral force and yaw moment are written in the
non dimensionalised form as functions of drift angle and angular velocity

and can be described as,
Yi; =Yg B+Y, '+ Y BIB|+ Y rjr’|+ Yg, Brr’|+ Yg, BBIr] 2.19a
N =Nj B+N; r'+Ng, B|[3|+N’ Ir |+Nﬂrr Br |r |+NBﬁr BB[r’| 2.19b

where the linear and nonlinear derivatives are written as functions of the

vessel's main dimensions.

Y; = Sk +1.4C, >
2 L

Y;—(m’+m’)=—l.5CBIL3-

Y;,B=2.5d(1 1Y
CB

Y, =0.343d =2 -0.07

Y,’Sn=5.95d———(1 Cy)

Y}, =152 - 0.65

i B
Nj =k
N’ = -0.54k +k®
N, = —0.96d 1= 4 0.066
Nz =0.522 0,09

L
Nj, = ~(0.5d 2~ 0.05

2 = —(0. ?-. )

, CgB
Npg, = —(57.5(=2= I'i ) -18.42
k=22

L
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23.3  Propeller Forces.
The propeller forces can be described in terms of the propeller

open water characteristics by the following equation,
Xp =(1-t,)pn’D, 'K (Jp) 2.20

We then non dimensionalise the propeller force to obtain,

X; =(1-t,)n’D,*K(J;)/ (LDU? /2) 2.21
where,v

K. (Jp) = C, + CyJp + C,J> 2.22
Jp = Ucosp(1-w,)/ nD, 2.23

®p = 0.5C; —0.05

tp Thrust deduction coefficient

n No. of propeller revolutions

Dp Propeller diameter

Wp Effective wake fraction at the propeller
Ip Advance coefficient.

The thrust is dependent upon the propeller diameter, the speed of
advance and the number of revolutions of the propeller. The thrust
coefficient K(J,) can be determined as a quadratic function of the advance
coefficient as indicated in Ref. 2.13 and equation 2.22 where C1,C,,C; are
constants. The values of these constants for the simulations are given in
Table 2.1. The propeller is assumed constant pitch and the propeller

revolutions are constant.
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234  Rudder Forces.

An outline of the form of the rudder force and moment equations
can be found in Appendix C. The equations presented below are
commonly found in Japanese manoeuvring literature, Ref. 2.3-2.5. The
rudder force and moment equations are shown in terms of the rudder and
hull interaction coefficients, the normal non dimensionalised rudder

force Fy, and rudder angle as,

Xz = —(1—tx)F{sind 2.24.a
Yy =—(1+ay)F; cosd o ‘ 224b
Ng = —(xg +ayx{;)Fy cosd 2.24.c

The other terms are described below,

F§ Normal Force on rudder. (Non dimensionalised.)
tr Coefficient of additional drag.
e Distance from cog to center of lateral force. (Non

dimensionalised.)
ay Ratio of additional lateral force.
X Distance from cog to center of additional lateral force. (Non

dimensionalised.)

d Rudder angle.

ay and xj; are the interaction coefficients of hull and rudder and are
obtained from experiment but can be estimated from figures 2.4. t; is
determined from the empirical formula.

ty =1—(0.28C, +0.55)

The non dimensionalised normal force can be written as,

18



, A .
Fj = (E%)CNUﬁ sinog

The terms in the above equation are described as,

Kg
Kg +2.25
U2 = (1- g )’ (1+C-g(s))

Cy =6.13

s
s)=nKi2-(2-K)s
Br =B -2xz-r’
X, =-0.5
Op = Op exp(—4 B3)
(1 _(oR)
R RO ®po
oy =0-7-By
_D»
n= R,
Ucosp
=l1-(1-w
° ( 2 nP
Ay Rudder area
Uy Effective rudder inflow velocity

Kz Rudder aspect ratio

oy Effective rudder inflow angle

n Propeller revolutions

P Propeller pitch

Wp Effective wake fraction at propeller
] Slip ratio

Wy,  Effective wake fraction at rudder going straight ahead

Bz Effective drift angle at rudder
hg Rudder span

Wpo Effective wake fraction at propeller going straight ahead

19
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Y Flow straightening coefficient
C Coefficient of Port and Starboard turn

€ Wake fraction ratio

The following approximations can be used if experimental data is not

available,
@po = 0.5C; —0.05 2.26
2
y = -_22.2( CIBB) +0. 02(%) +0.68 2.27
2
g=1"%r0 _ -156.2(CBB) +41.6(-Ci}3) ~1.76 2.28
1-0wp L L

It is stated by Kijima Refs. 2.3, 2.4, that the flow straightening

coefficient y and wake fraction ratio €, have the greatest effect on the
simulation of the turning ability of a vessel. These effects will be studied
and the results will be included in the discussions. The determination of
the interaction coefficients, ay, Xi;, ¥, ®Wpy, Wgo and € for the model
simulation are obtained through model tests under controlled
environment. In the case of a full scale vessel, these interaction
coefficients will be affected by the vessel scale. It is very difficult to obtain
these full scale interaction coefficients as there will be the additional
problems of external environmental factors such as wind and current as
well as the control of the full scale ship. It is recommended that the model
interaction coefficients are used in the simulations with full scale ship
dimensions until such time as the full scale interactions are able to be
modelled accurately. If the path of the full scale trajectory is known from
sea trials, then the interaction coefficients of flow straightening yand wake
fraction ratio € may be varied to match the predicted trajectory by
simulation to the full scale trials. There are obvious dangers in adjusting

the simulations results to suit and as stated above, further work on the
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accurate prediction of the full scale interactions is necessary. The matching
technique will be employed in Chapter Five for the manoeuvring

simulation of a heavy lift vessel.

24. Determination of Rudder Area.
The area of the rudder is determined using the DNV minimum

rudder area equation Ref. 2.10.

(l + 25(%)2)

Ag=LD
100

229

In the simulation program the geometry of the rudder assumes an aspect
ratio of 1.4 and a taper ratio of 0.8. The rudder span, root, and tip can be

obtained from the following simple equations,

14A
Repan = / R
SPAN PN

Rpoor = ——— R
ROOT ™ 1.8P\Repan

Ag Rudder Area

Py Propeller Number
Repan  Rudder Span
Rpoor Rudder Root

Rop Rudder Tip
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2.5 Discussion of Results.

The discussions presented here are for the manoeuvring
simulation of a model tanker. The simulations carried out in this chapter
were purely to demonstrate the behaviour of the simulation model to
variations of the parameters of forward velocity, load condition, rudder
area and rudder deflection. In addition to this, attention is also drawn to
the effects of varying the interaction coefficients namely the flow

straightening coefficient and the wake ratio.

2,51 Variation in Vessel Velocity.

" The effect of increased veloéity of the vessel are shown in figs. 2.6.
The model velocities chosen were 0.36, 0.54, 0.72, 0.81, 0.9 m/s which
correspond to full scale 8, 12, 16, 18, 20 knots, Table 2.1. The rudder
deflection is 20 degrees to starboard. This trajectory figure clearly shows
that increased speed has little effect on the turning circle dimensions. This
fact is stated in Ref. 2.10 and can be seen in Ref. 2.17. The velocity ratio of
the five different velocities are the same, as are the final drift and angular
velocities. It is clear however that the time taken to reach these steady
turning conditions decreases with increased velocity. The effect of
increased speed would however increase the vessel heel in the turn. This
simulation model does not however include roll in the equations of
motion and therefore the results of the turning circle may be different

from those simulated here for the larger velocities.

2.5.2  Variation in Rudder Area.

For the increased rudder area, the turning circle advance, tactical
diameter and transfer are reduced as one would naturally expect. The time
of the turn is not affected greatly by the increased rudder area however.
This behaviour is clearly shown in fig. 2.7a and is due to the increased
speed loss for the increase in rudder area. The rudder area varies as 0.5,

0.75, 1.0, 1.5, 2.0 of the minimum rudder area equation 2.29.
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2.5.3  Variation in Rudder Deflection.

The increased rudder deflection reduces the turning circle
dimensions dramatically. The speed loss, drift angle and angular velocity
are significantly increased as shown in figs. 2.8. The rudder deflection
angles are 5, 10, 15, 25, 35 degrees.

2,54  Variation in Wake Fraction at the Rudder.

The interaction coefficients of wake fraction at the rudder and the
flow straightening coefficient y, are investigated figs. 2.9-2.10. It was
concluded by Klpma et al., Refs. 2.3, 2.4, that an accurate determxnatlon of
these coefficients was essential for the predlctlon of the full scale turmng |
simulations. The effects of varying the interaction coefficients are included
to emphasise these conclusions drawn by the above authors. As can be
seen in the trajectory plot figure 2.9a, the increased wake fraction at the
rudder increases the advance but has little effect on the transfer and the
tactical diameter. The time of the manoeuvre is unaffected by this
parameter. The speed loss ratio, drift, and angular velocity are very similar
for the values of wake fraction at the rudder. The values of wake fraction
were 0.3, 0.4, 0.5, 0.6, 0.7.

2.,5.5 Variation in Flow Straightening Coefficient.

The flow straightening coefficient values were 0.2, 0.25, 0.3, 0.35,
0.4. It is clear from the rudder model that these interaction coefficient
values have a greater effect on the turning trajectory. It is essential that
accurate values should be obtained for model and full scale vessels to
obtain an accurate turning simulation. This increased flow straightening
coefficienty increases the turning circle dimensions. There is also a
marked difference between speed loss ratio, drift angle and angular

velocity.

2.5.6 Variation in Load Condition.

The three load conditions simulated are given in Table 2.1 for an
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approach speed of 0.36m/s and a 20 degrees starboard rudder. The fully
loaded vessel has a slightly increased advance than in the ballast
condition, figure 2.11a. The tactical diameter and transfer seem to be
unaffected by the load condition. The velocity loss ratio is approximately
the same for each of the load conditions. There is however, an increased
drift for reduction in loading, figure 2.11b. This is something we would
expect as the vessel will be easier to manoeuvre in the lighter condition.
The angular velocity appears to be unaffected by loading condition as does

the heading angle.
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Esso Osaka Full Dimensions

Propeller
Length B.P. (m) 325 Diameter (m) 9.1
Breadth (m) 53 Pitch (m) 6.507
Draft (m) 22.05 Number of 1
Block Coefficient 0.831
Transverse Windage Area (m”"2) 3160
Longitudinal Windage Area (m"2) 1130
Esso Osaka Model Dimensions
Scale 1:130 Full Half Ballast
Length (m) 25 2.5 25
Breadth (m) 0.408 0.408 0.408
Draft (m) 0.17 0.1367 0.104
Block Coefficient 0.831 0.8185 0.797
Propeller Interaction
Diameter (m) 0.07 ah 0.369
Pitch (m) 0.05 tr 0.2
C1 0.22 gamma 0.3
C2 -0.131 wpo 0.54
C3 -0.158 Wro 0.35
Table 2.1
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Coordinate System.

Coefficients of Accession to Inertia

Figure 2.1

Lambs Coefficients of Accession to Inertia.
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Figure 2.2
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Rudder and Hull Interaction
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ESSO OSAKA MODEL TRAJECTORY

X/L

Model Velocities. 0.36, 0.54, 0.72, 0.81, 0.9 m/s
Rudder Angle. 20 Degrees Starboard
Condition. Full

Figure 2.6a
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X/L

ESSO OSAKA MODEL TRAJECTORY

Model Velocity. 0.36 m/s
Rudder Angle. 20 Degrees Starboard
Condition. Full

Figure 2.7a
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X/L

ESSO OSAKA MODEL TRAJECTORY

10]

Model Velocity. 0.36 m/s
Condition. Full

Figure 2.84
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ESSO OSAKA MODEL TRAJECTORY

Figure 2.9a

Model Velocity. 0.36 m/s
Rudder Angle. 20 Degrees Starboard
Condition. Full

g - 0.3, 0.4, 0.5, 0.6, 0.7
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ESSO OSAKA MODEL TRAJECTORY

Figure 2.10a

Model Velocity. 0.36 m/s
Rudder Angle. 20 Degrees Starboard
Condition. Full

Y.0.2,0.25,0.3,0.35,0.4
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ESSO OSAKA MODEL TRAJECTORY

Model Velocity. 0.36 m/s
Rudder Angle. 20 Degrees Starboard
Condition. Full, Half, Ballast.

Figure 2.11a
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Chapter Three.

3.1 Introduction. Wind and Current Loading On Ships.

The inclusion of environmental loading such as wind and current
on any vessel is important if one is to try to predict the vessel’s
manoeuvring behaviour under the real conditions imposed by the
environment. An understanding of these phenomena and their effects
will enable the control requirements to be more readily assessed. In the
following analysis only the effects of wind will be investigated but a
discussion on the modelling of current for simulation is included. In the
wind loading study a number of assumptions are incorporated. The wind
speed is considered constant i.e. no gusting and the wind velocity acting
on the vessel does not vary with elevation above the mean still water line.
We also assume the vessel to be symmetrical about its centerline. The
simulation results will be for the Esso Osaka tanker model of Chapter

Two.

3.2 Formulation of Relative Wind Velocity and Relative Wind
Angle.
3.21 Relative Wind Velocity

In order to model the wind loading on the vessel as it advances in
the global coordinate system we must determine the relative wind
velocity and the relative wind angle. The components of wind velocity
relative to the vessel, with reference to fig. 3.2, can be written in terms of

vessel velocity and wind velocity components as,
u; = UcosP + U, cos(y, —6) 3.1a
vg =-UsinpB +U,, sin(y,, —6) 3.1b

U Ship Velocity
Uy Wind Velocity



Ug Relative Wind Velocity

Uy x Component of Ship Velocity Relative to the Wind
Vg y Component of Ship Velocity Relative to the Wind
0 Ship Heading Angle

B Ship Drift Angle

Y Wind Angle

If we square equations 3.1a and 3.1b and then add them, we obtain the

relative wind velocity and rearranging results in the following,

U2 =u? +v2 =(UcosB + Uy, cos(y,, —06))* +(~Usinp + U, sin(y,, —0))* 3.2

=U?cos’ B +2U cosPU,, cos(y, —0) + U3, cos’(y,, —6)
+U?sin? B - 2UsinBU,, sin(y,, —0) + U% sin’(y,, —0)

= U?(cos’ B +sin? B) + U, (cos’(yy, —0)+sin’(y, —0))
+2UU (cos(yy, —8)cosP —sin(y, —0)sinP)

U = U? + U}, +2UU,, cos(y, —0+P) 3.3

The relative wind velocity can also be written as a ratio of the vessel

velocity as,

2 2
o1y

+2 ‘ijw COS(Yyy —0+P) 34
3.2.2 Relative Wind Angle.

The relative wind angle is obtained by rewriting equations 3.1a
and b as,

u, = UcosP + Uy, cos(y, —6)

vg =-UsinB + Uy, sin(y,, —90)
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and dividing these results in the expression for the relative wind angle.

-UsinB+ U,, sin(y,, —0)

t =
M ¥x UcosB+U,, cos(y,, —6)
4 =UsinB + U, sin(y, —0)
=tan™ w W 3.5
Ve ( UcosB+ U, cos(yy —0) )

The wind forces and moments are included in the equations of motion as

environmental loading and are written as,

Foy = pAATZCXU2R , Foy = pAALZCYUf( , Fony = pAALLZ‘CNU%Z 3.6

Pa mass density of air 1.222kg/m?
Ar,  Transverse and Longitudinal Wind Projected Areas

Cxyn Wind Loading Coefficients

Non dimensionalising equations 3.6 in the same manner as the

hydrodynamic, rudder and propeller forces and moments we obtain,

pr PaACK U o _PaAC Ur o _PaALG Ug
WX 2 7 TWY T 2 /T WN ™ 2 2
pLD U pLD U p'D U

3.7

We have calculated the velocity ratio previously in equation 3.4. The only
unknowns remaining are the wind loading coefficients C,,C,,C. These
coefficients are functions of the vessels form above the water and can be
determined from experiments in a wind tunnel with a scale model, Ref.
3.1. This is an expensive procedure and takes a great deal of time for
analysis. The second method is to use previous experimental data of type
vessels or further, to employ empirical formulae derived from regression
analysis of previous wind tunnel test on type vessels as described in
Isherwood, Ref. 3.2. In the Isherwood method, the wind coefficients are

determined around the vessel from bow to stern at 10 degree intervals and
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are then plotted to obtain the loading coefficients as a function of relative
wind angle. Additional references for wind loading coefficients and wind
loading studies can be found in Refs. 3.3.-3.7.

In the present analysis, the wind loading. coefficients were
obtained from an experimental study carried out in 1977, Ref. 3.1. The
study also produced results for current loading coefficients. These loading
coefficients apply to VLCC's for a deadweight range of 150,000-500,000
tonnes with deckhouse located aft. This includes fully loaded and ballast
conditions with tankers of conventional and cylindrical bow types. The
condition investigated in this chapter will be for a fully loaded tanker with
a conventional bow. The wind loading coefficients from Ref. 3.1 are
reproduced in figs. 3.1. In order to use these wind loading coefficients in
the simulation program it was necessary to curve fit these coefficients with
5th order polynomial equations which ensures accurate results. This curve
fitting was accomplished using an Apple Macintosh Computer and Cricket
Graph curve fitting software. The typical wind loading coefficients are
shown in the program output for the turning simulations. The output
shows different loading coefficients for port and starboard turns as
expected. It is noted from these figures, that the output is not continuous
at certain points in the simulation. This is due to the formulation of the
wind loading in the subroutine to model the wind from any direction for
a port and starboard turn. The size and duration of these discontinuities
are small when compared with the magnitude of the loading coefficients
and can easily be regarded wind changing direction or gusting. The full
scale transverse and longitudinal windage areas for the fully loaded
280,000 tonnes dwt tanker are 1130m? and 3160m? respectively were
obtained from Ref. 3.1 and these have been scaled to the model

simulation.

3.3 Current Loading on Ships.
In the simulations the forces imposed by currents need to be

modelled in a different manner to the procedure adopted for the wind
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loading. In the form comparable with the wind, the current force would be
dependent upon the relative current velocity. The relative current
velocity will therefore include the contributions of the vessel velocity as
well as the actual current velocity. The problem arises as the derivative
forces acting on the hull from the vessel velocity are also included in the
simulation force summation. We would therefore include the effect of the
vessel velocity twice which is obviously incorrect. The present
formulation is reasonable for the wind loading as the hydrodynamic hull
forces and wind hull forces are acting in different fluids i.e. water and air.
Summing the forces imposed by the individual velocity contributions
separately is also incorrect as we are dealing with a force summation due
to the relative velocity squared. This is more easily explained in the case of

a head current as,
Ui = (U+UC)2 U+ U2

It is necessary to modify the formulation of the relative velocity
for input to the current loading. A method of including the effect of the
relative velocity squared is to formulate the contribution of the current

velocity as follows.

The relative current may be written in the form as that of the

relative wind velocity,
Ui, =U?+UZ +2UU.cos(y. -0 +P)

Ugc  Relative Current Velocity
Uc Current Velocity
U Vessel Velocity

The contribution of the current alone can be modelled as a corrected

current velocity which takes account of the square of the relative current
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velocity.

Uie —U? = U2 +2UU. cos(y — 6 +p) 3.8
Uge = Ugc -U?

Uge =yUk - U? 3.9
Us  Corrected Current Velocity

Using this formulation, the total hydrodynamic forces acting on the vessel
are determined as the contribution of the vessel forward speed in
association with the manoeuvring derivatives and the corrected current
velocity in association with the current loading coefficients. The above
summation is an approximation as the contributions to the hull forces of

both the forward speed and current velocity are in reality inseparable.

The relative current angle can be determined in a similar manner to the

relative wind as,

3.10

Ve = tan”? -UsinP+ U sin(y. - 0)
UcosP+ Ucccos(y —6)

Once we have obtained this angle it is possible to find the values of

corresponding current loading coefficients. The contribution of the current

forces and moments when non dimensionalised are written as,

_PLDC e Us o, _PLDC Ui o, _P L’DCyc U2,

, , 3.11
" pD U2 pD U2 pI’D U?

The velocity used in the formulation is the corrected current velocity and

not the actual current velocity.
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It is assumed the current velocity profile does not to vary with depth and
the vessel is symmetrical about its centerline. Using the appropriate
current loading coefficients, the current loads can be determined. Extreme
care must be taken when considering the loading coefficients for currents
from model tests especially if blockage and shallow water effects are
apparent. It is also difficult to predict current because of its dependency on
phenomena like wind, waves and tidal effects. The current load

coefficients are given in figs. 3.3.

34 Automatic Pilot Control.

We will now introduce an automatic pilot control to the
simulation model which will keep the vessel on a straight course under
external loadings. The automatic pilot model used is that found in Eda,
Refs. 3.8, 3.9. The rudder constants a and b’ can be varied to obtain an
optimum stable course trajectory. The values of these constants will
depend upon the conditions. The required rudder angle is obtained from

the following relationship.

8, =a(0—0,)+b'r’ =8, +d,t 3.12
Oz Rudder Angle (maximum value of 35 degrees)

a Yaw Rate Constant (Rudder Constant 1)

b’ Yaw Rate Gain Constant (Rudder Constant 2)

5, Rudder Deflection Rate (recommended as 2.33 degrees/second)
0, Required Heading (=0 degrees)

) Heading Angle

t Time Step.
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3.5 Discussion of Results.
3.5.1 Manoeuvrability with Wind Velocity and Wind Incidence Angle.
In figure 3.4 we see an example from the model tanker
simulations. The results show the variation of three wind velocity ratios
with the angle of wind incidence angle around the hull (0-180 degrees) and
the effect on the maximum rudder deflection required to hold a steady
straight course when employing the automatic pilot control model. The
results show that greater rudder angles are required for beam winds. If the
rudder angle is greater than 35 degrees then the vessel may lose its ability
to manoeuvre. The wind velocity ratio of 12.5 for head winds produces a
condition where the vessel is unable to manoeuvre. This condition may
be due to limits associated with the NAG integration, Ref. 2.16. Typical
trajectory output for beam winds can be seen in figs. 3.7-3.8 for the

variation in automatic pilot rudder constants.

3.5.2  Turning Circle Simulations.

The results of the tanker model simulations for port and starboard
turns in wind with a variation in wind incidence angles of 0, 90, 180, 270
degrees for the wind velocity ratio of 7.5 (60 knots full scale), can be seen in
figures 3.5-3.6. If the wind velocity were reduced then the amplitude of the
vessel velocity, drift angle and angular velocity will reduce. The wind
loading coefficients are also presented for the 0 degrees wind angle for
starboard and port. These can be compared with the wind loading
coefficients, figures 3.2 obtained from the experimental study of Ref 3.1. It
can be seen that turning into the wind greatly reduces the required turning

area. This is important in busy seaways.

3.5.3  Variation in Rudder Constants for Automatic Pilot.

In figures 3.7 we see the variation of the yaw rate rudder constant
(Rudder Constant 1), for the condition of beam wind with a wind velocity
ratio of 7.5. The increase in Rudder Constant 1 has a significant effect on

the trajectory but has little effect on the actual vessel velocity and drift
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angle. This difference in trajectory is due to the definition of the course

angle.
6=6-P

with the increased Rudder Constant 1 from 1.25 - 5, the heading angle
reduces from 7- 2 degrees. The drift is relatively constant. The transverse
displacement will therefore reduce. This will not always be the case as seen
in Chapter Five. The choice of rudder constant depends on the behaviour
of the particular system. The auto pilot model does not account for the
vessel position in the global coordinate system or course angle.

The variation in yaw rate gain constant b’, (Rudder Constant 2),
for the same condition can be seen in figures 3.8. The scalar increase in b’
is seen to have less effect on the trajectory as Rudder Constant 1. The

vessel course heads into the wind as the superstructure is located aft.
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