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Thesis Abstract.

The work contained in this Thesis presents m anoeuvring  

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 m anoeuvring simulation m odel 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 m odel from this study is then incorporated into the sim ulation  

studies of the dry towing of a jack up on a heavy lift vessel in Chapter 

Five. The m odelling 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 m odels 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 w ind  loading and for the location of the tow ed  vessel 

superstructure. The elastic tow rope model is then extended to m odel the 

towing simulation with a bridle. The main conclusions to Chapter Two 

through to Seven  are presented in Chapter Eight w ith  som e  

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 m issile 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 w ill inevitably result in higher risks in 

transportation. Towing historically is a hazardous operation for these
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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
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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
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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
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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 T. 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
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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 

stability analysis using linear theory. The elastic tow rope 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.
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Chapter Two.

2.1 Introduction.

The prediction of the manoeuvring characteristics of any vessel is 

a com plex 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 predom inant factors 

include the vessel's control devices such as rudder, skeg, bow  thrusters, 

the water depth, load and trim condition, environmental loading from  

w ave, current and w ind and the vessel's inherent m anoeuvring  

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 know ledge of the vessel m anoeuvring  

derivatives which are determined from constrained m odel experiments. 

The perturbation m odel is lim ited how ever as it w ill predict the 

manoeuvrability of a specific vessel for a defined condition. It is not 

possible to m odel the variations in draft or rudder dim ensions for 

example, w ithout 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 m odel 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  

m odel. The sim ulation m odel w ill allow  us to visualise the vessel's 

perform ance in the tim e dom ain. This w ill 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 m odels 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 

m inim um  m anoeuvring performance standards w hich are currently
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under discussion. The accuracy of the simulation m odel should however 

be confirmed. A comparison study of various sim ulation m odels w as  

undertaken Ref. 2.2, but this study failed to give any insight as to which of 

the sim ulation m odels was m ost accurate. The com parison of the 

components of the simulation models such as rudder, propeller and hull 

is inappropriate. The rudder and propeller m odels w ill 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 m oments. Isolating one derivative and 

comparing it with a similarly named derivative from another m odel is 

inconclusive.

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 m odel experim ents. A turning m anoeuvre can generate 

sufficient information for a comparison using the time of the manoeuvre, 

the advance, transfer and the tactical diameter to determ ine 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 M anoeuvring M odel 

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 betw een them. The m anoeuvring  

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
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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 

m anoeuvring sim ulation m odel, several experim ental investigations  

w ere undertaken by the MMG with free running remote controlled  

m odels 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 m odels in a controlled environment. 

There is in general, very good agreement for the m odel simulation and 

the m odel experiments. Scale effects will not affect the comparison as the 

derivatives and interaction coefficients were obtained by m odel 

experiments. We can therefore conclude that there is strong confidence of 

the accuracy of the sim ulation prediction m ethod but there is a 

dependence upon the accurate calculation of m anoeuvring 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 dim ensionalised  

equations of motion and the non dim ensionalised hull, propeller and 

rudder forces and moments acting on a vessel is given. The procedure to 

obtain the time domain trajectories for the sim ulations is detailed in 

Appendix A. Simulations of the turning performance of a m odel tanker 

w ill 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
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determine the accuracy of many manoeuvring sim ulation m odels. The 

main dimensions of the Osaka tanker and m odel 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 inform ation concerning certain 

coefficients. A discussion on the modelling of a full scale vessel w ill be 

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

2.2 Equations of Motion.

The formulation of the equations of m otion 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 m otions 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,

v = X 2.1.a.

2.1.b

dt
2.1.C

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

directions as,



^ ( m  + m x) -  v ^ ( m  + m ) = X, 
dt dt y

2 .2 .a

dv
dT

d0
— (m + my) + u — (m + m x) = Y, 2.2 .b

d 0 , T . x  XT— (J + iz) = N , 2.2.C

We let,

Mx = (m + m x) 

My = (m + my) 

I =(J + i2)

The added mass and added inertia may be determined from Lambs 

dim ensionless 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,

Mx = m (l + kx)

MY = m (l + kY)

I7 =(0.24L)2m (l + kz )

2 .3 a

2 .3b

2 .3c

The inertia term, equation 2.3c is an empirical approximation common in 

Japanese m anoeuvring literature. A similar empirical form m ay 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 = U cosP, 2 .4 .a

v = -Usin(3, 2 .4 .b

u = U cosp -U sin |3p , 2.4.C

v = - U  sin (3 -  U cos p(3 2 .4 .d
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and w e can write,

= d0
r “ dt 
. = d0
r _  dt

2.4e

2.4.f

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

X = Mx j lJ c o sP -U sin p  pJ + MYUrsinP 2.5.a

Y = -M y ju sin P + U cos P p J + MxUr cos P 2.5.b

N  = Izf 2.5.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,

My = M y = l'z  =  21
pDL pDU “  pDL4 '

— 2 X  w -  2Y 2 N
pDLU2' pDLU2' pDL2U 2'

2.6

r'U , _ rL rL U
T '  r ~TT

r = ----- , r' = — , r' = —  -  = 7 Lr, r =
U U 2

Ur' r'U 
+

L L

pDLU_ x , = P ^ i .M' | u cosp _ U sin p pj + £ ^ _ M YU r'^ sin P  2.7.a

pDLU2 y , = pDL2 M , J -, |u sin P + U cos p p | + M^Ur' cos P 2.7.b
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pDL2U 2 N / = p D I ^ ,  \ W  + rOJ
2 2 z | L L

2.7.c

These equations then reduce to,

X' = =M x< H c o sP -s in P p l + Myr'sinP 2.8.a

Y' = - = M y -  = s in P  + cosPp ^H-M^r'cosp 2.8.b

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

The total forces and m oments acting on the vessel include  

contributions from the hull, rudder, propeller and external forces due to 

w ind  and current. The environm ental forces are show n  in the 

formulation and wind and current will be investigated in Chapter Three. 

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

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

fig. 2.1.

2.3 Forces acting on the Vessel.
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at LCG. There are however cross coupling terms and the force along the x 

axis can be written as,

XH = - m xii + (my + Xvr)vr + X(u) 2.9

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

advancing along a straight course is described as,

X(u) = ~ ip S U 2C„ 2.10

The wetted surface area S, is given by Denny's approximate formula

S = 1.7LD + — . 2.11
D

The total resistance coefficient Ct is determined from the addition of the 

basic skin friction coefficient derived from the 1957 ITTC m odel ship 

correlation equation 2.13 and a residual resistance coefficient.

Rn “
UL

CF —
0.075

(logio Rn " 2 )"

2.12

2.13

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 y + Xvr = Cmm y, 2.14

where Cm 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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Cm = 1-7Cb -0 .5 2 . 2.15

If w e 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,

If w e rewrite the terms of the above equation in their non  

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

2.3.2 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 m anoeuvring  

derivatives were obtained experimentally for a series of high block 

coefficient vessels for varying load conditions and geom etries. These 

vessels are typically crude oil tankers, cargo and container vessels. The 

sway and yaw drift derivatives can be determined from oblique towing

2.16

pDLU2 v , _ pDL2
 1 -X-w —---7--- A h  =  -—

2 H 2
2.17

2.18



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,

Y 'h  = Y ' p  + Y; r' + Y'p P|P| + Y ; r'|r'| + Y'„ pr'|r'| + YJ* PPM 2.19a

N'„ = N ; P + N; r' + N ;p P|P| + n ;  r'|r'| + pr'jr'l + N 'Pr pp|r'| 2.19b

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

vessel’s main dimensions.



2.3.3 Propeller Forces.

The propeller forces can be described in terms of the propeller 

open water characteristics by the following equation,

Xp = (1 -  tp)pn2Dp4KT(Jp) 2.20

We then non dimensionalise the propeller force to obtain,

X' = (1 -  tp)n2Dp4KT(Jp)/(L D U 2 /2 )  2.21

where,

KT(JP) = Ct + C2JP + C3Jp 2.22

JP = U cos P(1 -  (O p) /  nDP 2.23

C0po = 0.5Cb -0 .0 5

tP Thrust deduction coefficient

n  No. of propeller revolutions

D P Propeller diameter

coP Effective wake fraction at the propeller

I p  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 KT(JP) can be determined as a quadratic function of the advance 

coefficient as indicated in Ref. 2.13 and equation 2.22 where Ci,C2,C3 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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2.3.4 Rudder Forces.

An outline of the form of the rudder force and moment equations 

can be found in A ppendix C. The equations presented below  are 

com m only 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 dim ensionalised rudder 

force F^ and rudder angle as,

= - ( l - t R)F^sin5 2.24.a

Y'R = - ( l  + a„)F^cos6 2.24.b

N r =  —( x r  +  a HXH ) F n  c o s  5  2 .2 4 .C

The other terms are described below,

Fjj Normal Force on rudder. (Non dimensionalised.)

tR Coefficient of additional drag.

Xr Distance from cog to center of lateral force. (Non

dim ensionalised.) 

aH Ratio of additional lateral force.

x^ Distance from cog to center of additional lateral force. (Non

dim ensionalised.)

8 Rudder angle.

aH and x^ are the interaction coefficients of hull and rudder and are 

obtained from experiment but can be estimated from figures 2.4. tR is 

determined from the empirical formula.

tR = 1 -(0 .2 8 Cb + 0.55)

The non dimensionalised normal force can be written as,

18



F' =N
( A > 
vLDy

CNU R sin aR

The terms in the above equation are described as,

CN = 6.13
K,

Kr +2.25
I 4 = ( l - WR)2(1+ C.g(s)) 

g(s) = T|K{2 -  (2 -  K)s}
(1 -s )2

p' = p -2 x ^ -r '  

xR * -0 .5

coP =coPOex p M  Pr)
(1-C0p)K = 0.6-
(1 — coR)

wr — WRO
coT
COpo

a R = 5 -  y • PR 
D P

R

s = 1 -  ( l-c o P)
UcosP

nP

^R Rudder area

u R Effective rudder inflow velocity

KR Rudder aspect ratio

a R Effective rudder inflow angle

n Propeller revolutions

P Propeller pitch

COp Effective wake fraction at propeller

s Slip ratio

R̂O Effective wake fraction at rudder going straight ahead

Pr Effective drift angle at rudder

h R Rudder span

COpo Effective wake fraction at propeller going straight ahead

2.25
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y Flow straightening coefficient

C Coefficient of Port and Starboard turn

£ Wake fraction ratio

The follow ing approximations can be used if experimental data is not 

available,

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

coefficient y and wake fraction ratio e, have the greatest effect on the 

simulation of the turning ability of a vessel. These effects w ill be studied 

and the results will be included in the discussions. The determination of 

the interaction coefficients, aH, x'H, y, COpo, ^ro anc  ̂ e  f ° r the. m odel 

sim ulation  are obtained through m odel tests under controlled  

environm ent. 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 w ill be the additional 

problems of external environmental factors such as w ind 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 y and 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

COpo = 0.5Cb -0 .0 5 2.26

2.27

2.28
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accurate prediction of the full scale interactions is necessary. The matching 

technique w ill be em ployed in Chapter Five for the m anoeuvring  

simulation of a heavy lift vessel.

2.4. Determination of Rudder Area.

The area of the rudder is determined using the DNV minimum  

rudder area equation Ref. 2.10.

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,

A r Rudder Area

PN Propeller Number

Rspan Rudder Span

Rroqt Rudder Root

RXIP Rudder Tip

2.29

SPAN

R 2Ar

1.8PnR,NAXSPAN

RTip = 0.8R ROOT
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2.5 Discussion of Results.

The d iscussions presented here are for the m anoeuvring  

simulation of a model tanker. The simulations carried out in this chapter 

were purely to demonstrate the behaviour of the sim ulation m odel 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 nam ely the flow  

straightening coefficient and the wake ratio.

2.5.1 Variation in Vessel Velocity.

The effect of increased velocity of the vessel are shown in figs. 2.6. 

The m odel 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 w ith increased velocity. The effect of 

increased speed would however increase the vessel heel in the turn. This 

sim ulation m odel does not however include roll in the equations of 

m otion 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.

2.5.4 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 Kijima et al., Refs. 2.3, 2.4, that an accurate determination of 

these coefficients was essential for the prediction of the full scale turning 

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 

coeffic ien t/ increases the turning circle dim ensions. 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 w e 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 (mA2) 3160
Longitudinal Windage Area (mA2) 1130

Esso Osaka Model Dimensions
Scale 1:130 Full Half Ballast
Length (m) 2.5 2.5 2.5
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
Cl 0.22 gamma 0.3
C2 -0.131 wpo 0.54
C3 -0.158 wro 0.35

Table 2.1
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Rudder and Hull Interaction
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Figure 2.6a
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Figure 2.7a
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ESSO OSAKA MODEL TRAJECTORY
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6r =15deg

Y/L

Model Velocity. 0.36 m /s  
Condition. Full

Figure 2.8a
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Figure 2.9a

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

Condition. Full
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Rudder Angle. 20 Degrees Starboard 
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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 w ind and current 

on any vessel is important if one is to try to predict the vessel's  

m anoeuvring behaviour under the real conditions im posed  by the 

environment. An understanding of these phenomena and their effects 

will enable the control requirements to be more readily assessed. In the 

follow ing analysis only the effects of w ind w ill 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 m odel of Chapter 

Two.

3.2 Formulation of Relative Wind Velocity and Relative Wind

Angle.

3.2.1 Relative Wind Velocity

In order to model the wind loading on the vessel as it advances in 

the global coordinate system  we m ust determine the relative w ind  

velocity and the relative wind angle. The components of w ind velocity  

relative to the vessel, with reference to fig. 3.2, can be written in terms of 

vessel velocity and wind velocity components as,

uR=U cosP  + U wcos(yw - 0 )  3.1.a

v R = -U  sin p + U w sin(y w -  0) 3.1.b

U Ship Velocity

U w Wind Velocity
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U R Relative Wind Velocity

uR x Component of Ship Velocity Relative to the Wind

v R y Component of Ship Velocity Relative to the Wind

0 Ship Heading Angle

P Ship Drift Angle

y w Wind Angle

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

relative wind velocity and rearranging results in the following,

U R = u R + v R = (U cos P + U w cos(\j/w -  0))2 + (-U  sinp + U w sin(\|/w -  0))2 3.2

= U 2 cos2 p + 2U cos PUW cos(\j/w -  0) + cos2 (\|/w -  0)

+U 2 sin2 P -  2U sin pUw sin(\j/w -  0) + sin2 (\|/w -  0)

= U 2(cos2p + sin2 p) + U5v(cos2(\|/w - 0 )  + sin2(\|/w -0 ))
+2UUw(cos(\j/w -0 )cosP -sin (\j/w - 0 )sinP)

U 2 = U 2 + + 2UUW cos(yw -  0 + p) 3.3

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

velocity as,

IJ2 U 2 U= ! + C0S(¥ w -  0 + p) 3.4
U 2 U 2 U

3.2.2 Relative Wind Angle.

The relative wind angle is obtained by rewriting equations 3.1a 

and b as,

uR=U cosP  + U wcos(\|/w -0 )  

v R = -U  sin P + U w sin(\j/w -  0)
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and dividing these results in the expression for the relative wind angle.

t _ -U sin p  + U w sin(\|/w - 0 )
R Ucos|3 + U w cos(\j/w - 0 )

\|/R = tan 1
-U  sin (3 4- U w sin(\|/w -  0) 
U cos p + U w cos(\|/w -  0)

3.5

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

environmental loading and are written as,

p  _ P a A t C x U r  p  _ pAA LCYU R _ pAA LLCN
r w x  -  2 ’ wy ~ 2  ' 2

u 2r 3.6

pA mass density of air 1 .222  kg/m 3

AT L Transverse and Longitudinal Wind Projected Areas

C X/y,n Wind Loading Coefficients

N on  dim ensionalising equations 3.6 in the sam e m anner as the 

hydrodynamic, rudder and propeller forces and moments we obtain,

p/ _ pAA TCx U r p, _ Pa^-l^y Ur p' _ Pa^lLCn Ur 
^  pLD U 2 ' ^  pLD U 2 ' ^  pL2D U2

We have calculated the velocity ratio previously in equation 3.4. The only 

unknowns remaining are the wind loading coefficients CX,C Y,CN. These 

coefficients are functions of the vessels form above the water and can be 

determined from experiments in a wind tunnel with a scale m odel, 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. 33-3.7.

In the present analysis, the w ind 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 

show s 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 w indage areas for the fu lly loaded

280,000 tonnes dw t tanker are 1130m2 and 3160m2 respectively were 

obtained from Ref. 3.1 and these have been scaled to the m odel 

simulation.

3.3 Current Loading on Ships.

In the simulations the forces im posed by currents need to be 

m odelled 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 

w ell 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  tw ice 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,

UrC = (u + uc)2 *U2 + Uq

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,

U RC = U 2 + U 2C + 2UUC cos(\|fc -  0 + P)

U RC Relative Current Velocity

U c Current Velocity

U Vessel Velocity

The contribution of the current alone can be m odelled as a corrected 

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

UrC -  U 2 = Uc + 2UUC cos(\|/c -  0 + P) 3.8

U 2C= U 2C- U 2

UCC=V U RC-U2 3.9

U cc Corrected Current Velocity

Using this formulation, the total hydrodynamic forces acting on the vessel 

are determ ined 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,

V rc = tan"'
- U  sin P + U cc sin (yc -  0) 
U cosp + Ucc cos(\|fc -  0)

3.10

Once w e 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,

p LDCxc U^c _ p LDCyc ujlc _ p L2DCnc 1 4  

pLD U 2 ' CT pLD U 2 ' 01 pL2D U 2

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. U sing 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 

phenom ena like w ind, w aves and tidal effects. The current load  

coefficients are given in figs. 3.3.

3.4 Automatic Pilot Control.

We w ill now  introduce an autom atic p ilot 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 w ill 

depend upon the conditions. The required rudder angle is obtained from  

the following relationship.

8 * = a(0 -  0C) + b'r' = 5* + 8 *t 3.12

5* Rudder Angle (maximum value of 35 degrees)

a Yaw Rate Constant (Rudder Constant 1)

b' Yaw Rate Gain Constant (Rudder Constant 2)

t R Rudder Deflection Rate (recommended as 2.33 degrees/second)
0e Required Heading (=0 degrees)

0 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 w e see an exam ple from the m odel 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 w ill reduce. The wind  

loading coefficients are also presented for the 0 degrees w ind angle for 

starboard and port. These can be compared with the w ind 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.

4> = e - 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.

56



L O N G I T UD I N A L  WIND FORCE C OE F F I C I E NT

CXw

Conventional
Bow

Legend

Ballasted Tanker 
Fully  Loaded Tanker

60  80  100  120 
WIND ANGLE OF ATTACK 0 W

Figure 3.1a

LA TE R A L WIND FORCE COEFFICIENT

Ballasted Tanker 
Fully Loaded Tanker

WIND ANGLE OF ATTACK $ w

Figure 3.1b
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ESSO OSAKA MODEL TRAJECTORY
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Figure 3.5a
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ESSO OSAKA MODEL TRAJECTORY
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Figure 3.6a
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Chapter Four.

4.1 M odelling Wind Loads on Jack Up Legs and Lattice Type 

Structures.

The accurate prediction and modelling of hydrodynamic and 

aerodynamic loads imposed on jack up legs is extremely important when 

we consider aspects of jack up design, strength, stability and cost. As 

explained in Ref. 4.1, the drag characteristics of the leg design dictate the 

strength requirements. If the modelled leg drag is conservative, this will 

increase the strength requirements and this may in turn increase the leg 

geometry. This 'design spiral' may also affect the jacking capabilities and 

the hull arrangements of the jack up. In the case of simulations for the 

transportation of the jack up under wind loading detailed in Chapter Five, 

the need to have an accurate prediction of leg drag is also important. If we 

consider the dry transportation of jack ups commonly by heavy lift vessel 

the leg geometry and drag will affect the overturning moments and hence 

this will dictate the limit of the leg length exposed to the wind. The 

steering requirements of the heavy lift vessel as well as the fixing 

requirements will also be affected. Under a wet tow, the leg length again 

affects the wind heel. In addition, wind loading will also cause the jack up 

to yaw, pitch and roll, and as a result the tow stability will reduce.

The modelling of loads on jack up legs is a very complex problem. 

Many factors affect the flow of fluid through the leg structure such as 

solidity, shielding, corner post geometry, teeth size, root, flow regime and 

roughness to mention a few, Ref. 4.2. There have been numerous 

experimental studies on the loadings of isolated cylinders, Ref. 4.3 and 

these studies have reinforced much of what has already been established 

and also extended our knowledge of flow regimes and the effects of surface 

roughness such as marine growth. Experimental studies on lattice frames 

and lattice towers have also been undertaken but to a lesser extent, Refs. 

4.4, 4.5. It was only recently 1986 that the British Standards Institution, BSI, 

Ref. 4.6 produced its design codes for loadings on lattice towers. These
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guidelines were specifically formulated for lattice towers such as those 

used in the telecommunications and electricity industries. Methods for the 

calculation of wind loads have also been produced by the Engineering 

Science Data Units, ESDU, Ref. 4.7. Both the BSI and ESDU calculation 

procedures were obtained from the results of experimental studies 

employing data in a building block approach with factors for orientation, 

solidity and shielding. The building block method determines the overall 

drag by a summation of the drag contributions on each leg component. 

These methods can be used for the determination of wind loads on jack up 

legs and have been applied in comparison studies along with other wind 

load codes and classification rules. They however fail to take account of 

the numerous legs chord configurations and designs as studied by Pharr- 

Smith of Marathon Marine Engineering Company, MMEC, Refs. 4.1, 4.2. 

The experimental work by Pharr-Smith et al., has been very important for 

the accurate determination of loads on legs at near full scale Reynolds 

number. They showed not only the influence of the leg chord design but 

also the tooth size and root.

In this Chapter the calculation methods proposed by Det Norske 

Veritas, DnV, Ref. 4.8, BSI, Ref. 4.6 and Pharr-Smith of MMEC are 

compared for square and triangular leg geometries. The calculation 

methods are shown in the Appendices D-F. The assumptions common to 

all three methods is that the wind velocity is steady i.e. no gusting. The 

variation in wind velocity with elevation above the still water level may 

be described by the DnV power rule as,

V = V
\ ZoJ

4.1

Vc wind velocity at reference height

z height of load point above the mean still water level

zQ reference height (zo=10.0 m)

Fig. 4.1 shows the relationship of wind velocity with elevation for
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equation 4.1.

We also assume the leg geometry dimensions do not vary with elevation 

and that the leg is symmetrical. No ancillaries such as ladders or stringers 

are considered.

4.2 Leg Geometries.

There will be six leg geometries studied and these will include 3 

square and 3 triangular lattice structures. In figures 4.3 through to 4.6 we 

see typical examples of leg geometries and corner post design. The initial 

analysis will study loading of a square and triangular leg design with 

idealised cylindrical cornerposts. The leg member dimensions for this 

investigation were obtained from Ref. 4.9. The study will then be extended 

to more realistic cornerpost geometries shown in figures 4.4. The leg 

bracing member dimensions for these geometries were estimated from 

information given in Refs. 4.1 and 4.2. The dimensions of the bracings 

were chosen to give the required leg solidity ratios and member areas. A 

calculation showing the method of obtaining the estimates of leg member 

dimensions for square and triangular geometries is given in Table 4.1. The 

leg member dimensions for this study are given in Table 4.2 for all the 

square and triangular geometries considered. The effects of Reynolds 

Number will be investigated where appropriate as will the effects of 

orientation and surface roughness. The results of the comparison of DnV, 

BSI, and MMEC methods can be seen in figs. 4.14-4.42. Each of the 

calculation methods are detailed in Appendices D-F. All the leg lengths 

studied are 100m long and the base of the legs are located 15 meters above 

the mean still waterline.

4.3.1 DnV Method

The DnV Classification Rules method for the calculation of wind 

loading is different from the MMEC and BSI methods because it uses a 

concept of effective diameter. It should therefore be limited to cylindrical 

cornerposts and members. The method determines the forces acting on

77



each member in the entire volume of the structure as opposed to the 

projected area of the face over one bay in the case of BSI and MMEC 

methods. It gives no account for shielding factors. The method can easily 

be adapted to study surface roughness by increasing the area and drag 

coefficient on each cylindrical member. The DnV method is complicated 

because knowledge of the angles of the bracings are required both 

vertically and horizontally, fig. 4.6. The DnV method was not used in the 

comparison study for the real leg geometries 3-6.

4.3.2 BSI Method.

The BSI method is applicable to free standing tower structures of 

lattice construction and these include guyed masts. This method is not 

ideally suited to jack up lattice legs as the formulation of forces does not 

treat the drag on the corner posts of different geometries individually. The 

forces on the structure are obtained from the projected areas of the 

members over one bay height. The method determines the overall drag 

from contributions of sub/supercritical cylindrical members drag and flat 

plate drag which are functions of solidity and leg geometry. It therefore 

treats the drag on the lattice face as a whole as opposed to a summation of 

individual members drag in the MMEC method. The effects of orientation 

on the square geometry is calculated as a function of solidity, cylindrical 

area and flat plate area. In the case of the triangular geometry, drag varies 

with orientation for flat plates only. The BSI method does not include any 

means of including surface roughness, such as marine growth. The BSI 

method treats all cornerpost geometries which are not cylindrical as flat 

plate. The flat plate drag is independent of Reynolds number. The 

variation of wind velocity is determined from the DnV power rule. The 

drag coefficients on the cylindrical members is dependent upon which 

region of sub and supercritical Reynolds numbers the member lie. The

transition Reynolds number is chosen as 4 x l0 5 and is multiplied by a 

factor of 1.5 as outlined in Appendix E. No transcritical behaviour is 

modelled.
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The BSI method is more involved than MMEC method. It can be 

extended to model ladders, stringers, ice loading, gusting factors, etc as 

indicated in the BSI guidelines. MMEC does not include any means of 

including such items.

4.3.3 MMEC Method.

The MMEC method was developed from extensive experiments 

carried out on jack up leg geometries at near full scale Reynolds numbers. 

The drag coefficients and areas for each corner post design and cylindrical 

members are input for the windward and leeward faces. It is noted that 

only the projected members in the windward and leeward faces make 

contributions to the overall drag. Members which are inside the volume 

and hidden are not taken into account. The leeward areas are multiplied 

by a shielding factor which is a function of solidity. The transition 

Reynolds number is chosen as 4 x l0 5. The member drag for 

sub/supercritical behaviour is 1.2 and 0.7 respectively. The Reynolds 

number effect is clearly shown in fig. 4.2 for 15m /s base wind velocity. No 

transcritical behaviour is modelled as recommended in Ref. 4.1.

The MMEC calculations were extended further to study the effects 

of surface roughness. The leg drag coefficients were determined using an 

increased area and increased drag coefficients as recommended by Ref. 4.2 

on all cylindrical members. The values chosen for increased drag are 

1.25/1.1 for the sub/supercritical behaviour and the definition of increased 

area is given in Ref. 4.10 and figs. 4.8 and 4.9. The transition Reynolds

number is chosen as lx lO 5.

The MMEC method is easy to use but accurate cornerpost drag 

coefficients must be known. Orientation is taken into account for square 

legs only. The drag on the triangular legs is assumed constant with 

orientation.

4.4 Discussion of Results.

4.4.1 DnV Method.
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On inspection of the all cylindrical square leg geometry 1, figs. 4.14 

-4.18 we see that the DnV results converge with the results of MMEC and 

BSI for increasing angle of incidence. If we examine further the 

orientation of the three methods, fig. 4.15 we see that DnV method 

decreases to a minimum value at 45 degrees. This behaviour seems to be 

incorrect because of the increased area of exposed members to the wind at 

45 degrees. In addition, figure 4.5 taken from Ref. 4.1 clearly shows an 

increased drag coefficient for increasing orientation for all square leg 

geometries. The DnV method however, compares well with MMEC and 

BSI in the range of 15-75 degrees for the square geometry. The DnV 

method results assumes super critical flow and drag coefficient of 0.7 for 

all cylindrical members. The results of the all cylindrical member 

triangular geometry are given in fig. 4.19. The DnV results compare well 

with BSI and MMEC. The orientation of DnV, fig. 4.20 shows a minimum 

at 60 degrees.

4.4.2 BSI and MMEC Methods.

The BSI method compares favourably with the MMEC method for 

the two square leg geometries 3 and 4. This is surprising due to the 

different approaches of each method. There are differences however as can 

be seen in figs. 4.27-4.30 at wind velocities less than 20 m /s. This is due to 

the definitions of the domains of the sub and supercritical flow regimes. In 

the BSI method Appendix E, the Reynolds number or the transition of the 

flow regime is multiplied by a factor of 1.5. In the MMEC method the 

transition is calculated at actual Reynolds number. The transition

Reynolds numbers were the same in both cases i.e. 4 x l0 5. The sub and 

supercritical drag coefficients for both methods are shown in figs. 4.26 and 

4.32 for geometry 3 and 4 respectively. The subcritical drag coefficients 

shows clearly the large differences in the loading at the lower wind  

velocities. The supercritical drag coefficients show small differences.

The triangular lattice leg results are given in figs. 33-38 for leg 

geometries 5 and 6. The cornerposts are treated as flat plate in the BSI
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method. In geometry 5, both methods compare well for supercritical 

behaviour and this is shown when comparing the drag coefficients, fig. 

4.35. The MMEC method drag does not vary with orientation for 

triangular geometries. Geometry 6 shows much greater differences than in 

any of the previous geometries. On inspection of the drag coefficients, the 

subcritical drag coefficients compare better than the supercritical drag 

coefficients. A further investigation, shows the differences could be due to 

the lower cornerpost drag coefficients of windward and leeward faces as 

used by MMEC in geometry 6. These drag coefficients are given in Table 4.2 

along with the flat plate drag coefficients obtained by BSI. The geometries 5 

and 6 have the same solidity and hence flat plate drag coefficient.

4.4.3 MMEC Method and Marine Growth.

The MMEC calculation method was extended further to study the 

effects of marine growth or surface roughness on leg geometries 3 and 6. 

The values of the surface roughness examined were Mean Marine Growth 

(MMG) of 0.005m with Mean Roughness Height (MRH) of 0.00125m and 

also MMG 0.01m with MRH 0.0025m. The definitions of these quantities 

can be obtained from Ref. 4.10 and fig. 4.7. It is assumed that the marine 

growth is uniform over all the cylindrical members. The effect of marine 

growth is modelled as an increased drag coefficient and increased surface 

area as recommended by Pharr-Smith in Ref. 4.2. The effect of roughness 

appears to be quite dramatic as seen in figs. 4.39 and 4.41. It is noted that 

any further increase in marine growth and MRH only marginally 

increases the load on the leg. The results are however dependent upon the 

values chosen for the cylindrical member drag coefficients and transitional 

Reynolds numbers for supercritical flow. An example of experimental 

values from Ref. 4.3 can be seen in figures 4.8 and 4.9. The drag coefficient 

for a cylinder at sub critical flow was 1.25 and supercritical flow was 1.1. 

The transition Reynolds number was assumed as 1x10s.

4.4.4 Variation of Drag Coefficient with Orientation for the Triangular 

Leg Geometry.
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The prediction of wind loading on the triangular lattice leg 

geometry is more difficult than for the square geometry. In geometry 2 the 

DnV method, fig. 4.20 shows the minimum value of load occurring at 60 

degrees.

In the MMEC method the orientation factor for the triangular legs 

is assumed as 1. In the MMEC experimental results Ref. 4.2 and figs. 4.10- 

4.11, the triangular drag coefficients have minimum values occurring 

approximately at 30 degrees. The use of the orientation factor of 1 was to 

ensure wind loading forces were not underestimated.

In the case of BSI, the orientation varies according to,

K, = A-e- A '  + — (1.0-0. lsin21.5 6)
Ap Ap

It can be seen from the above equation and fig. 4.12 and figs 4.34 and 4.37 

that under the BSI method, the minimum value of wind loading will 

occur at 60 degrees only if there are flat sided members in the structure. If 

the structure is all cylindrical then the loading is constant for increasing 

wind incidence.

According to ESDU Data Item 81028 Ref. 4.7, the orientation factor 

for a triangular geometry indicates the minimum loading occurs at 30 

degrees, and is shown in fig. 4.13

The above four calculation methods each give conflicting results 

about the location of the minimum value for loading on triangular lattice 

type structures.
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Example Calculation for Estimate of Leg Member Dimensions from Ref.4.1 
Square Gorilla Leg.
Assume members 2&3 have the same diameter.

Component Area(ftA2) Area(mA2)
Total Cylinder Area 1145 10.637
Total Gusset Area 15 1394
Total Comer Post Area 102.81 9551
Overall Projected Area 23231 21582
Length of bay (ftjn) 16.777 5.114
Width of Bay (ft,m) 46 14.021

Width of Comer Post=9551mA2/(2*5.114m)=0.934m 

Cylindrical Area-10.637mA2
Horizontal Brace- 1*(14.021-2*0.934)*DIAM- 12.159*DIAM
Vert. Brace- 2*((12159/2)A2+5.114A2>A0.5)*DIAM= 15.883*DIAM

Total Area 28.042‘DIAM

DIAM-10.637mA2/28.042m- 0.379m
Member 4 diameter is approximately 60% of diameters of members 2&3 
Projected members per face.

Member Length (m) Diameter (m) No.of Members
1 5.114 0.934 2
2 12159 0379 1
3 7.942 0.379 2

Example Calculation for Estimate of Leg Member Dimensions from Ref.4.2 
Triangular Leg. Split Tube Opposed Rack.

Component Area(ftA2) Area(mA2)
Total Cylinder Area (Windward) 49.8 4.627
Total Cylinder Area (Leeward) 61.79 5.740
Comer Post Area (Windward) 38.64 3590
Comer Post Area (Leeward) 29.38 2.729
Length of bay (ft,m) 12 3.658
Width of Bay (ft,m) 34.11 10397

Width of Comer Post *359mA2/(2*3.658m)=0.491m 
Horizontal Brace Length»10397m-2*0.491m=9.4l5m

Projected Member Lengths |
Windward (3.658A2 + 9.415A2/4)A05-5.962m
Leeward (3.658A2 + 9.415A2/16)A05-4349m
Cylindrical Area |
Windward 4.627-9.415*DIAH + 2*S.962*DIAV
Leeward 5.74-9.415*DIAH + 4*4349*DIAV
Lee-Wind 1.113= (17.396-11.923)*DLAV

DIAV-0204m
DLAH=0234m

Member 4 diameter is approximately 60% of diameters of members 2&3
Projected members per face.

Member Length (m) Diameter (m) No.of Members
1 3.658 0.491 2
2 9.415 0234 1
3 5.962 0204 2

Table 4.1
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Geometryl
Square. All Cylindrical Members

Member Length (m) Diameter (m) No.of Members
1 4 0.7 4
2 8 025 4
3 5.66 025 8
4 5.66 0.15 4

Geometry 2
Triangular. All Cylindrical Members

Member Length (m) Diameter (m) No.of Members
1 4 0.7 3
2 8 025 3
3 5.66 025 6
4 4 0.15 3

Geometry 3 
Square. Gorilla Design.
MMEC Comerpost Drag.

Windward 1.882 Leg Solidity 02008
Leeward 1.573 BSI CNF 22313
Member Length (m) Diameter (m) No.of Members

1 5.114 0.934 4
2 12159 0279 4
3 7.942 0279 8
4 8.598 0227 4

Geometry 4
Square. Triangular Comer Post Design.
MMEC Comerpost Drag.

Windward 2.012 Leg Solidity 025%
Leeward 1.625 BSI CNF 2.3359
Member Length (m) Diameter (m) No.of Members

1 3.408 0.772 4
2 7299 0296 4
3 5.104 0296 8
4 5.373 0.178 4

Geometry 5
Triangular. Circular with Opposed Racks.
MMEC Comerpost Drag.

Windward 0.9472 Leg Solidity 0216
Leeward 12348 BSI CNF 2.489
Member Length (m) Diameter (m) No.of Members

1 4.828 0.648 3
2 15222 0246 3
3 9.013 0215 6
4 7.611 02 3

Geometry 6
Triangular. Split Tube Opposed Rack Chord.
MMEC Comerpost Drag.

Windward 0.8183 Leg Solidity 0216
Leeward 12888 BSI CNF 2.488
Member Length (m) Diameter (m) No.of Members

1 3.659 0.491 3
2 9.415 0234 3
3 5.%2 0204 6
4 4.708 0.14 3

All members defined in Figures 4.3 & 4.6
Members 4 are hidden by members 2 and are approximately 60% diameter of members 2 & 3

Table 4.2
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Definition of Leg Members
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(X
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(X

SECTION A - A

Generalized jackup truss leg (triangular corner posts with
gussets shown)

Figures from Ref. 4.1

Figure 4.3
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Leg Comer Post Cross Sections
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Figure 4.4 Figures from Ref. 4.1, 4.2
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DNV Classification Rules 
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Flow Direction
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Fig. 4.6
Mar ine  Growth
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A = TTD2/4 = mean c r o s s  s e c t i o n a l  ar e a

Figure 4.7
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f Roughness Height with Reynolds Number on Drag Coefficient.
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MMEC Experimental Data for Triangular Leg Geometries
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Figure 4.10
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Chapter Five.

Study of the Dry Tow Simulation of a Heavy Lift Vessel and Jack Up with 

Wind Loading.

5.1 Introduction.

The simulation model described in Chapters Two and Three is 

now extended to study the dry tow simulation of a heavy lift vessel (HLV), 

with jack up under wind loading. The use of manoeuvring simulation  

will enable us to determine if the existing control devices such as rudder 

and skeg are adequate. It may also be possible to assess the manoeuvring 

capabilities for a new  generation of heavy lift vessels which w ill be 

required for the transocean transportation of future designs of deep water 

jack up rigs. This will prove useful as an initial design tool to determine 

whether the control arrangements for the heavy lift vessel will satisfy any 

future IMO requirements for manoeuvring performance. The wind loads 

acting on the jack up legs will be determined using the MMEC calculation 

method detailed in Chapter Four. The wind loads acting on the jack up 

hull in the sim ulations were obtained from the current loading  

coefficients determined from the experiments in Chapter Six. N o deck 

houses, drilling derricks were modelled.

In order to present an accurate simulation of the heavy lift vessel 

(HLV), with the jack up unit, it is necessary that the heavy lift vessel's 

m anoeuvring characteristics in sim ulation should m atch the real 

behaviour of the full scale vessel. As a first step it was decided therefore to 

simulate the manoeuvring characteristics of the heavy lift vessel w ithout 

the jack up and determine the appropriate interaction coefficients and 

propulsion characteristics as discussed in Chapter Two. This was achieved 

using the trials data of the 'Mighty Servant II' which was supplied by 

Wijsmuller, Ref. 5.1. The trials data contained information regarding the 

turning circle manoeuvres with additional data on the speed loss in the 

turn for both the starboard and port rudder, Table 5.2. This data is used as 

the basis for matching the simulation to the real manoeuvres without the
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jack up. There are several approximations inherent in the sim ulation  

model. The first being the manoeuvring derivatives and the interaction 

coefficients were derived from model experiments for single screw vessels 

with relatively high block coefficient and scale effects are therefore present. 

Additionally, the propeller is ducted for the heavy lift vessel w hile the 

propulsion coefficients in the simulation model are derived for an open  

water propeller. The propeller bossings of the heavy lift vessel are also not 

taken into account. It was also necessary that the sim ulation should  

include a skeg. Two approaches of m odelling the skeg lift and drag 

coefficients are studied and these will be detailed before the investigation  

of matching the simulation to the trials.

The dry tow simulation w ill include a combination of turning 

performance and automatic pilot control studies. The heavy lift vessel is 

the 'Mighty Servant T and the jack up is based on the 'Ron Tappmeyer'. 

The sim ulations w ill investigate the manoeuvring performance of the 

heavy lift vessel system for wind velocity, rudder angle and variations in 

the longitudinal and transverse relative positioning of the jack up on the 

heavy lift vessel. Additionally the effects of leg length exposed, marine 

growth and orientation of the jack up rig will be studied. The heavy lift 

vessels have bow thrusters but these were not m odelled as it is assumed 

that they are employed only in the positioning of the vessel when loading 

and unloading cargo.

5.2. M odelling the Skeg.

The heavy lift vessels of the 'Mighty Servant' class have a 

centerline skeg aft for increased dynamic stability. It was necessary to 

include the contribution of the skeg to the forces acting on the heavy lift 

vessel hull for the simulation. A review of literature on determining the 

aspect ratio of skegs introduced some debate on the appropriateness of the 

approach, (see section 5.2.1, Refs. 5.2, 5.3), and as a consequence of this 

uncertainty, two methods of determining the lift and drag coefficients 

were investigated and compared. The first method, using an extended
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theoretical approach based on the work of Jacobs Ref. 5.2, with wing theory 

Ref. 5.4. The second approach of Harrington Ref. 5.5, using the lift and drag 

coefficients obtained from experiments with spade rudders which were 

then applied to the skeg.

This investigation of the two methods includes a comparison of 

the drag and lift coefficients and of the surge and sway coefficients for two 

skeg geom etries which have the same area and maxim um  span but 

different taper ratios. These skegs can be seen in figures 5.1 and 5.2 and 

Table 5.1. The location and dimensions of the skegs were estimated from 

available literature on the heavy lift vessel.

The skeg in fig. 5.1 has the same taper ratio of 0.45 for which the 

experimental data for the spade rudder was obtained. The center of 

pressure of the skeg is assumed to be located at half the root chord. The 

two approaches are now detailed and the applicability of both approaches 

will be given in the discussion of the results.

5.2.1 Theoretical Approach using Low Aspect Ratio Wing Theory.

The approach developed by Jacobs Ref. 5.2, using low  aspect ratio 

wing theory was initially studied. This work employs linear perturbation 

theory to determine the effect of a skeg on the dynamic stability of a vessel 

and as a result there was no investigation into the increased drag on the 

vessel due to the skeg. It is necessary however to include the drag of the 

skeg for the simulations as this will have a significant contribution at large 

drift angles. In Jacobs' work, the assumption which raised caution was that 

of the definition of the effective aspect ratio of the skeg. This was taken as 

its geometric aspect ratio for the skeg fully submerged. A review of Ref. 5.3, 

states that any low  aspect ratio control surface will have an effective aspect 

ratio twice that of the geometric aspect ratio if flow is prevented from  

crossing its root. In the present study it is assumed the effective aspect ratio 

of the control surface to be double the maximum geometric span and that 

the control surface is fully submerged. The effective aspect ratio is then 

determined as,
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H 2
AR = 2 —  5.1

A c

H Maximum span of the Skeg at the trailing edge.

As Area of Skeg

For low  aspect ratio w ings of AR less than unity, w e determine the 

dimensionless lift rate per unit lateral area of skeg from the Jones formula,

3Ct k . „  _ _
— -  = — AR 5.2a
ap 2

If however AR is greater than 1 then we must use,

= 5.2b
ap 2 + AR

The above equation 5.3, is the non dimensionalised lift derivative 

of the skeg. If m ultiplied by the angle of incidence (in radians), it is 

approximately equal to the sway coefficient given in equation 5.4b.

If we define the lift and drag for the skegs with reference to figure

5.3, we obtain the equations for surge and sway coefficients as,

Cx = CDcosp -  CLsinp

CY = CLcosP + CDsinP

5.4a

5.4b

In Jacobs' work the surge forces on the skeg were not included in 

the formulation. The above equations assume two dimensional flow, i.e. a 

w ing of infinite span. The skeg is however of finite span and three 

dimensional flow  will occur. The classical approach of Ref. 5.4 w ill be
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adopted to account for the contribution of the three dim ensional flow  

about the skeg. The three dimensional drag and lift coefficients are written 

as,

CD = CDocos0 + C^sinQ

CL = 0 ,0 0 8 0 - C ^ i n e

5.5a

5.5b

0 is the angle which the flow is deflected

Coo/C^are the drag and lift coefficients of the ideal two dimensional flow. 

CD,C L are the true drag and lift coefficients of the three dimensional 

flow.

For small 0, cos 0=1, sin 0=0 (in radians), then the above equations 5.5 

reduce to,

Cd = CDo + CLo0 5.6a

CL = 5.6b

It can be shown from classical aerodynamic theory, Ref. 5.4 that,

e = 5.7
tcAR

Therefore the drag coefficient 5.6a can be rewritten in the form,

C2
CD = CDo+ —;k- 5.8

D 1,0 mAR

The true three dimensional drag comprises of profile drag and 

induced drag. The induced drag is a function of the lift coefficient. It can be 

seen that the induced drag will decrease for increased aspect ratio. The
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profile drag is made up of two components, the skin friction and form 

drag. The equation for the drag coefficient has the same form as that found 

in Ref. 5.3, except there is an 'efficiency factor' included in the 

denom inator of the induced drag term which is nam ed the Oswald  

efficiency factor e, and is assumed as 0.9. It is not stated whether this is an 

interaction coefficient and is also used by Whicker and Fehlner 1958 (see 

section 5.2.2). We will incorporate this into the formulation and note that 

Jacobs assumes that the local interaction effects between the hull and the 

skeg are negligible. The skin friction drag is determined from the 1957 

ITTC m odel ship correction line equation. There is no contribution for 

form drag in the formulation as data for the form drag of a skeg was 

unattainable. The profile drag is therefore the skin friction drag and this 

acts only in the surge direction. The true drag equations 5.8 and lift 

coefficients 5.6b, are now placed back into the initial surge and sway  

equations 5.4 and we obtain,

5.2.2 Experimental Approach.

In the second approach the lift and drag coefficients for the skeg 

were obtained from the work of Harrington, Ref. 5.5. Harrington utilised  

the experimental data produced in the DTMB Report No. 933 written by 

Whicker and Fehlner in 1958. The information in Report No. 933 contains 

extensive experimental data on the lift, drag and centre of pressure of 

various rudder geometries of the NACA family of rudders as well as flat 

plates and elliptical sections as described in Ref. 5.3. The report also 

includes empirical formulae for the determination of the rudder forces, 

rudder torque and centre of pressure. Using the experim ental data, 

Harrington reproduced the values of lift and drag coefficients and centre of

Cx = C Do + - ^ r - c o s |3 - C Lsin|} 
rcARe

5.9a

k ARe
sinp 5.9b
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pressure in graphical form for various angles of attack against effective 

aspect ratio for a simple spade rudder geometry as shown in figs. 5.5 and 

5.6. These lift and drag coefficients for the spade rudder were applied to the 

skeg geometries of figs. 5.1 and 5.2.

In the study we assume that the skeg is fully submerged and there 

is a uniform flow over the skeg. The lift and drag coefficients for the skeg 

are determined for a zero sweep angle. Harrington also includes the lift 

and drag coefficients for a rudder with a sweep angle of +11 degrees and 

recommends that an interpolation is carried out for the required sweep  

angle. The differences in the lift and drag are small however and so this 

was not considered necessary. The effective aspect ratio of the control 

surface is defined by Harrington as,

The equation 5.10 applies to a rudder whose effective aspect ratio 

varies as the rudder is deflected through a  degrees and flow  crosses 

between the root of the rudder and the hull. In the case of the skeg there is 

no deflection of the skeg relative to the hull and therefore a=0. The above 

equation w ill therefore reduce to,

5.10
v + X2 75y

The definition of these quantities can be seen in figure 5.4

CM Mean Chord

a  angle of attack
X3 Span of Skeg

5.1
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After interpolating the lift C l i  and drag C d i  coefficients for the 

skeg obtained from figs. 5.5 and 5.6, it is then possible to determine their 

contribution to the skeg surge and sway coefficients. These are defined in 

terms of the drag and lift as,

The rudder is however of a sim ple spade geom etry w ith an 

unspecified NACA section. This presents a problem as the thickness of a 

skeg is small when compared with its chord and applying the rudder to a 

skeg of large chord may lead to inaccuracies in the drag coefficient. The 

experiments to obtain the lift and drag coefficients for the rudder were 

conducted for a control surface with a taper ratio of 0.45. The lift and drag 

coefficients are then corrected for differing taper ratios as,

X Taper ratio

The corrected lift coefficient is then written as,

Cx = CDcosp -  CLsinP 5.4a

CY = CLcosP + CDsinp 5.4b

CL2 — CL1 + ACl 5.12

The drag coefficient is then corrected as,

2.83 AR
5.13

The corrected drag,
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^D2 — ^Dl 5.14

Where CD2=CD and CL2=CL in equations 5.4.

As mentioned previously the two skeg geometries of figs. 5.1 and

5.2 were studied. These skegs have the same area and maximum span ie 

the same effective aspect ratio but differing taper ratio. The first skeg taper 

ratio is 0.45 while the second is 0.87. The second skeg is the design skeg 

used in the simulation. The classical aerodynamic w ing theory approach 

treats both skegs similarly as they have the same aspect ratios while the 

Harrington approach takes into account the taper ratio. These effects are 

discussed later.

5.3 Simulation of the Turning Manoeuvre of the Heavy Lift Vessel.

The aim of the following study is to match the simulation turning 

performance of the heavy lift vessel 'Mighty Servant II' to its sea trials 

data. This w ill be achieved by adjusting the interaction coefficients to 

obtain a reasonable match. This procedure was employed in Refs. 2.4 and

2.5. This combination of interaction coefficients will be used in the later 

simulations with the 'Mighty Servant I' and the jack up 'Ron Tappmeyer' 

under wind loading. Wind loading is also included in the 'Mighty Servant 

II' simulation with the wind angles and velocities as given at the trials. 

The contribution of the skeg forces acting on the vessel w ill now  be 

detailed.

5.3.1 Skeg Derivatives and Forces.

In modelling the inclusion of the skeg for simulation, the method 

proposed by Jacobs Ref. 5.2, has been followed except for the definition of 

the effective span of the skeg as previously detailed. Additionally using  

the classical aerodynamic wing theory Ref. 5.4, the surge forces of the skeg 

and drag contribution to the sway forces on the skeg were included. In 

Jacobs' work the lift per unit area of skeg for small angles is written as,
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This is now used to obtain the remaining derivatives for the skeg as,

5.15b

5.15c

N: ( 5.15d

xs Distance of centre of pressure of skeg to LCG (-ve aft)

L Vessel Length.

These derivatives are now added to obtain the total skeg forces in 

sway and yaw as,

It is noted for the skeg at small angles of drift from 5.16 

Yjp « CLcosP + CDsinp

In order that the contributions of the surge and sway coefficients 

of the skeg are added to the hull forces and moments, we must m ultiply 

the surge and sway coefficients and yaw derivative, by the area of the skeg 

and then dividing by the length and draft of the vessel as,

CY = CLcosp + CDsinp +Y'r' 5.16

N' = N;p + N;r' 5.17



Y ' =1 SKEG 5.18b
LD

5.18c

As Area of Skeg

D Vessel Draft

5.3.2 Modelling the Wind Loading on the Heavy Lift Vessel.

The wind loading coefficients for the heavy lift vessel, figures 5.14 

were adapted from Ref. 3.1 for the condition of a full loaded tanker. The 

same coordinate system applies from Chapter Three. There are several 

points to note about the applicability of using the wind loading coefficients 

of the tanker. The geometry of the HLV is very different as it has a large 

forward superstructure as well as the aft pontoons for increased stability 

when submerged. The ratio of the transverse/longitudinal w indage area 

are significantly greater in the case of heavy lift vessel and as a result the 

longitudinal position of centre of windage area w ill be different. The 

location of the superstructure of the heavy lift vessel also meant that it 

was necessary to reverse the wind loading coefficients for sway and yaw. 

The surge and sw ay coefficients are relatively unaffected by this 

transformation, however the yaw moment sign is changed and acts in the 

same sense as the sway forces thus adding to the control requirements of 

the vessel.

5.3.3 Propulsion.

The value of the propeller advance coefficients Ci,C2 ,C3 are given  

in Table 5.2 and were chosen from the Wageningen Series B-4 propeller 

diagrams of Ref. 2.13. The simulation was carried out for a propeller with a 

P /D  ratio of 0.6 and a disk area ratio of 0.7.

5.4 Simulation of the Dry Tow of a Jack Up.
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The simulations carried out for the 'Mighty Servant II' are now  

extended to study the dry towing of a jack up rig on a heavy lift vessel. The 

interaction coefficients obtained from the trials comparison are applied to 

the heavy lift vessel 'Mighty Servant T. The conditions for the dry tow  

simulations were determined from a transportation manual provided by 

Wijsmuller Ref. 5.1, and are given in Table 5.3. The dimensions for the 

initial conditions can be seen in figure 5.16. The skeg is included with its 

dimensions remaining the same as fig. 5.2. In the simulation study, the 

effects of w ind velocity, location of the jack up transversely and 

longitudinally on the heavy lift vessel will be investigated. Additionally  

the orientation of the rig, the exposed leg length with marine growth and 

rudder angle will be studied. This study will provide useful information 

regarding the behaviour and sensitivity of the vessel to the parameters 

and the adequacy of the control devices. It may also be possible to produce 

recommendations regarding the location limits of the rig and acceptable 

leg length limits for any wind velocity. It is remembered however that the 

simulation m odel does not consider roll motion. A limit on the static 

wind heel moment will therefore need to be determined. This w ill be 

detailed in the next section of the chapter. It is assumed for all conditions 

of loading, the vessel has zero trim. This is a necessary assum ption as 

details of ballast tank capacities and locations were not available in the 

literature provided. If there is any change in exposed leg lengths from the 

initial condition then the vessel displacement will remain the same and 

the ballast will be rearranged accordingly to obtain the zero trim condition. 

This assumption is reasonable for the tow system conditions as can be seen 

in Table 5.3.

5.4.1 Maximum Wind Heel Moment.

A limit of the wind heel moment for the simulation is necessary 

as the manoeuvring model does not include roll. In order to determine a 

maximum acceptable wind heel moment we must first have knowledge of 

the vessel righting lever. This inform ation was provided  in the
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transportation manual for the initial load condition given in Table 5.3. If 

the tow system KG is known then the GZ value can be determined from 

KN static stability,

GZ = KN -  KGsintp 5.19

(p Heel Angle. Maximum assumed at 5 Degrees.

The lim iting wind heel angle was chosen as 5 degrees. It is 

assumed that the manoeuvring derivatives are unaffected up to this 

angle. Due to the asymmetry of the hull when heeling this w ill not be 

strictly correct. Additionally the jack up keel should not immerse before 

this angle. The limiting wind heel moment was determined from the

value of the righting lever, GZ for the heavy lift vessel at 5 degrees. The

contribution to this moment includes the heavy lift vessel, the jack up 

hull and the jack up legs. The wind heel moment on the HLV and jack up 

were obtained from the ABS guidelines on wind heeling Ref. 5.6 detailed 

in Appendix G. The moments on the legs were determined from the 

MMEC method. If varying the leg lengths the heeling m om ent w ill

change as will the values of VCG of the system. Hence there w ill be a

limiting envelope of maximum wind heel for wind velocity and exposed  

leg length. The leg loading model for the simulations will be detailed in 

the next section.

Wind Heeling Arm = Wind He6^  M° metlt 5.20

g Acceleration due to gravity 

A Vessel Displacement.

5.4.2 Simulation of Wind Loading on the Jack Up Leg.

The wind loading forces on the jack up legs were determined  

using the MMEC method detailed in Chapter Four and Refs. 4.1, 4.2. The
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design of the leg given in the transport manual is the Marathon Le 

Tourneau 116 class leg, which is square with triangular cornerposts. It was 

fortunate that this leg geometry was similar to the leg design given in Ref.

4.1 and the leg member dimensions for the simulation were scaled from  

this leg. The calculations for the leg member dimension and element areas 

and drag coefficients are given in Table 5.4.

The leg loading model is quite detailed as previously described. 

The legs are assumed to be orientated in the same direction. There are no 

interference or shielding effects between each of the legs, jack up hull and 

the HLV hull. We assume for the 5 degree heel that the levers about the 

waterline are constant and the drag coefficients are unaffected by the heel. 

The wind heel moments on the legs are therefore considered constant up 

to a 5 degree inclination. We shall assume the relative wind angle acting 

on the legs is taken at the base level, i.e. 10 meters above the mean still 

waterline. This assumption is useful as the relative wind angle does not 

vary significantly with elevation as described in Ref. 3.7. The wind heel is 

static only and no dynamic or second order effects are included. The 

variation of wind velocity with elevation is determined by the DNV  

power rule, equation 4.1. The total forces FT acting on the legs is 

determined by summing the forces on each bay.

N

f t = H 5.21

N  Number of Bays in the Leg.

A b Projected Area of Bay

pA Mass Density of Air

The forces acting in the surge and sway directions are then determined as, 

Fx = F Tcosa 5.22a
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Fy = FTsina 5.22b

a  Relative Angle of Wind Incidence

The output surge and sway and drag coefficients shown in figure 5.18c is 

obtained as,

Cx = —  x , 5.23a
pAA BNU?0

Cy = — 2Fy , 5.23b
Paa bn u ;„

2F
CD = — , ' . 5.23c

PaA bN U

5.4.3 Simulation of Wind Loading on the Jack Up Hull.

The wind loads on the jack up hull used in the simulations were 

obtained from the experiments for the current loading coefficients 

described in Chapter Six. In the simulations no deck houses or top side 

structures on the jack up were included. The jack up hull current 

coefficients cannot strictly be applied to the w ind coefficients as the 

Reynolds Numbers will not be similar, however wind loading data of this 

nature is unavailable. The local forces and moments on the jack up hull 

are small when compared with the heavy lift vessel and leg forces and 

moments. The jack up hull wind loading coefficients for forward and aft 

orientation are therefore assumed to be the same. The total yaw moment 

acting on the system due to the jack up hull is then determined from,

NjuTotai — Nju + Xjyl-r + Y j^  5.24

1L Longitudinal distance of JU LCG to HLV system LCG

1 Transverse distance of JU TCG to HLV system TCG
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N JLr Local wind yaw moment acting on the jack up hull.

5.5. Discussion of Results.

The discussion of the results will be presented in two parts. The 

first part will include the study of the skeg coefficients and the matching of 

the simulations with trials data for the 'Mighty Servant IT. The second  

part concerns the simulations for the dry towing study for the 'Mighty 

Servant I'. These simulations were conducted for both the turning circle 

performance and for the automatic pilot control. The turning circles in 

general were for a starboard turn in a head wind. The auto pilot 

simulations were conducted in beam winds. The simulations of the initial 

conditions for turning circle and auto pilot are shown in figures 5.18 and 

5.19 respectively. A selection of figures of both types of simulations are 

presented to illustrate the conclusions drawn.

5.5.1.1 Skeg Lift and Drag Coefficients.

The results of the theoretical approach linked with Jacobs' and the 

experimental results from Harrington for the drag and lift coefficients for 

the two skeg geometries are given in figures 5.7 and 5.8. The two  

approaches show  similar characteristics for both the lift and drag 

coefficients. The experimental coefficients are less than the theoretical 

predicted values in both the lift and drag. The theoretical results are the 

same for the two skegs as they have the same aspect ratios.

5.5.1.2 Skeg Surge and Sway Coefficients.

The surge coefficients give an excellent match for both skegs as can 

be seen in fig. 5.9. It can be seen that the lift coefficient dominates in the 

surge direction fig. 5.3 and equation 5.4a.

Cx = CDcosp -  CLsinp

The drag is negative and therefore the skeg is acting to increase the vessel 

speed. This may be due to the approximation of applying the lift and drag
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of the NACA rudder section to the skeg, but w e are unable to study this 

effect for an actual skeg as lift and drag coefficients are not available. It is 

also noted that the theoretical approach has no contribution from the 

form drag of the skeg.

The skeg sway force coefficients are given in figure 5.10. The sway 

coefficients are slightly larger than the lift coefficients because of the small 

contribution from the drag. For increased taper ratio Skeg 2, the sway  

coefficient increases. We can conclude therefore that the low  aspect ratio 

w ing theory and the Harrington method can be used equally well in 

m odelling a skeg. The theoretical approach is naturally the easiest to 

implement.

5.5.1.3 Simulation of 'Mighty Servant II'.

The simulation results of the heavy lift vessel 'Mighty Servant II' 

are shown in figures 5.12-5.13. These can be compared with the actual trials 

trajectories in figure 5.11. It is encouraging to note that on inspection of 

the advance, transfer and tactical diameters given in Table 5.2, the 

differences betw een the sim ulation and trials on the w hole are 

approximately only 5%. The time taken for the port and starboard turns in 

the simulations have increased however and the ratio of the velocity in 

the sim ulations is also greater. This can be due to several reasons 

m entioned previously  such as the em pirical derivatives and the 

modelling of the skeg. A further idea is that it is linked to the propeller 

P /D  ratio chosen or the fact that the propeller is ducted for the actual 

vessel while the simulation model uses an open propeller. The strongest 

argument is that it may also be due to the scale effects which are inherent 

when using the interaction coefficients from model experiments. In order 

to match the simulation to the trials for the condition of the vessel, all the 

interaction coefficients were initially set to their empirical values. It 

became necessary however to adjust the rudder interaction coefficients to 

obtain a similar turning circle trajectory. The present simulation results 

with the skeg will have to suffice however.
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5.5.2.1 Limit of Wind Heel Moment.

The limiting wind heel moment for the 5 degree inclination can 

be seen in figures 5.17a-d for the conditions of exposed leg length of 

74.15m, 89.15m and 104.15m and marine growth of thickness 5.0 mm and 

height 1.25 mm. The leg limiting wind heel arm is determined as the 

initial arm obtained from equation 5.19 minus the wind heel arms for the 

contribution of the jack up hull and top side structures and the heavy lift 

vessel at 5 degrees inclination. It can be seen that the exposed leg length 

has a significant effect on the maximum allowable w ind velocity. The 

wind heel levers will increase with increased leg lengths and additionally 

the system VCG will rise, thus reducing the static stability GZ at 5 degrees. 

The marine growth does affect the allowable maximum wind velocity and 

should be considered when designing limiting envelopes for exposed leg  

lengths and wind velocities.

5.5.2.2 Wind Loading on the Jack Up Leg.

An example of the output from the simulation for the leg drag 

and force coefficients of the jack up leg geometry is given in figure 5.18c. 

These results show a simulation of a starboard turn with a head wind. The 

overall drag coefficient is initially in the region of supercritical Reynolds 

numbers. As the turn progresses however, the drag coefficient then acts in 

the subcritical region. The change is caused by the reduced relative wind  

velocity caused by the following wind. The figure also shows the variation 

of the overall leg X and Y force coefficients of equation 5.23. The drag 

coefficient (supercritical) in the figure is the same as the drag coefficient 

detailed in Table 5.4. The difference in value is caused by the definition of 

the overall drag described in equation 5.23c and 5.21.

5.5.2.3 Longitudinal and Transverse Location of Jack Up on the Heavy 

Lift Vessel.

The longitudinal positioning of the jack up relative to the tow
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system LCG has a significant effect on the trajectory of the tow system. It is 

apparent from figures 5.20a-b, that the advance, transfer and tactical 

diameter are increased for shifts of the jack up away from the tow system  

LCG. It can also be seen in figures 5.20e-f, that as the jack up shifts aft away 

from the system  LCG, the magnitude of the total w ind yaw  m oment 

increases significantly. This is due not only to the contribution of the legs 

but also to the total jack up hull wind yaw moment (equation 5.24). The 

wind yaw moment on the bow leg 1 when orientated aft, has the greatest 

influence on the total wind yaw moment figs. 5.18d and 5.20e-f.

In the auto pilot simulations figures 5.21, the rudder activity 

increases from -10.733 to -16.333 degrees for the -10 meter shift of centroid 

of the jack up from -11.96m. The negative rudder angle denotes a port 

rudder angle.

In simulations conducted but not presented, the trajectory of the 

tow system does not appear to be sensitive to the transverse positioning of 

the jack up on the heavy lift vessel. If we consider that the jack up is 

usually placed as close to the ship centerline from loading considerations 

then this effect will be negligible.

5.5.2.4 Variation in Exposed Leg Length.

The additional sim ulations for the variation in exposed leg  

lengths were conducted for exposed leg lengths of 74.15m and 104.15m. It is 

clear from figures 5.18d and 5.22e-f that the variation of leg length has a 

significant effect on the overall wind yaw moment for the condition of the 

vessel. The bow leg 1, dominates the total w ind yaw  m om ent for 

increasing leg lengths, fig. 5.22e-f. In figures 5.22c-d w e see that the 

amplitude of the velocity ratio, the drift angle and angular velocity have 

increased for the increased leg lengths. If the location of the rig was strictly 

fixed at a significant distance from the system LCG and the w ind yaw  

m oments were to diminish the m anoeuvring performance, then the 

exposed leg lengths could be varied to reduce the over all w ind yaw  

m om ent.

The automatic pilot sim ulations show  an increased rudder
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deflection from -10.733 to -15.866 degrees for the increased leg lengths of 

74.15m to 104.15m. The transverse displacement of the vessel course has 

also increased. In the auto pilot simulations the negative rudder angle 

denotes a port rudder.

5.5.2.5 Orientation of Jack Up Rig.

The jack up rig centerline was initially orientated aft with its bow  

facing 180 degrees relative to the heavy lift vessel centerline. In 

simulations where the rig is orientated forward figures 5.24, there does not 

appear to be any major effect on the trajectories of the turning circle 

performance. This is due to the design of the jack up, where the wind yaw  

moments due to the longitudinal and transverse locations of the legs and 

the hull, balance to produce a small net moment. Simulations were also 

conducted for the auto pilot and similar conclusions were drawn.

5.5.2.6 Marine Growth.

The inclusion of marine growth is important in the sim ulations 

when one considers the leg wind yaw moment and force. The significance 

depends however upon the degree of surface roughness modelled and the 

sub/super critical drag coefficients chosen. In the trajectory figure 5.25b for 

the auto pilot simulations, the transverse displacement has increased as 

has the rudder deflection and the drift angle when compared w ith the 

initial conditions of figures 5.19. It is noted in Ref. 5.1, the drag on the 

lattice type structure is assumed as 0.55. If we examine the value of the 

drag coefficient obtained from the MMEC method (0.663 without marine 

growth), we see that the assumed leg drag is 83% of the MMEC value and 

72% with marine growth.

5.5.2.7 W ind Velocity.

The w ind velocity has a major effect on the trajectory of the 

vessel. In the turning circle simulations of figures 5.26, with the w ind  

velocity of 25m /s, the vessel may become unmanoeuvrable. The drift
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angle has increased to 45 degrees and the non dim ensional angular 

velocity has a peak value of 1.65. In the automatic pilot simulations of the 

variation in exposed leg lengths figures 5.23, the wind velocity acting on 

the system  is also 30m /s. These sim ulations show  a more realistic 

manoeuvring performance.

This raises some doubts about the accuracy of the turning circle 

sim ulation at the higher wind velocities. The empirical non linear 

m anoeuvring derivative equations are applicable up to drift angles of 

approximately 25 degrees and for non dimensional angular velocities of 

approximately 1.1.

5.5.2.8 Rudder Angle.

The rudder angle has a significant effect on the predicted trajectory 

of the tow, figures 5.27. The drift angle and angular velocity for the 35 

degree rudder appear to be excessive and out with the limits of the 

empirical derivative equations. A rudder angle of less than 10 degrees may 

be insufficient to turn the heavy lift vessel system in the wind. If the jack 

up was brought forward towards the tow system  centroid then the 

manoeuvring performance would improve.

5.5.2.9 Automatic Pilot Rudder Constants.

The sim ulations for the variation of automatic p ilot rudder 

constants are given in figures 5.28. It is apparent that the reduction of the 

constants 1, 2 from the initial values of 8, 5 to 4, 2.5 and 2, 1.25 decreases 

the transverse displacem ent of the sim ulation trajectory. The rudder 

deflection is -13.066 and -12.6 degrees respectively. The differences in the 

trajectories can be explained by the following. It is clear that w hen the 

heading angle equals the drift angle then the trajectory will follow a course 

angle of zero degrees, figure 5.28b. In the simulations of constants 8, 5 the 

course angle is approximately -6.5 degrees while for rudder constants 4, 2.5 

it is at -5.5 degrees. The ratios of these angles are proportional to the ratios 

of their respective transverse displacements. The system optimum rudder 

control constants 1, 2 should be less than 2.0 and 1.25 respectively. These
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conclusions are drawn for the automatic pilot m odel used. A more 

sophisticated auto pilot model could be applied which takes into account 

the global positioning of the heavy lift vessel system and the course angle 

of the tow system.
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Skeg Dim ensions Skegl Skeg2
M axim um  Span (m) 5.2 52

Root C hord (m) 9.469 9.7
Tip C hord (m) 4.261 8.4

A rea (mA2) 35.7 35.7

Table 5.1

Heavy Lift Vessel M ighty Servant II
Official Trials. N agasaki, Japan 2nd October, 1983.
W ater D epth 70 m
Sea C ondition Fine
W ind Velocity 8 m /s  S tarboard Turn, l l m / s  Port Turn
W ind Direction 8 D egrees off Starboard Bow, 355 Degrees of P ort Bow

Length 160 m M idship Coeff 0.753
L.B.P. 155 m Prismatic Coeff 0.79
B mid 40 m Block Coeff 0.595
D mid 12 m TPC 57.2 tonnes/cm

D raft Frd 8.477 m Vessel Velocity 15 knots
M idships 8.47 m Vind A rea (Trans 1067 m A2

A ft 8362 m Longitudinal 1618 m A2
M ean 852 m

Trim (stem) 0.085 m
Displacem ent 32164 tonnes

Propellers R udder

Propeller Diam 4.3 m Span 5.4 m
P /D 0.6 Root Chord 4 m
C l 0.246 Tip Chord 2.4 m
C2 -0.241 A rea 3456 m A2
C3 -0.225

RPS 3.3
Thrust D eduction 0.14

ah 0.15
xr' -0.435

xh' 1.6

Port Turn 35 Degrees Starboard T urn 35 Degrees
Simulation Trials % S /T Simulation Trials % S /T

A dvance 514 524 0.980916031 506.1 532 0.951315789

Transfer 257 234 1.098290598 249.4 236 1.056779661

Tactical D iam eter 5345 528 1.011742424 512.4 511 1.002739726

Trials Port T urn Trials Starboard Turn
H eading A ngle Time (secs) U /U o Tune (secs) U /U o

0 0 1 0 1
5 17 1 17 0.993

15 29 0.98 29 0.973

30 43 0.96 44 0.934

60 65 0.88 66 0.849
90 87 0.78 88 0.756

120 109 0.673 109 0.658

150 133 0567 131 0553

180 160 0.44 157 0.434

210 188 0.36 185 0.349

240 216 0.32 215 0.303

270 246 0313 244 0.283

300 275 0313 273 0.283

330 304 0313 302 0.283
360 333 0313 332 0.283

Table 5.2
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Variation in Longitudinal Position of Jack Up on the Heavy Lift Vessel 
Total Tow System

12.3
Item Mass VCG VMmt LCG from AP L Mmt TCG T Mmt

Mighty Servant 15591 10.151 158264.45 90.590 1412385.48 0 0
Ballast 5D 1700 1.32 2091 73.85 125545
Ballast 7W 268 6.59 2529 15.42 413256
JU without Legs 6953.66 19757 137382.8862 54.496 378943.5952 0.039 274.47
Bow Leg 731.78 64.57 47251.0346 27.968 20466.42304 0.039 28.8833566
Stem Leg Port 731.78 64.57 47251.0346 67.287 49239.28086 22.740 16640.31131
Stem Leg Stbd. 731.78 64.57 47251.0346 67.287 49239.28086 -22.66 -16582.1348

26708
LCG of JU relative to HLV System.

16.550
-21.960

442020.44
m

76.380 2039951.62 0.014 361.5298666

Total Tow System
I o f HLV. 12.3

Item Mass VCG VMmt LCG from AP L Mmt TCG T Mmt
Mighty Servant 15591 10.151 158264.45 90.590 1412385.48 0 0
Ballast 5D 1584 1.32 2091 21 33264
Ballast 7W 384 6.59 2529 12.85 4934.4
JU without Legs 6953.66 19757 137382.8862 64.496 448480.1952 0.039 274.47
Bow Leg 731.78 64.57 47251.0346 37.968 2778472304 0.039 28.8833566
Stem Leg Port 731.78 64.57 47251.0346 77.287 56557.08086 22.740 16640.31131
Stem Leg Stbd. 731.78 64.57 47251.0346 77.287 56557.08086 -22.66 -16582.1348

26708 16.550 442020.44 76.380 2039962.46 0.014 3615298666
LCG of JU relative to HLV System. -11.960 m

Orientation of Jack Up on Heavy Lift Vessel: Forward
Bow Leg Length 
Stem Leg Port 
Stem Leg Stbd. 
Leg Mass/m

104.54 m
104.54 m
104.54 m

7 tonne/m

ITEM WEIGHT VCG VMmt LCG from Bow L Mmt TCG T Mmt
Hull 6953.66 7.457 51852.868 44.816 311632.166 .039 274.470

Bow Leg 731.78 52.27 38250.141 18788 13382.793 .000 .000
Sten Leg Port 731.78 52.27 38250.141 57.607 42155.650 22.700 16611.406

Stem Leg Stbd. 731.78 5277 38250.141 57.607 42155.650 -22.700 -16611.406
9149 18.21 166603.29 44.74 409326.26 0.03 274.47

Total Tow System
Vertical Height of the Keel of the Jack Up above Keel of HLV. 12.3 m

Item Mass VCG VMmt LCG from AP L Mmt TCG T Mmt
Mighty Servant 15591 10.151 158264.450 90.590 1412385.480 .000 .000
Ballast 5D 1543 1.32 2091.000 49.254 75998.922
Ballast 7W 425 6.59 2529.000 15.420 6553500
JU without Legs 6953.66 19757 137382.886 59.496 413711.895 .039 274.470
Bow Leg 731.78 64.57 47251.035 86.024 62950.643 .039 28.883
Stem Leg Port 731.78 64.57 47251.035 46.705 34177.785 22.740 16640.677
Stem Leg Stbd. 731.78 64.57 47251.035 46.705 34177.785 -22.660 -16582.135

26708 16.550 442020.44 76.380 2039956.01 0.014 361.90

LCG of JU relative to HLV System. -16.960 m

Table 5.3
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Variation in Jack Up Leg Length.

Bow Leg Length 119.54 m
Stem Leg Port 119.54 m
Stem Leg Stbd. 119.54 m
Leg Mass/m 7 tonne/m
Ron Tappmeyer

Item Mass VCG VMmt LCG from Bow L Mmt TCG T Mmt
Hull 6953.66 7.457 51852.8682 44.816 311632.1664 0.039 274.47

Bow Leg 836.78 59.77 50014.3406 18.288 15303.03264 0 0
Stem Leg Port 836.78 59.77 50014.3406 57.607 48204.38546 22.7 18994.906
Stem Leg Stbd. 836.78 59.77 50014.3406 57.607 48204.38546 -22.7 -18994.906

9464 21333 201895.89 44.732 423343.97 0.03 283.92

Total Tow System
Vertical Height of the Keel of the Jack Up above Keel of HLV. 12.3 m

Item Mass VCG VMmt LCG from AP L Mmt TCG T Mmt
Mighty Servant 15591 10.151 158264741 90.590 1412388.69 0 0
Ballast 5D 1480 1.32 2091 42.31 62618.8
Ballast 7W 173 6.59 2529 15.42 2667.66
JU without Legs 6953.66 19757 137382.8862 59.4% 413711.8952 0.039 274.47
Bow Leg 836.78 72.07 60306.7346 32.968 27586.96304 0.039 33.0277066
Stem Leg Port 836.78 72.07 60306.7346 72.287 60488.31586 22.740 19027.95881
Stem Leg Stbd. 836.78 72.07 60306.7346 72.287 60488.31586 -22.66 -18%1.4348

26708 18317 481187.331 76.380 2039950.64 0.014 374.0217166
CoG of JU relative to HLV System. -16.968 m

Bow Leg Length 89.54 m
Stem Leg Port 89.54 m
Stem Leg Stbd. 89.54 m
Leg Mass/m 7 tonne/m
Ron Tappmeyer

Item Mass VCG VMmt LCG from Bow L Mmt TCG TMmt
Hull 6953.66 7.457 51852.8682 44.816 311632.1664 0.039 274.47

Bow Leg 626.78 44.77 28060.9406 18.288 11462.55264 0 0
Stem Leg Port 626.78 44.77 28060.9406 57.607 36106.91546 22.7 14227.906
Stem Leg Stbd. 626.78 44.77 28060.9406 57.607 36106.91546 -22.7 -14227.906

8834 15.399 136035.69 44.749 39530855 0.03 265.02

Total Tow System
Vertical Height of the Keel of the Jack Up above Keel of HLV.______  12.3 m

Item Mass VCG VMmt LCG from AP L Mmt TCG TMmt
Mighty Servant 15591 10.151 158264741 90.590 1412388.69 0 0
Ballast 5D 1760 1.32 2091 53 93280
Ballast 7W 523 6.59 2529 17.8 9309.4
JU without Legs 6953.66 19757 137382.8862 59.4% 413711.8952 0.039 274.47
Bow Leg 626.78 57.07 35770.3346 32.968 20663.68304 0.039 24.7390066
Stem Leg Port 626.78 57.07 35770.3346 72.287 45308.04586 22.740 14252.66381
Stem Leg Stbd. 626.78 57.07 35770.3346 72.287 45308.04586 -22.66 -14202.8348

26708
CoG of JU relative to HLV System.

15.261
-16.952

407578.131
m

76.380 2039969.76 0.013 349.0380166

Table 5.3
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Calculation of Leg Member Dimensions and Drag Coefficients
Marathon Le Toumeau 116c Class Leg
Example Calculation for estimate of Leg Member dimensions. 
Data scaled from Ref.4.2

Leg Dimensions and Component Projected Areas
Component Area(ftA2) Area(mA2)
Total Cylinder Area 64.374 5.981
Total Gusset Area 6.3% 0.594
Total Comer Post Area 65.817 6.115
Overall Projected Area 136.587 12.689
Length of bay (ft,m) 11.92 3.633
Width of Bay (ft,m) 31.98 9.748

Width of Comer Post=6.115mA2/(2*3.633m)=0.842m

Cylindrical Area=5.981mA2
Assume members 2&3 have the same diameter.
Horizontal Brace= 1*(9.748-2*0.842)*DIAM= 8.064*DIAM
Vert. Brace= 2*((8.064/2)A2+3.633A2)A0.5)*DIAM= 10.855*DIAM

Total Area 18.919*DIAM

DIAM=5.981mA2/18.919m= 0.316m
Member 4 diameter is approximately 60% of diameters of members 2&3

Marine Growth Height and Thickness (mm) 0.00, 0.00
MMEC Comerpost Drag Member Drag Coefficients
Windward 2.012 Flat Plate 2
Leeward 1.625 Cylindrical 0.7

Member Length (m) Diameter (m) No.of Members/Face
1 3.633 0.842 2
2 8.064 0.316 1
3 5.427 0.316 2
4 5.702 0.19 1

All members defined in Fig 4.
Members 4 are hidden by members 2 and are 60% diameter of members 2 &3

Assume Angle of Wind Incidence (beta) is zero degrees 
Solidity= 12.689/(3.633*9.748)=

Shielding= 1.1-2.012*0.3583=
Orientations l+05728*Solidity*sin(2beta)A0.09=

Drag Coefficients (6.115*2.012+2*0.594+0.7*5.981+0.397*
(6.115*1.625+2*0.594+0.7*5.981))/ (L*W)=

0.358
0.379

1

0.633

Marine Growth Height and Thickness (mm) 1.25,5.0
MMEC Comerpost Drag Member Drag Coefficients
Windward 2.012 Flat Plate 2
Leeward 1.625 Cylindrical 1.1

Member Length (m) Diameter (m) No.of Members
1 3.633 0.85075 2
2 8.064 0.32475 1
3 5.427 0.32475 2
4 5.702 0.19875 1

Solidity= 12.919/35.454 =
Shielding= 1.1-2.012*0.3644 =

Orientations l+0.5728*solidity*sin(2beta)A0.09 =
Drag Coefficients (6.1816*2.012+2*0.594+1.1*6.1436+0.397*

(6.1816*1.625+2*0.594+1.1*6.1436))/(L*W) =

0.3644
0.3668

1

0.761

Table 5.4
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Skeg Geometries.

9.469m
*

4.261m 
Skegl 

Figure 5.1

9.7m

2.69m

8.4m

2 Not to Scale
Figure 5.2
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Definition of Lift and Drag Coefficients for the Skeg.
CLsinP

Cx =CD cosP - CL sinp 

CY=CLcosP + CDsinP CL cosp

sinp

CD cosP

Figure 5.3

Rudder Definitions

Figure from Ref. 5.5

Figure 5.4 
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Comparison of Skeg Lift Coefficient.
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CD Wing Theory 

CD Harrington Skeg 1 
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CL Wing Theory 
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CX Wing Theory 
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CX Harrington Skeg 2

A CY Wing Theory

+  CY Harrington Skeg 1

O CY Harrington Skeg 2

136



H N
01

00
73

 
TU

RN
ING

 
CIR

CL
E 

TE
ST

 
(BA

LL
 

CO
ND

)
OG-OO*. 

i i__
0 0 * 0 0 9 OC'OOS 

i i__
00* OOr

i i
00* Q0£ 
 I__

00*002
i

00*00 \ 
 I_____

0 0 * 0 0
o  
o

< 3 <D
t o

K> fO

Q .
IX. C _
U . _ J
—1 \
\ •

» o
Q
4

X X .
4 X
7 a :

CM
CM
IS>

'Si\
1C .-!

c c  '
U i l f O 2 ~

1
U i <T)
a ;4 c c

U i r o
u . CVJ

o o
z
4 DC4 o c U i

o r— U .
•A

K . z
o X 44 4 a c

X t—

7 7 1

t

C 3

Oo
o
o
i n

o
o

o
o

°  c: o  
.  L u  -  o  J—

£  y

oo
oo
cv

o
o

H  2 £ 3  3 0 N V A 0 V  _ j

w l * S  3 C N V A 0 V  * X V W i

W> ■— - w 1 O G  3 0 N V A G V  * X V W  • I

W *23 3 0 N V A 0 V

i s r

0 0  - CO*. 00* 009
i  r

OC'OOS 0 0 * 0 0 7  0 0 ' 0 0 £

S313K
00*002 0C-00V

137

Tr
ia

ls 
Da

ta
 

for
 

the
 

M
ig

ht
y 

Se
rv

an
t 

II
. 

Fi
gu

re
 

5.
11



H  
I—I

4-J
a

>
u
CD

CO

oro m
(UI/UI) q / x

(ui/ui) q / x

4 - 3

tr>
i—i

Cn<uQ
cn
XJOC

e  oo
cn 0)
4-) * ■>.
O Jh CN CO
G cn rH •

Q)
Q

in in
rH

o o e „

in • ••
H in

cn
e ■rp a)

r—1
*• rH <T> u04

cn
G

r* l • • CO 04 XJ <
XJ O 04
•H in s
u 04 <d XJ
o f—1 • • • rH •H
r—i Cn • • Q u
04 G o
> <2 u r H f—1

<1) a rtj a)
r-H u u U-l u >
04 <u G cn •H
cn TJ <d G XJ TJ
cn T3 > <d U G
a) 3 T5 <d -H
>  ffj < E-* E-*

cn<uQ
cn
x jOcsn

E in
cn incn 04 CN cnXJ a> -

O VxG Cn cn •
04 in rH
a CNo

• o E • •
in • • •
H in E C3 0)

cn • r—1
•• i O' 1h Cn• in 04 G• • ■>3* CN XJ <XJ rH a) -

•rH in £ >iu a) <3 XJ
o r H • • 'H -rH
rH Cn • • Q u04 G o> < V-t r H r-H

04 a) <d 04
r H U U 4-1 U ><v <14 C cn - rH
cn <d G XJ TDcn 'O > rd u C0) 3 'O u <d •H
> cn < E-* E-

CN
r-H
LO
a>J-i
3to*PU

138



Non
 

Di
m.
 
An
gu
la
r 

Ve
lo

ci
ty

Mighty Servant II

Time (secs)

-12'

-14'

1

0

0

0

0

Time (secs)

Time (secs) Time (secs)
50, 100, 150, 200. 250, 300, 350.

- 0 . 10 '

- 0 . 2 0

-0.40

-0.50

-0.60

-0.70'

-50'

® - 1 0 0

-  -150'

-250'

-300'

-350

V e s s e l  V e l o c i t y  : 1 5 . 0  K n o t s
R u d d e r  A n g l e  : - 3 5 . 0  D e g r e e s
A d v a n c e  : 5 1 4 . 4  m
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Figure 5.13a
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Figure 5.14a
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Condition of the Dry Tow System.

89.15

15.5 7.92

14.6: 4.08 16.55 LW L

7.92
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/18.288

Leg 1
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120-0

160.0

Figure 5.16
All dims, in meters 

♦ COG of Jack Up 
COG of Tow System
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Limiting Wind Heeling Arm for Jack Up Legs.
 Total Leg Heel
 Leg 1 Heel
 Leg 2 Heel
 Leg 3 Heel
 Limit Leg Heel

o

o
E

e 0U<
U)c 0
CDo

X

? 0

0

0

20 25
Base Wind Velocity (m/s)

B a s e  H e i g h t  o f  E x p o s e d  L e g  : 1 9 . 5 8 m
M a r i n e  G r o w t h  H e i g h t  & T h i c k n e s s :  0 . 0 0 ,  0 . 0 0 m m , m m
L e g  D r a g  C o e f f i c i e n t  : 0 . 6 6 3
G Z a t  5  D e g r e e s  H e e l  : 0 . 6 5 8 m
L e g  G e o m e t r y  : S q u a r e
L e g  T y p e  : 1 1 6  M a r a t h o n
L e g  L e n g t h  E x p o s e d  : 8 9 . 1 5  m

Figure 5.17a

Limiting Wind Heeling Arm for Jack Up Legs.
 Total Leg Heel
  Leg 1 Heel
 Leg 2 Heel
 Leg 3 Heel
 Limit Leg Heel

o

0

0
u<

0OV

0

0

Base Wind Velocity (m/s)

B a s e  H e i g h t  o f  E x p o s e d  L e g  : 1 9 . 5 8 m
M a r i n e  G r o w t h  H e i g h t  & T h i c k n e s s :  1 . 2 5 ,  5 . 0 0 m m ,m m
L e g  D r a g  C o e f f i c i e n t  : 0 . 7 6 1
GZ a t  5  D e g r e e s  H e e l  : 0 . 6 5 8 m
L e g  G e o m e t r y  : S q u a r e
L e g  T y p e  : 1 1 6  M a r a t h o n
L e g  L e n g t h  E x p o s e d  : 8 9 . 1 5  m

Figure 5.17b
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Limiting Wind Heeling Arm for Jack Up Legs.
-Total Leg Heel 
-Leg 1 Heel 
-Leg 2 Heel 
-Leg 3 Heel 
- Limit Leg Heel
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L e g  D r a g  C o e f f i c i e n t  : 0 . 6 6 3
G Z  a t  5  D e g r e e s  H e e l  : 0 . 7 7 0 m
L e g  G e o m e t r y  : S q u a r e
L e g  T y p e  : 1 1 6  M a r a t h o n
L e g  L e n g t h  E x p o s e d  : 7 4 . 1 5  m

Figure 5.17c

0 . 0 0 m m , m m

0 . 6

0.5

e 0.4

$ 0-3

0.2

0 . 1

for Jack Up Legs.
------------- Total Leg Heel
------------- Leg 1 Heel
------------- Leg 2 Heel
------------- Leg 3 Heel
------------- Limit Leg Heel

20 25 30
Base Wind Velocity im/s)

B a s e  H e i g h t  o f  E x p o s e d  L e g  : 1 9 . 5 8 m
M a r i n e  G r o w t h  H e i g h t  & T h i c k n e s s :  0 . 0 0 ,  0 . 0 0 m m , m m
L e g  D r a g  C o e f f i c i e n t  : 0 . 6 6 3
G Z  a t  5  D e g r e e s  H e e l  : 0 . 5 3 0 m
L e g  G e o m e t r y  : S q u a r e
L e g  T y p e  : 1 1 6  M a r a t h o n
L e g  L e n g t h  E x p o s e d  : 1 0 4 . 1 5  m

Figure 5.17d
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Mighty Servant I

-10. -4

-4

-10

Figure 5.18a

V e s s e l  V e l o c i t y  : 1 5 . 0  K n o t s
O r i e n t a t i o n  o f  J a c k  U p  o n  H L V  : A f t
J U  C o G  w i t h  S y s t e m  C o G  ( X , Y )  : - 1 6 . 9 6 ,  0 . 0 4 m , m
B o w  & S t e r n  L e g  L o n g i t u d i n a l :  2 6 . 7  1 2 . 8 m , m
B o w  & S t e r n  L e g  T r a n s v e r s e :  0 . 0  2 2 . 7 m , m
R u d d e r  A n g l e  : 2 0 . 0  D e g r e e s
A d v a n c e  : 5 1 7 . 0  m
T r a n s f e r  : 3 3 8 . 0  m
T a c t i c a l  D i a m e t e r  : 8 5 9 . 7  m
W i n d  V e l o c i t y , A n g l e  : 3 8 . 9 ,  0 . 0  K n o t s , D e g
L e g  L e n g t h  E x p o s e d  : 8 9 . 1 5 m
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Mighty Servant I
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Figure 5.18b
Vessel Velocity : 15.0 Knots
Orientation of Jack Up on HLV : Aft
JU CoG with System CoG (X,Y) :-16.96, 0.04m/m
Bow Sc Stern Leg Longitudinal: 26.7 12.8m,m
Bow & Stern Leg Transverse: 0.0 22.7m,m
Rudder Angle : 20.0 Degrees
Advance : 517.0 m
Transfer : 338.0 m
Tactical Diameter : 859.7 m
Wind Velocity,Angle : 38.9, 0.0 Knots,Deg
Leg Length Exposed : 89.15 m
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Leg Drag and Force Coefficients
CX
CY
CD

1.25'

A —1.00‘

0.75'
co
a  O.SQ<D—tO
cuj

600400

-0.50'

-0.75'

- 1 . 0 0

Figure 5.18c

Wind Yaw Moment about CoG of HLV
 Total Yaw Mmt
 Leg 1 Yaw Mmt
 Leg 2 Yaw Mmt
 Leg 3 Yaw Mmt
 Heavy Lift Vessel
 Jack Up Hull

1 0 0 0 0 '

7500'

5000'

2500'
i \ \ !

£  -2500'

-5000

-7500'

- 1 0 0 0 0

Figure 5.18d

Base Height of Exposed Leg : 19.58m
Marine Growth Height&Thickness: 0.00, 0.00mm,mm
Leg Drag Coefficient :0.663
Wind Velocity,Angle :38.9, 0.0Knots,Deg
Leg Geometry : Square
Leg Type : 116 Marathon
Orientation of Jack Up on HLV : Aft
JU CoG with System CoG (X,Y) :-16.96, 0.04m,m
Bow & Stern Leg Longitudinal: 26.7 12.8m,m
Bow & Stern Leg Transverse: 0.0 22.7m,m
Leg Length Exposed : 89.15 m
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Mighty Servant I

5 24 3 1
Y/L (m/m)

Figure 5.19a
V e s s e l  V e l o c i t y  : 1 5 . 0  K n o t s
O r i e n t a t i o n  o f  J a c k  U p  o n  H L V  : A f t
J U  C o G  w i t h  S y s t e m  C o G  ( X , Y )  : - 1 6 . 9 6 ,  0 . 0 4 m , m
B o w  & S t e r n  L e g  L o n g i t u d i n a l :  2 6 . 7  1 2 . 8 m , m
B o w  Sc S t e r n  L e g  T r a n s v e r s e :  0 . 0  2 2 . 7 m , m
R u d d e r  C o n s t a n t s  1 , 2  : 8 . 0 , 5 . 0
M a x i m u m  D e f l e c t i o n  : - 1 3 . 0 6 6  D e g r e e s
W i n d  V e l o c i t y , A n g l e  : 5 8 . 4 ,  9 0 . 0  K n o t s , D e g
L e g  L e n g t h  E x p o s e d  : 8 9 . 1 5  m
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Mighty Servant I
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Figure 5.19b
Vessel Velocity : 15.0 Knots
Orientation of Jack Up on HLV : Aft
JU CoG with System CoG (X,Y) : -16 .9 6, O.Olm^
Bow & Stern Leg Longitudinal: 26.7 12.8m,m
Bow & Stern Leg Transverse: 0.0 22.7m,m
Rudder Constants 1,2 : 8.0,5.0
Maximum Deflection : -13.066 Degrees
Wind Velocity,Angle : 58.4, 90.0 Knots,Deg
Leg Length Exposed : 89.15 m
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Mighty Servant I
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Figure 5.20c

Vessel Velocity : 15.0 Knots
Orientation of Jack Up on HLV : Aft
JU CoG with System CoG (X,Y) :—11.96, 0.04m,m
Bow & Stern Leg Longitudinal: 26.7 12.8m,m
Bow Sc Stern Leg Transverse: 0.0 22.7m/m
Rudder Angle : 20.0 Degrees
Advance : 505.4 m
Transfer : 315.4 m
Tactical Diameter : 800.8 m
Wind Velocity,Angle : 38.9, 0.0 Knots,Deg
Leg Length Exposed : 89.15 m
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Mighty Servant I
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Figure 5.20d
Vessel Velocity : 15.0 Knots
Orientation of Jack Up on HLV : Aft
JU CoG with System CoG (X,Y) :-21.96, 0.04m/m
Bow & Stern Leg Longitudinal: 26.7 12.8m/m
Bow & Stern Leg Transverse: 0.0 22.7m,m
Rudder Angle : 20.0 Degrees
Advance : 529.8 m
Transfer : 365.1 m
Tactical Diameter : 928.6 m
Wind Velocity,Angle : 38.9, 0.0 Knots,Deg
Leg Length Exposed : 89.15 m
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Wind Yaw Moment about CoG of HLV
 Total Yaw Mmt
 Leg 1 Yaw Mmt
 Leg 2 Yaw Mmt
 Leg 3 Yaw Mmt
 Heavy Lift Vessel
 Jack Up Hull

1 0 0 0 0 '

7500*

(e  5 0 0 0 '

2500

-2 5 0 0 '

-5 0 0 0

-7 5 0 0 '

- 1 0 0 0 0 '

Figure 5.20e

J U  C o G  w i t h  S y s t e m  C o G  ( X , Y )  : - 1 1 . 9 6 ,  0 . 0 4 m , m  
B o w  & S t e r n  L e g  L o n g i t u d i n a l :  2 6 . 7  1 2 . 8 m , m  
B o w  & S t e r n  L e g  T r a n s v e r s e :  0 . 0  2 2 . 7 m , m
L e g  L e n g t h  E x p o s e d  : 8 9 . 1 5  m

Wind Yaw Moment about CoG of HLV
Yaw Mur.:

------------- Leg 1 Yaw Mmt
Leg 2 Yaw Mmt

------- Leg 3 Yaw Mmt
Heavy Lift Vessel 

------------- Jack Urn Hull

\  /I000
f t

-7 5 0 0

10 0 00

Figure 5.20f

B a s e  H e i g h t  o f  E x p o s e d  L e g  : 1 9 . 5 8 m
M a r i n e  G r o w t h  H e i g h t & T h i c k n e s s :  0 . 0 0 ,  0 . 0 0 m m , m m
L e g  D r a g  C o e f f i c i e n t  : 0 . 6 6 3
W i n d  V e l o c i t y , A n g l e  : 3 8 . 9 ,  0 . 0 K n o t s , D e g
L e g  G e o m e t r y  : S q u a r e
L e g  T y p e  : 1 1 6  M a r a t h o n
O r i e n t a t i o n  o f  J a c k  U p  o n  H L V  : A f t
J U  C o G  w i t h  S y s t e m  C o G  ( X , Y )  : - 2 1 . 9 6 ,  0 . 0 4 m , m
B o w  Sc S t e r n  L e g  L o n g i t u d i n a l :  2 6 . 7  1 2 . 8 m , m
B o w  Sc S t e r n  L e g  T r a n s v e r s e :  0 . 0  2 2 . 7 m , m
L e g  L e n g t h  E x p o s e d  : 8 9 . 1 5  m
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Figure 5.21c
Vessel Velocity : 15.0 Knots
Orientation of Jack Up on HLV : Aft
JU CoG with System CoG (X,Y) :-11.96, 0.04m,m
Bow & Stern Leg Longitudinal: 26.7 12.8m,m
Bow Sc Stern Leg Transverse: 0.0 22.7m,m
Rudder Constants 1,2:8.0,5.0
Maximum Deflection : -10.733 Degrees
Wind Velocity,Angle : 58.4, 90.0 Knots,Deg
Leg Length Exposed : 89.15 m
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Figure 5.21 d
Vessel Velocity : 15.0 Knots
Orientation of Jack Up on HLV : Aft
JU CoG with System CoG (X,Y) :-21.96, 0.04m,m
Bow Sc Stern Leg Longitudinal: 26.7 12.8m.rn
Bow & Stern Leg Transverse: 0.0 22.7m,m
Rudder Constants 1,2 : 8.0,5.0
Maximum Deflection : -16.333 Degrees
Wind Velocity,Angle : 58.4, 90.0 Knots,Deg
Leg Length Exposed : 89.15 m
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Figure 5.22c

Vessel Velocity : 15.0 Knots
Orientation of Jack Up on HLV : Aft
JU CoG with System CoG (X,Y) :-16-96, 0.04m,m
Bow & Stern Leg Longitudinal: 26.7 12.8m,m
Bow & Stern Leg Transverse: 0.0 22.7m,m
Rudder Angle : 20.0 Degrees
Advance : 528.5 m
Transfer : 334.4 m
Tactical Diameter : 824.4 m
Wind Velocity,Angle : 38.9, 0.0 Knots,Deg
Leg Length Exposed : 74.15 m
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Figure 5.22d

Vessel Velocity : 15.0 Knots
Orientation of Jack Up on HLV : Aft
JU CoG with System CoG (X,Y) :-16.96, 0.04m,m
Bow Sc Stern Leg Longitudinal: 26.7 12.8m,m
Bow Sc Stern Leg Transverse: 0.0 22.7m,m
Rudder Angle : 20.0 Degrees
Advance : 503.8 m
Transfer : 344.4 m
Tactical Diameter : 906.8 m
Wind Velocity,Angle : 38.9, 0.0 Knots,Deg
Leg Length Exposed :104.15 m
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Wind Yaw Moment about CoG of HLV
Total Yaw Mmt

------------ Leg 1 Yaw Mint:
------------ Leg 2 Yaw Mint
------------ Leg 3 Yaw Mmt

Heavy Lift: Vessel 
—  Jack Uo Hull

\ ' r x  /  \ T-

12500

1 0000

7500

-2500

5000

-7500 J V  \ T v

\  I r>' \  ■v ' Figure 5.22e
JU CoG with System CoG (X,Y) :—16.96, 0.04m,m
Bow Sc Stern Leg Longitudinal: 26.7 12.8m,m 
Bow Sc Stern Leg Transverse: 0.0 22.7m/m
Leg Length Exposed : 74.15 m

•10000

Wind Yaw Moment about CoG of HLV
Total Yaw Mmt 
Leg 1 Yaw Mmt 
Leg 2 Yaw Mint

------------ Leg 3 Yaw Mmt
Heavy Lift Vessel 

—  Jack Up Hull

10000
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7 / V / \  ,,
le,\(Deg)\ j \

-5000

1 0 0 00

Figure 5.22f

Base Height of Exposed Leg : 19.58m
Marine Growth Height&Thickness: 0.00, 0.00mm,mm
Leg Drag Coefficient :0.663
Wind Velocity,Angle : 3 8 . 9, 0.0Knots,Deg
Leg Geometry : Square
Leg Type : 116 Marathon
Orientation of Jack Up on HLV : Aft
JU CoG with System CoG {X ,Y) :-16.96, 0.04m,m
Bow Sc Stern Leg Longitudinal: 26.7 12.8m,m
Bow Sc Stern Leg Transverse: 0.0 22.7m,m
Leg Length Exposed : 104.15 m
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Figure 5.23c

Vessel Velocity : 15.0 Knots
Orientation of Jack Up on HLV : Aft
JU CoG with System CoG (X,Y) :—16.96, 0.04m,m
Bow & Stern Leg Longitudinal: 26.7 12.8m,m
Bow & Stern Leg Transverse: 0.0 22.7m,m
Rudder Constants 1,2 : 8.0,5.0
Maximum Deflection : -10.733 Degrees
Wind Velocity,Angle : 58.4, 90.0 Knots,Deg
Leg Length Exposed : 74.15 m
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Figure 5.23d

Vessel Velocity : 15.0 Knots
Orientation of Jack Up on HLV : Aft
JU CoG with System CoG (X,Y) 1-16.96, 0.04m;m
Bow & Stern Leg Longitudinal: 26.7 12.8m,m
Bow & Stern Leg Transverse: 0.0 22.7m,m
Rudder Constants 1,2 : 8.0,5.0
Maximum Deflection : -15.866 Degrees
Wind Velocity,Angle : 58.4, 90.0 Knots,Deg
Leg Length Exposed :104.15 m
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M ighty S e r v a n t  I

Y/L (m/m)
10,

-10
Figure 5.24a

Vessel Velocity : 15.0 Knots
Orientation of Jack Up on HLV : Forward
JU CoG with System CoG (X,Y) :-16.96, 0.04m,m
Bow & Stern Leg Longitudinal: 26.7 12.8m,m
Bow Sc Stern Leg Transverse: 0.0 22.7m,m
Rudder Angle : 20.0 Degrees
Advance : 515.5 m
Transfer : 334.9 m
Tactical Diameter : 851.1 m
Wind Velocity,Angle : 38.9, 0.0 Knots,Deg
Leg Length Exposed : 89.15m

Wind Yaw Moment about CoG of HLV
 Total Yaw Mmt
 Leg 1 Yaw Mmt
 Leg 2 Yaw Mmt:
 Leg 3 Yaw Mmt
 Heavy Lift Vessel
 Jack Up Hull

r \1 0 0 0 0 "

7 5 0 0 "

5 0 0 0 "

2 5 0 0 '

3  - 2 5 0 0 "

- 5 0 0 0

- 7 5 0 0 "

- 1 0 0 0 0

Figure 5.24b

B a s e  H e i g h t  o f  E x p o s e d  L e g  : 1 9 . 5 8 m
M a r i n e  G r o w t h  H e i g h t & T h i c k n e s s : 0 . 0 0 ,  0 . 0 0 m m , m m
L e g  D r a g  C o e f f i c i e n t  . - 0 . 6 6 3
W i n d  V e l o c i t y , A n g l e  : 3 8 . 9 ,  0 . 0 K n o t s , D e g
L e g  G e o m e t r y  : S q u a r e
L e g  T y p e  : 1 1 6  M a r a t h o n
O r i e n t a t i o n  o f  J a c k  U p  o n  H L V  : F o r w a r d
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Figure 5.24c

Vessel Velocity : 15.0 Knots
Orientation of Jack Up on HLV : Forward
JU CoG with System CoG (X,Y) :—16-96, 0.04m,m
Bow Sc Stern Leg Longitudinal: 26.7 12.8m,m
Bow Sc Stern Leg Transverse: 0.0 22.7m,m
Rudder Angle : 20.0 Degrees
Advance : 515.5 m
Transfer : 334.9 m
Tactical Diameter : 851.1 m
Wind Velocity,Angle : 38.9, 0.0 Knots,Deg
Leg Length Exposed : 89.15 m
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Figure 5.25c

Vessel Velocity : 15.0 Knots
Orientation of Jack Up on HLV : Aft
JU CoG with System CoG (X,Y) : —16-96, 0.04m,m
Bow & Stern Leg Longitudinal: 26.7 1 2 .8111,111
Bow Sc Stern Leg Transverse: 0.0 22.7m,m
Rudder Angle : 20.0 Degrees
Advance : 506.6 m
Transfer : 343.3 m
Tactical Diameter : 895.2 m
Wind Velocity,Angle : 38.9, 0.0 Knots,Deg
Leg Length Exposed : 89.15 m
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Figure 5.25d

Vessel Velocity : 15.0 Knots
Orientation of Jack Up on HLV : Aft
JU CoG with System CoG (X,Y) 1-16.96, 0.04m,m
Bow & Stern Leg Longitudinal: 26.7 12.8m/m
Bow & Stern Leg Transverse: 0.0 22.7m,m
Rudder Constants 1,2 : 8.0,5.0
Maximum Deflection : -15.400 Degrees
Wind Velocity,Angle : 58.4, 90.0 Knots,Deg
Leg Length Exposed : 89.15 m
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Rudder Angle-12
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Leg Drag and Force Coefficients
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Figure 5.25e

Wind Yaw Moment about CoG of HLV
 Total Yaw Mmt
 Leg 1 Yaw Mmt
 Leg 2 Yaw Mmt
 Leg 3 Yaw Mmt
 Heavy Lift Vessel
 Jack Up Hull

1 0 0 0 0 '

7 5 0 0 '

5 0 0 0

£  2 5 0 0 '

e0)s=Os
3  - 2 5 0 0<n >>

- 5 0 0 0 '

- 7 5 0 0
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Figure 5.25f

Base Height of Exposed Leg : 19.58m
Marine Growth Height&Thickness: 1.25, 5.00mm,mm
Leg Drag Coefficient : 0 .761
Wind Velocity,Angle -.38.9, 0.0Knots,Deg
Leg Geometry : Square
Leg Type : 116 Marathon
Orientation of Jack Up on HLV : Aft
JU CoG with System CoG (X,Y) :-16.96, 0.04m,m
Bow & Stern Leg Longitudinal: 26.7 12.8m,m
Bow & Stern Leg Transverse: 0.0 22.7m,m
Leg Length Exposed : 89.15 m
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Mighty Servant I

Y/L (m/m)

Figure 5.26a
Vessel Velocity : 15.0 Knots
Orientation of Jack Up on HLV : Aft
JU CoG with System CoG (X,Y) :-16.96, 0.04m,m
Bow & Stern Leg Longitudinal: 26.7 12.8m,m
Bow & Stern Leg Transverse: 0.0 22.7m,m
Rudder Angle : 20.0 Degrees
Advance : 450.8 m
Transfer : 347.1 m
Tactical Diameter : 1041.5 m
Wind Velocity,Angle : 48.6, 0.0 Knots,Deg
Leg Length Exposed : 39.15 m

Wind Yaw Moment about CoG of HLV

.0 0 0 0 '

Figure 5.26b

B a s e  H e i g h t  o f  E x p o s e d  L e g  : 1 9 . 5 8 m
M a r i n e  G r o w t h  H e i g h t & T h i c k n e s s :  0 . 0 0 ,  0 . 0 0 m m , m m
L e g  D r a g  C o e f f i c i e n t  : 0 . 6 6 3
W i n d  V e l o c i t y , A n g i e  : 4 8 . 6 ,  0 . 0 K n o t s , D e g
L e g  G e o m e t r y  : S q u a r e
L e g  T y p e  : 1 1 6  M a r a t h o n
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Figure 5.26c

Vessel Velocity : 15.0 Knots
Orientation of Jack Up on HLV : Aft
JU CoG with System CoG (X;Y) : —16.96, 0.04m/m
Bow & Stern Leg Longitudinal: 26.7 12.8m,m
Bow & Stern Leg Transverse: 0.0 22.7m/m
Rudder Angle : 20.0 Degrees
Advance : 450.8 m
Transfer : 347.1 m
Tactical Diameter : 1041.5 m
Wind Velocity,Angle : 48.6, 0.0 Knots,Deg
Leg Length Exposed : 89.15 m
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Figure 5.27c

Vessel Velocity : 15.0 Knots
Orientation of Jack Up on HLV : Aft
JU CoG with System CoG (X#Y) :-16.96, 0.04m/m
Bow & Stern Leg Longitudinal: 26.7 12.8m,m
Bow Sc Stern Leg Transverse: 0.0 22.7m,m
Rudder Angle : 10.0 Degrees
Advance : 871.6 m
Transfer : 1091.6 m
Tactical Diameter : 2681.4 m
Wind Velocity,Angle : 38.9, 0.0 Knots,Deg
Leg Length Exposed : 89.15 m
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Vessel Velocity : 15.0 Knots 
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JU CoG with System CoG (X,Y) 
Bow & Stern Leg Longitudinal: 
Bow & Stern Leg Transverse: 
Rudder Angle : 35.0 Degrees
Advance : 393.9 m
Transfer : 180.5 m
Tactical Diameter : 422.4
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Leg Length Exposed : 89.15 m
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Figure 5.28c

Vessel Velocity : 15.0 Knots
Orientation of Jack Up on HLV : Aft
JU CoG with System CoG (X,Y) :-16.96, 0.04m/m
Bow & Stern Leg Longitudinal: 26.7 12.8m,m
Bow & Stern Leg Transverse: 0.0 22.7m,m
Rudder Constants 1,2 : 4.0,2.5
Maximum Deflection : -13.066 Degrees
Wind Velocity,Angle : 58.4, 90.0 Knots,Deg
Leg Length Exposed : 89.15 m
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Figure 5.28d

Vessel Velocity : 15.0 Knots
Orientation of Jack Up on HLV : Aft
JU CoG with System CoG (X,Y) :-16.96, 0.04m,m
Bow & Stern Leg Longitudinal: 26.7 12.8m;m
Bow Sc Stern Leg Transverse: 0.0 22.7m,m
Rudder Constants 1,2 : 2.0,1.3
Maximum Deflection : -12.600 Degrees
Wind Velocity,Angle : 58.4, 90.0 Knots,Deg
Leg Length Exposed : 89.15 m
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Chapter Six.

6.1 Jack Up Design and Oblique Towing Experiments.

The experimental program described in this chapter is the first 

stage in obtaining the necessary manoeuvring derivatives for a jack up 

hull which can be incorporated into a tow system  simulation program. 

The experiments were carried out to determine the linear sway and yaw  

drift derivatives and the current force and moment coefficients for the 

conditions described.

The geometry for the jack up model is based on 'Galaxy Y ,  the first 

of the new generation of deep water 'Universe Class' jack ups. Permission 

was granted by the owners Santa Fe Drilling Company and the plans were 

supplied by Noble Denton Associates. The model scale is approximately 

1:89 and this scale was chosen with several factors in mind. One important 

factor was the size of the model had to be sufficiently large enough to give 

validity to the experim ental data obtained in the oblique tow ing  

experiments. The second factor, was the restriction imposed by the width  

of the experiment tank where the model w ould be towed. In the case of 

oblique (constrained) towing, the model was confined within a working  

bay and sufficient room had to be given for the model to rotate through 

180 degrees. This would have proved difficult if a larger scale model were 

used. There was also a limiting factor arising from the size of standard 

diameter pipe for the leg well. The main dimensions of the model jack up 

is given in figure 6.1. The hull of the model was fabricated from PVC sheet 

as were the spud cans. The legwells were m odelled using PVC pipe. The 

model can be m odified to include the upper legs. These legs can be 

modelled using PVC pipe and the dimensions should be selected to give a 

similar mass per unit length as the full scale legs as w ell as a similar 

inertia. The low er legs were m odelled in brass tube w ith a K brace 

triangular lattice configuration. This is to take a true account of the 

interactions between the leg, spud can and leg well. The effects of scale 

make this impossible however. The cornerpost rack was not m odelled
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because it would have a minimal effect on the final results. The lower legs 

can be extended to include additional bays and this enables the effects of 

leg submergence to be studied. Ballast may be added as required for trim 

and heel for the main hull. The spud cans are also able to be ballasted. 

Photographs of the model construction are shown. Only the hull and leg  

structure were modelled i.e. no deck houses, drilling derrick or helipad 

were included.

6.2 Oblique Towing Experiments.

The experiments described in this chapter were carried out to 

determine the linear drift m anoeuvring derivatives and the current 

loading coefficients for the jack up model. Both of these experimental 

values were obtained by oblique towing of the model.

The oblique tow ing experim ents were carried out in the 

University of Glasgow Hydrodynamics Laboratory. The experimental tank 

is 77.0m long, 4.6m w ide and 2.7m deep. In the oblique tow ing  

experiments, the model is constrained at various heading angles and is 

towed along the tank in calm water. It was not necessary therefore to 

include the upper legs in the experim ents to obtain the drift 

hydrodynamic derivatives and current loading coefficients as they would  

have no effect on the overall results. All the experiment conditions were 

carried out for two speeds of approximately 0 .4m /s and 0 .7m /s which 

correspond to full scale tow speed of 7.3 knots and 13 knots. The latter 

velocity is slightly larger than that normally undertaken for w et ocean tow  

but due to the high sensitivity of the apparatus and the signal interference 

generated from the noise of the carriage it was felt that the slightly  

increased velocity would give more accurate results. All the experiments 

were carried out at two conditions of leg submergence and extension. The 

first condition was the complete leg and spud can housed inside the leg  

well. The second was the spud can top, level with the base of the jack up 

and without any leg bays exposed. The experiments were carried out to 

investigate the effect of the spud can and leg appendages on the drift
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m anoeuvring derivatives and current loading coefficients. The m odel 

freeboard was very small, 4.5cm and as the frame structure was designed  

for ship models, it was necessary to add packing between the model and 

the turntable frame and secure rigidly.

6.2.1 Drift Manoeuvring Derivatives.

The angles chosen to obtain the drift derivatives for the two  

towing speeds were -4, -2, 0, 2, 4, 6, 8, 10, 12 and 15 degrees. These specific 

angles were obtained using a turntable mechanism. The drift forces and 

m om ents w ere non dim ensionalised in order to obtain the non  

dim ensionalised derivatives of the same form as the derivatives of 

Chapter Two.

Y N
Y' =  — r , N ' = — r

pLDU pL DU

Ya N bY' =  p M' =1 B *r T > T  t 2  '  i>lBpLDU2 ' p pL2DU2

The above derivative representation are derived for the Japanese 

modular manoeuvring model.

6.2.2 Current Loading Coefficients.

The experimental set up for the drift derivatives was also used to 

obtain the current loading coefficients for the same towing velocities and 

angles of 20,30,40,....,170,180 degrees. These larger angles of incidence were 

obtained by replacing the drift turntable with a second current loading  

turntable. The current force and moment coefficients for angles less than 

20 degrees were derived from the forces and moments obtained for the 

derivative results. These coefficients could then be used in m odelling the 

current loading on the towing simulation of the jack up. The current 

loading coefficients are non dimensionalised in the same manner as for
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the current loading coefficients of Ref. 3.1 in Chapter Three. The current 

loading coefficients were employed in the previous chapter to m odel the 

wind loading on the jack up hull as wind loading coefficients for such 

units are unavailable. This is obviously incorrect because of the flow  

regimes are different as is the hull form.

Cx =
X

pB DIT CY -
pL DU" -

N
pL2DU2

In all the experimental runs, the sampling rate was 100 samples 

per second per channel for 20 seconds. The velocity of the carriage was 

averaged over the length of the run.

6.3 Experimental Apparatus and Calibration Procedure.

The forces and moments acting on the jack up m odel were 

calculated using the experimental set up shown in photographs 6.1-6.4. 

The system consists of a 2 bar aluminium frame which, after calibration is 

fixed to the model. A turntable is then bolted to the top of the frame. This 

whole system  is then bolted securely to the frame work of the main 

carriage. To obtain the required heading angle, the turntable is rotated 

through the desired angle.

The forces acting on the hull were derived from measurements 

obtained from strain gauges which were fitted to the faces of the two  

aluminium bars as shown in figs. 6.2.

To measure the sway force, 2 pairs of opposite strain gauges are 

fitted to faces 2 and 4 on each of the aluminium bars. Likewise the surge is 

determined from 2 pairs of opposite strain gauges fitted to faces 1 and 3 on 

each bar. This gives a total of 16 strain gauges. Each of these sets of four 

strain gauges form a bridge circuit or Wheatstone Bridge. The forward bar 

and after bar are aligned along the centerline of the model. It was necessary 

to calibrate the 2 bar system to determine the relationship between the 

strain gauge readings and the loadings imposed by the oblique towing of
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the model.

Before the system is loaded, the W heatstone bridge should be 

balanced as the output voltage is zero. As the system is loaded a change in 

resistance will unbalance the bridge and induce an output voltage across 

the output terminal. By measuring this voltage and using the calibration 

curve, the voltage readout can be converted into the corresponding load 

value.

The calibration procedure was carried out prior to fixing the 

model and bolting the complete system to the main carriage. Ten separate 

calibrations were needed to determine the resistance, the sway force and 

the yaw moment. The calibrations include,

Top and Bottom of Bars 1 and 2 (faces 1&3), 4 calibrations for surge forces 

Top and Bottom of Bars 1 and 2 (faces 2&4), 4 calibrations for sway forces 

Torques on Bar 1 and 2, 2 calibrations for the yaw moments.

with reference to figure 6.2 the pair of strain gauges were placed as,

Channel 1 Torque in Bar 1 (M^

Channel 2 Torque in Bar 2 (M2)

Channel 3 Moment on Face 1,3 at Bottom of Bar 1 (M3)

Channel 4 Moment on Face 1,3 at Top of Bar 1 (M4)

Channel 5 Moment on Face 1,3 at Bottom of Bar 2 (M5)

Channel 6 Moment on Face 1,3 at Top of Bar 2 (M6)

Channel 7 Moment on Face 2,4 at Bottom of Bar 1 (M7)

Channel 8 Moment on Face 2,4 at Top of Bar 1 (Ms)

Channel 9 Moment on Face 2,4 at Bottom of Bar 2 (M9)

Channel 10 Moment on Face 2,4 at Top of Bar 2 (M10)

All of these calibrations produced linear relationships. The units 

for the calibrations were moments [kg. m]. The masses used were from  

0.5kg to 2kg in 0.25 kg intervals for the force calibrations and 0.5 kg up to 

3kg in 0.5 kg intervals for the torques. The surge and sway force and yaw
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moment were obtained from the moments from the ten channels on the 

bars as,

x = (M4 - M 3) + (M6 - M 5) 
0.2

6.1

y _ (M7 - M 8) + (M9 - M 10) 
0.2

6.2

The yaw moment is corrected as the moments produced on bar 2 

and bar 1 are the local yaw moments acting on the two aluminium bars. 

The sway forces acting on bar 2 and 1 make additional contributions to the 

overall yaw moment as,

6.4 Discussion of Results.

6.4.1 Surge Force.

The results from the resistance are given in figures 6.3-6.6. It will 

be necessary to repeat these experiments as these initial investigations 

show very poor consistency especially with the spud can exposed.

6.4.2 Sway Drift Derivative.

The non dimensionalised sway drift derivatives results produced 

from the experiments using the 2 bar system are given in figures 6.7-6.10 

for the zero leg and spud can exposed conditions for the velocities of 

approximately 0.4 and 0.7 m /s . It can be seen that the experiment results 

produced a very good linear relationships for the sway derivatives.

6.4.3 Yaw Drift Derivative.

The non dimensionalised yaw drift derivative using the two bar 

system show less encouraging results. In the case of the zero leg position

figures 6.11-6.12 the results can be assumed as linear. The results for the

N  = M1 + M2 + F 2x 2 -  FpCj 6.3
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spud can exposed figures 6.13-6.14 shows greater scatter even after a careful 

re examination of the experimental data. After breaking dow n the 

contributions of yaw  moment equation 6.3, it became apparent that the 

large scatter is due to the contribution of the additional yaw moment from 

sway forces acting on bars 2 and 1. The experimental set up had originally 

been designed for conventional ship m odels. The local yaw  m om ent 

contribution to the total yaw moment is more significant in the ship 

models than in the case of the jack up model.

6.4.4 Current Loading Coefficients.

The current loading coefficients are shown in Figs. 6.15 - 6.17 for 

the two velocities in the zero leg position and with the leg extended for 0.4 

m /s. The coefficients show good repeatability.
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Chapter Seven.

Theoretical and Simulation Towing Studies.

7.1 Introduction and Literature Review.

It is necessary in towing operations to determine the directional 

stability of tow configurations from the aspects of safety and economy. 

Unstable motions in crowded seaways and canals may result in collisions 

and capsizing. It is also important as minimum resistance is experienced 

when the vessel tows in a straight line. When the towed vessel yaws the 

speed of the whole tow is reduced and the increased tow rope tension may 

also cause fatigue and breaking of the tow line.

The understanding and prediction of towed system behaviour has 

developed steadily from the early work of Strandhagen et al. in 1950, Ref.

7.1. Using a linear theoretical approach the authors developed  the 

mathematical formulation to predict the directional stability of single 

point towing systems and this is detailed in the follow ing section and 

Appendix H. In the mid to late 1970's, studies in Japan furthered the 

understanding of towing through the work of Takekawa et al., Ref. 7.2 and 

Tanaka et al. Ref. 7.17. These authors under took experimental studies of 

the effects of skegs and bridles on the directional stability of towed barges. 

Arguably the major contribution of this period in Japan was produced by 

Lim, Ref. 7.9. In this work on multi vessel tow systems, Lim presented  

equations for the prediction of the directional stability of tow  systems. 

Studies were also conducted to predict the conditions for steady turning of 

the tow  systems with experiments. He also considered the effects of 

shallow and restricted water on the towed system behaviour. There have 

been several experimental investigations on the towing of barges since by 

Latorre et al., Refs. 7.12, 7.13, 7.14 and 7.18. These experim ental 

investigations are very useful in increasing our knowledge of towing but 

are expensive and are often limited due to the length of the testing  

facilities.

Due to the evolution in computing over the last two decades,
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significant progress has been made in the prediction of tow system  

behaviour using theoretical and simulation models. Bernitsas et al. Refs.

7.3, 7.4 and 7.19 have developed non linear prediction methods employing 

bifurcation theory in the study of single point and multi point tow and 

mooring systems. This work has also been augmented with simulation  

studies employing the elastic tow rope of Ref. 7.11. The particular towing 

sim ulation m odel detailed in Ref. 7.3 assum es that the tow  vessel 

advances along a straight path and the heading is unaffected by the towed  

vessels motions. There have been various other tow  rope sim ulation  

m odels published some with catenary solutions. A very different model 

common to Japanese simulation studies is the rigid tow rope m odel, 

Kijima et al. Ref. 7.8, which is detailed in this chapter.

The elastic tow simulation model developed and described in this 

chapter is a hybrid of the two simulation models described above. It 

employs the best features of the two models and as a result it has enabled 

the study of wind loading and bridle towing. It will also be possible to 

develop this model to predict the conditions for the steady turning of a 

tow system. A two tug towing simulation and catenary solutions are also 

possible.

In this chapter, a study of the directional stability of three single 

point towing systems is presented using both a linear theoretical approach 

and using manoeuvring simulation. The first tow system is a tug towing a 

vessel of similar size, Vessel A. The second tow system is the tug towing 

Vessel B, a Mariner hull form used in Ref. 7.3. This vessel is then used in 

a theoretical study of the effects of shallow water on the directional 

stability of the tow system. The change in the linear m anoeuvring  

derivatives were obtained from the Kijima shallow  water correcting 

factors Ref. 2.5, detailed in Appendix B. The third vessel is a heavy lift 

vessel or barge type vessel and a study is carried out with and without the 

skeg of Chapter Five for this system. The skeg derivatives are added to the 

linear hull derivatives in the same method as Jacobs, Ref. 5.2. The 

theoretical study uses the classical Routh Hurwitz stability criteria, Refs.
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2.1, 7.1, 7.2 and this stability analysis is then extended in the same manner 

as Bernitsas, Refs. 7.3, 7.4.

The conditions w hich result in stable and unstable tow  

configurations from this theoretical analysis for Tow Systems B and C are 

then placed in the two tow simulation models and are compared with and 

without wind loading. Further studies are conducted on the elastic model 

only for the effects of location of the towed vessel superstructure. The 

elastic tow rope m odel in then extended to study the tow  system  

behaviour with a bridle. Both the tow rope models require the use of an 

automatic pilot to keep a steady straight course. The equations for the hull, 

propeller, rudder and the rigid tow rope forces used in the formulation are 

those com m only found in many Japanese m anoeuvring sim ulation  

studies. The chapter w ill conclude w ith  d iscu ssion s and som e  

recom m endations for tow ing operations. It is em phasised that the 

theoretical and simulation studies presented here are for w et towing of 

conventional hull forms. The study of the wet towing of jack ups was not 

conducted as it was not possible to obtain the necessary linear rotary 

manoeuvring derivatives.

7.2.1 Directional Stability of a Towed System.

The tow system for the theoretical directional stability study is 

shown in figure 7.1a. The figure shows a towed vessel after it has deviated 

from its steady course and the path of the tow ship. The steady course 

conditions assume the tow and towed vessel's to advance along a straight 

path with velocity U where the yaw angles of both vessel's are zero. The 

origin of the towed vessel is located at its centre of gravity. The tow vessel 

is assumed to remain on the steady course and to maintain a steady 

velocity even after the towed vessel has began to yaw. The m otion is 

considered to take place in the horizontal plane. Any possible roll or pitch 

of either the tow or towed vessel is assumed to have no influence on the 

yawing motion. The towed vessel is without an active rudder or propeller. 

The tow line is assumed massless, inextensible and lies in the plane of 

motion. Most important is that yaw angles and velocities remain small.

2 0 0



These assumptions are necessary to linearise the problem.

The equations of motion for the towed vessel can be written with  

reference to the body axes as,

m xu - m Yvr = XH+ T cos(e0 - 0 a) 7 .1a

m Yv + m xur = Ypp + Yrr + Tsin(e0 -  ) 7.1b

Izr = NpP + N rr + TxPsin(e0 - 0 : ) 7 .1c

The linear derivatives above should contain the contributions of 

the skeg derivatives if the skeg is included in the theoretical analysis. The 

method of Jacobs is used to obtain the skeg derivatives as detailed in 

Chapter Five. The equations 7.1  when linearised and the determinant 

found, produce the conditions of equations 7 .3  and 7 .4  for directional 

stability of the towed system. A full description is given in the Appendix 

H.

m Yu I
7.2a

B =
N p (Y r-m xu )-Y pN r T

Iz mYu
+ Xp2 +  Xpl

Vm Y
7.2b

C =
Iz m Y

“ (Np - x pYp) + ̂ -(Y r - m xu + mYu) + ̂ - (x pYp - N p ) - ^ 7.2c

D =
Iz m Y 1

(xpYp-Np) 7 .2 d

The above equations are in a dimensional form. If the tow  system  is 

directionally stable then all the roots must either be negative real numbers
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or complex numbers with negative real parts. This requirement will be 

fulfilled if equations 7.2 meet the following 4 requirements,

A ,B,C ,D  > 0 7.3

and the additional requirement,

A B C -C 2- A 2D > 0 7.4

The last condition, equation 7.4, is commonly called the Routh Hurwitz 

Stability criteria. If these 5 conditions are satisfied then the towed vessel 

will tend to assume a steady straight course.

The stability criteria analysis can be extended following the work 

of Bernitsas, Refs. 7.3, 7.4, 7.12-7.14. In single point towing, the m ost 

important parameters are the tow point attachment, the tow rope length  

and the tow rope tension which are functions of the tow velocity. If we  

rewrite the equations 7.2 in a form where functions of tow rope tension  

have subscript 1 and the ratio of tow rope tension /tow  rope length have 

subscript 2 then,

A = A 0 7.5a

7.5b

7.5c

7.5d
1

The terms in these equations are then written as,

„ _ N s(Yr- m xu ) - Y ?N r
“ T   ..Iz m Yu

7.6a

2 0 2



■D _ XP

1 ~ TAz

B2 =
m,

7.6b

7.6c

-1  
Iz mYu

(Np - x pYp) 7.6d

C. = — (Vr- m xu + m Yu) + — ^ — (x p Y .- N .) -  
Iz mY Iz m Yu H p

N,
Iz m Y

7.6e

D2 = -  (xPYo -  No) 7.6f
Iz mY

It has be shown in Refs. 2.1, 7.3, that A is always greater than zero. If we 

examine D, we find that the condition where D>0 is true if,

N 0x p > — 7.7
Y„

We will call the above condition Rl. It is noted that if R1 is satisfied then 

condition C w ill also be satisfied, Ref. 7.3. The Routh Hurwitz criteria, 

equation 7.4 can be rewritten in the following form as,

+ a 2 > 0 7.8

where on expansion,

1 1 
ot| = A qB-jC-j — + —(AqB|C2 + A qB2C1 -  2C}C2) + ■̂y (A0B2C2 -  C2) 7.9a

i
a 2 = A qBqQ  + - ( A 0B0C2 -  A qD2) 7.9b
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It can be deduced that a 1 will always be positive Ref. 7.4, and therefore the 

following condition R2, should be satisfied.

T > -^2- 7.10
a ,

The right hand side of the equation is referred to as the critical tow rope 

tension and if it is negative then R2 is satisfied.

7.2.2 Shallow  Water.

The shallow water study was conducted for two water depth to 

draft ratios of 3 and 1.5 for the Mariner hull form only, System B . The 

towed tug and heavy lift barge type vessel were not considered as 

appropriate vessels w ith which to apply the Kijima shallow  water 

correcting factors. It was stated previously that the empirical deep water 

derivatives apply to high block coefficient hull forms. As the shallow  

water derivatives will be affected greatly by scale effects, any results 

obtained for a barge form for shallow water may be suspect. The changes to 

the linear deep water manoeuvring derivatives were obtained from the 

Kijima shallow water correcting factors given in Appendix B. These new  

derivative values for the depth to draft ratios are shown in Table 7.2. The 

increase in hull resistance or tow line tension, was determined from the 

approach proposed by Schlicting detailed in Ref. 7.5. The increase in the 

coefficients of accession to inertia were obtained from Ref. 7.20. N o  

sim ulations were conducted for the effect of shallow  water as data 

essential for the simulations is unfortunately unattainable.

7.2.3 Effect of a Skeg.

The effect of a skeg on the directional stability is investigated on 

the heavy lift vessel hull form, System C. The hull is essentially a barge 

form and is therefore directionally unstable. The addition of the skeg for 

increased directional stability requires us to m odify the hull derivatives
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using the method of Jacobs and was previously detailed in Chapter Five 

with the skeg dimensions remaining the same.

7.3. Simulation Model and Vessel Dim ensions.

The configurations for the single point tow  sim ulations were 

decided from the results of the theoretical study. The simulation variants 

include tow rope model, tow point location on tow and towed vessels, tow  

rope length, elastic tow rope type and vessel speed. Additionally studies on 

inclusion  of a skeg, w ind velocity, w ind angle and location of 

superstructure are investigated. Additional simulations were conducted  

for an elastic bridle model.

In order to give the tow simulation some degree of reality it is 

necessary that we consider the limits of the bollard pull of the tug and the 

limit of the tow rope diameters. The dimensions of the tug used in the 

simulations are based on the escort tug Thorax' of Ref. 7.6. A review of 

literature showed the largest bollard pull of present tug designs are of the 

order of 90 tonnes. In the simulation of the mariner and heavy lift vessel, 

the resistance at moderate towing speeds will exceed this value. If the 

towed system is operating outside the limits of the tug bollard pull then 

the simulation results will become inaccurate. An example is the size of 

the rudders which are a function of the tug dim ensions, may be 

inadequate to control the tow system. There w ill also be an increased 

yawing of the tow vessel and hence rudder activity. In such cases the tow  

velocity should be reduced or the size of the tug should be increased. In 

towing of offshore rigs, anchor handling tug supply vessels may also be 

em ployed, Ref. 7.7. These vessels can offer the higher bollard pulls 

required. A dditionally w e m ust consider the m axim um  tow  rope 

diameters which appear to be around 80mm. This can be due to the design  

limits of the handling equipment on board the tugs. In the case of a single 

tug towing a large vessel at moderate speeds, the tension in the tow  rope 

would exceed the recommended load levels and the rope would need to be 

replaced more frequently as it would become damaged and unsafe for
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towing operations. The values of the tow rope diameters given in Table

7.3 for the elastic tow rope simulations assume the towed vessel resistance 

to be equal to 10% of the minimum breaking strength of the tow rope.

7.4.1 Forces acting on the Tow System.

The total forces and moments acting on the tow and towed vessels 

include contributions from hull, rudder, propeller, tow line tension and 

external forces due to wind. These forces are shown with subscripts H, R, 

P, and E. The tow rope forces are included in the external forces. We 

assume the towed vessel has no propulsion or rudder control and the tow  

points lie along the centre lines of the vessels. The tow vessel can navigate 

a straight course by activating an automatic pilot to control its heading.

The forces and moments acting on the tow vessel are,

n  = n h + n r + n e .

The towed vessel forces and moments are identical except that 

there is no contribution from propeller forces in the surge equation or 

rudder forces.

7.4.2 Hull Forces.

7.4.2.1 Surge Forces.

The hull forces acting on the vessels in surge are written in the 

same form as equation 2.9

y  = y h + y r + y e 7.11

X Hi =  ~ m x A  + ( m yi + ^ v r i)v ir i +X i(ui) 7.12

206



If we consider the same assumptions stated in Chapter Two then the non 

dimensionalised surge hull forces can be written as,

X Hi = m yi (1 - c mi)r 1' s i n p i - C t. 1.7 +
BjCBi

D;
7.13

i y

In much of the Japanese literature on towing Ref. 7.8, the increased hull 

resistance due to the drift angle is expressed more simply as,

Xm = -R ^l + lSPj2) 

where,

R' = Cv'ti
B.C., 

1 .7 + -i-5 i  
Di y

7.4.2.2 Sway and Yaw Manoeuvring Derivatives.

The hull sway force and yaw moments acting on the tow  and 

towed vessels are described by the vessels manoeuvring derivatives. These 

forces are represented by the nonlinear deep water derivatives already 

described.

7.4.2.3 Propeller Forces.

The propeller model described in Chapter Two is again used in the 

towing simulation study. The propeller chosen is a Wageningen Series B~ 

4, constant pitch, with a P /D  ratio of 0.8. The area ratio is 0.7. The data was 

obtained from reference 2.13. The propulsion characteristics of the tug are 

Q =0.366, C2=-0.374, C3=-0.063. It is noted that this form of m odelling the 

propulsive forces is common to a single vessel simulation. In the Japanese 

literature on towing simulation, the propeller forces are m odelled as a 

balance of the total resistance of the tow system and is less sophisticated, 

Refs. 7.8, 7.9. It is also noted that the rudder model requires knowledge of 

the propeller revolutions n, pitch P and diameter DP and so it is as easy to
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employ the former propulsion model than develop the latter.

7.4.2.4 Rudder Forces.

A detail of the formulation of the rudder force and m om ent 

equations can be found in Chapter Two. The rudder area is again  

determined from the DNV minimum rudder area equation in the case of 

a single conventional vessel, equation 2.29. The tug used in the 

simulation model is based on the escort tug Thorax' of Ref. 7.6. The actual 

vessel is a Voith tractor and has no rudder but it was necessary to include a 

rudder in the design for simulation. The minimum rudder area obtained 

from equation 2.29 was increased by 130% and corresponds to 4.5 % of the 

product of length and draft. A suggested design value of the rudder area 

for tugs as a percentage of LT is recommended between 3 and 6% which is 

given in Ref. 7.10.

7.4.2.5 Tow and Towed Vessel Tow Rope Forces.

The rigid and elastic tow rope models introduced in Section 7.1 

employ different methods to determine both the tension of the tow rope 

and the tow rope angle and these are described in the section 7.5.

The formulation of the non dim ensionalised tow rope forces 

acting on the tow and towed vessels is common to both the rigid and 

elastic tow rope models. With reference to the towed system figure 7.1b, 

when the towed vessel moves away from a straight path, w e can use 

empirical expressions to describe the component non dim ensionalised  

tow line forces in surge, sway and yaw on the towed vessel as,

= TJcose! 7.14.a

Yj! = TJsine1 7.14.b



The non dimensional towed vessel tow rope tension for the rigid tow rope 

m odel is determined from equation 7.18. In order to determine the 

com ponent tow rope forces acting on the tow  vessel w e m ust first 

dimensionalise the tow rope tension with respect to the towed vessel and 

then non dimensionalise once again with respect to the tow vessel.

t ;  = - t ;  LlPlUi 7.15
L0D0U?

The components of the tow rope force acting on the tow vessel can be 

represented by,

X™ = TJ cos(0o - - e:) 7.16.a

Yto = - T 0 sin(0o -  0! -  e:) 7.16.b

N to = -T ; l^sinO o -  8, -  e,) 7.16.C
h'O

a0 distance between LCG and aft tow point on the tow vessel (-ve

aft).

f: distance between LCG and forward tow point on the towed vessel.

7.5.1 Rigid and Elastic Towing Simulation Models.

The essential differences between the rigid and elastic tow rope 

m odels stem from the different methods of determining the tow  rope 

tensions and the angle which the tow rope makes with the towed vessel. 

The formulations for the simulation programs are therefore very much  

different and some of these programming requirements are discussed in 

the following sections. In both the tow rope models we assume the towed  

ship systems are floating on the surface of still water. Actions due to waves 

and ship wakes are neglected. We are further required to em ploy an 

automatic pilot which will keep the tow vessel on a straight course. The
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rudder angle will thus change to correct the heading angle of the tow  

vessel. The results obtained from the tow sim ulation w ithout an 

automatic pilot are unrealistic not only in the output obtained but also in 

the events of an actual tow where the rudder will be constantly employed 

to keep a straight course.

7.5.2 Rigid Tow Rope Model.

In the rigid tow rope model, the velocity of the tow  vessel is 

determined using the formulation detailed in Chapter Two and Appendix 

A with the NAG routine Ref. 2.16. The velocity of the towed vessel is 

determined from a knowledge of the motions of the vessels and is directly 

related to the tow vessel velocity, see Appendix I and Ref. 7.9. The towed 

vessel velocity is not directly influenced by the tow rope tension, equation 

16.

7.5.2.1 Rigid Tow Rope Angle.

The tow rope angle in the rigid model is obtained from the tow  

rope angular velocity detailed in Appendix J and Ref. 7.9.

Lr

U,

-u

sinfej + fa) -  f j— cos e: -

sin(01 + e1 -  0O + po) -  a0— cos(0: + -  0O)

7.17

The NAG routine is then used to obtain the tow rope angle and is 

represented by the simplified Euler integration below.

e i i  =  e i i - i +

The position of the towed vessel in the global coordinate system is found 

directly from a knowledge of the position of the tow ship, the tow point 

locations, the tow rope length and the angle of the tow rope as shown in 

equations 7.19.
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7.5.2.2 Rigid Tow Rope Force.

The formulation of the tow rope forces with the rigid tow  rope 

includes the contributions for wind loading acting on the towed system. 

The rigid tow rope assumption is crude and assumes the tow rope is 

always in tension although the tension will vary. It is also assum ed that 

the tow rope is massless, inextensible and has a straight line configuration 

w hen projected in the horizontal plane. The rigid tow rope m odel is 

common in many Japanese publications on towing, Refs. 7.8, 7.9 and 

w ould appear not to permit the study of the tow system behaviour for a 

turning manoeuvre. It will only allow a straight tow. With reference to 

the towed system figure 7.1b, when the towed vessel m oves away from 

this straight path, we can use the empirical expression based on equation

7.13 to describe the non dimensionalised towline tension as,

TJ = - m '1( l - C ml)r1/ sin(P1 + e 1) + Ctl 1.7 + B,CB1 V ' ? A 8
cose.

The first term describes the oblique motion of the towed vessel 

due to drift and tow rope angle. The second term is the resistance of the 

vessel advancing along a straight path. The third is the contribution of 

wind resistance to the tow rope tension. It is noted that the X wind force 

acting on the towed vessel is included in the tow rope tension. The wind  

forces and moment also act on the tow and towed vessels and are included 

externally in the equations of the force summation.

7.5.3 Elastic Tow Rope Model.

In the elastic tow rope sim ulation m odel w e determ ine the 

velocity of the towed vessel with the same formulation as the velocity of 

the tow vessel detailed in Chapter Two and Appendix A. The positions of 

the tow and towed vessels is dependent only upon the summations of the 

forces and moments acting on the system. The component forces of the 

tow rope on the tow and towed vessels for the elastic tow rope are the
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same as the component force equations in the rigid tow rope, equations

7.14 and 7.16. The tension in the tow rope is not found from equation 7.18 

but from a knowledge of the positions of the tow point locations on the 

vessels in the global coordinate system. The towed vessel of the elastic 

m odel therefore has greater 'independence' than the towed vessel in the 

rigid tow rope model it is able to have zero tension. The form of the elastic 

tow  rope model is the same as that employed in the towing studies of 

Bernitsas et al, Refs. 7.3, 7.4. The tow rope is considered as massless and 

buoyant and that it is 'used' or 'stabilised', Ref. 7.11. The definition of a 

'used' rope is one which has been loaded to 20% of its breaking strength for 

fifty cycles. There are three different tow ropes considered, each with  

varying properties. These ropes are nylon, polypropylene, and polyester. 

The nylon rope has different properties when it is wet and therefore only 

the wet rope is applicable in a towing simulation. The polyester rope has 

sim ilar strength properties to nylon and does not shrink and is 

approximately twice as stiff. Polypropylene is the weakest of the three and 

is less resistant to abrasion. The average breaking strength for fully  

shrunk, wet nylon ropes are about 15% less than the values for new  dry 

nylon ropes. The values of the average breaking strength for the three 

ropes for various rope diameters are given in Table 7.3. Also shown in this 

table are the values of m inim um  breaking strength w hich  are 

approximately 15% lower than the average breaking strength values. Long 

term loads of 40% breaking strength for 104 cycles has been shown to be 

detrimental to the tow ropes and at 105 cycles, failure is expected. The static 

loading recommendations state the working load should never exceed  

20% of the tow rope breaking strength but danger of abrasion and cutting 

can lower this value. The simulation tow rope diameters given in Table

7.4, assume a towed vessel resistance as 10% of the minimum breaking 

strength for the tow conditions. The relationships betw een the rope 

diameter and minimum breaking strength for each rope are show n in 

figures 7.2. Using these power relationship derived for each rope w e can 

then easily determine the required rope diameter. The values of the tow
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rope diameter will therefore be conservative due to the 10% load and the 

minimum breaking strength. As noted earlier, the maximum tow rope 

diameter which tugs are able to handle appears to be about 80mm  

diameter. Thus a single tug towing a larger vessel w ill induce higher 

tensions in the tow ropes than may be designed for in normal operations.

7.5.3.1 Elastic Tow Rope Angle.

The tow  rope angle, the length and hence the strain and the 

tension of the tow rope is dependent upon the relative positions of the 

tow points on the tow and towed vessels. In order to determine the tow  

rope angle with respect to the towed vessel we use the relationship of the 

tow and towed vessels positions,

Y1 = Y0 -  a0 sin 0O -  1T sin(01 + e1) -  f 1 sin 7 .19 .a

X: = X0 -  a0 cos0o -  Ij. cos(01 + -  f: cos01 7.19 .b

a n d  r e a r r a n g in g ,

Ij. s in (0 1 + e1) = Y0 -  a 0 s in 0 o -  f 1 s in 0 1 -  Y1 7 .20a

I t cos(0 1 +  e 1) = X0 -  a 0 co s  0 O -  f , co s  0 1 -  X: 7.20b

Y .- a .s in O .- f .s in e .- Y ,
X0 -  a0 cos0o -  i l cos0-[ -  X:

7.21

e1 = tan-i Y0 -  a0 sin0o -  f: sin01 -  Y1 
X0 -  a0 cos 0O -  f l cos 01 -  X 1 -e, 7 .2 2

X i/Y l are th e  X a n d  Y p o s it io n s  o f  th e  cen tre  o f  g r a v ity  o f  th e  v e s s e ls  in  th e  

ea r th  f ix e d  c o o r d in a te  s y s te m . ( i= 0 ,l)

7.5.3.2 Elastic Tow Rope Length and Tension.
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The true tow rope length determined from the relative positions 

of the tow points in the global coordinate system is obtained by squaring 

equations 7.20a and b and then adding to give,

= ^(X0 - a 0cos90 -f^osOp — X-j)2 +(Y0 - a 0 sin0o -fjSinBj -  Yp)2 7.23

From a knowledge of the true tow rope length w e are then able to 

determine the strain in the tow rope,

= W t  = AO,. ? 2 4

1T 1T

If the distance between the tow points on the two vessels is less than the 

initial tow rope length, 1T then there will be no strain in the tow rope and 

hence no tension.

ew working strain in the tow rope

1T variable tow rope length. (This is a function of time).

1T initial tow rope length unstrained and stabilised.

The tension force can be described by the nonlinear equation of the form 

(equation 7.25) where A and m are constants of the tow  rope properties 

and were determined experimentally.

x = A(ew)m 7.25

x Specific Tension=T /  Sb
Sb Breaking Strength

T Actual Tension

A, m Experimentally determined constants.

The tension in the tow rope is therefore,
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T = SbA(ew)m 7.26

The experim ental constants A and m, for each tow  rope type are 

reproduced from Ref. 7.11 and are,

nylon(wet): 

nylon(dry): 

polyester: 

polypropylene:

7.6 Towing with a Bridle.

In towing operations a bridle is often used as opposed to a single 

tow ing line. The theoretical approach of Routh H urwitz using linear 

theory cannot be used to describe the effect of the bridle on the directional 

stability. This is shown below and similar conclusions were drawn by Lim, 

Ref. 7.9. The equations of motion for the towed vessel may be written with 

reference to figure 7.1.c as,

m xu -  m Yvr = XH + T1cosa1 + T2cosa2 7.27a

m Y v + m xur = YpP + Yrr + T1sina1 - T2sina2 7.27b

Izr = N pp + N rr + T: ^  cosa1 + T1xPsina1 - T2 —■ cosa2 - T2xPsina2 7.27c

Ti/2 Tensions in the Bridle ropes

(Xi,2 Angle of Bridle ropes

If we assume T: « T2 and a 1 « a 2 then the sway and yaw equations 

above reduce to the single towed vessel equations of motion of Appendix 

H.

It has been shown that linear theory is unable to describe the

effects of a bridle on the directional stability of a tow ed vessel. The

x = 9.78 t e w ) 1 93 

x = 14.2 (ew)171 

x = 176 t e w ) 1 -8 6  

x = 40.9 tew)173
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simulation model has therefore been extended in an attempt to show the 

effects of the bridle on the stability of the tow  configuration. The 

simulations will be conducted to investigate the effects of varying the 

length of the bridle, the transverse location of tow points and the distance 

of the tow points from the LCG of the towed vessel. The effects of the skeg 

was also investigated.

In the bridle simulation model it is assumed that the bridle tow  

points are located at the same longitudinal distance from the towed vessel 

LCG. The tow rope is also assumed to imaginarily extend to the centerline 

of the towed vessel at the same longitudinal distance where the bridles are 

fixed to the vessel. The angles of the bridles are then determined from the 

geometrical conditions and the tow rope angle which are shown in figure 

7.1c. As the tow rope stretches and contracts, it is assumed the point where 

the tow rope is attached to the bridle ropes also extends under the same 

strain. The bridle angles will therefore change accordingly. It will become 

apparent that there will be no equilibrium of tension between the bridles 

and the tow rope due to the non linearities of the elastic rope dynamics.

The tension in the bridle ropes are therefore determ ined from a

knowledge of the tow rope tension, the tow rope angle and the bridle 

angles. The equations from the equilibrium of tension are,

T1 cose1 = T11cosa1 + T12cosa2 7.28a

T: sine1 = T11sina1 - T12sina2 7.28b

After solving these equations simultaneously the bridle tensions 

are determined from,

T = +a2) 729
11 sinCo^+aj)

Y _ T c o s  £1 Tn cos oq ^
12 cosa2
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The bridle ropes can be loaded with higher tensions than the tow  

ropes. This is shown in figures 7.29c-7.32c and is due to the larger oblique 

towing angles. It is suggested therefore that the bridle rope diameters are 

different from the tow rope diameter. It would seem more sensible and 

economical to design the tow system to allow the bridle rope to break first 

and replace them rather than a complete tow rope. If the bridle rope 

diameters are not considered carefully for a given configuration then the 

tow rope tensions may cause the tow rope to break. The bridle tension 

equation of 7.29 can be used to estimate the maximum bridle rope 

diameters in the same manner the tow rope diameters were determined 

from figures 7.2. If we write the ratio of the tow rope diameters as,

_ a QbT
T bT

SbTsin(a2 +8^  
sinCoq + a 2)

7.31

If the bridle rope and the tow rope have the same properties then 7.31 

reduces to,

(J)B — ( |)1
sin(a2 +6^  
sinCcq + a 2)

7.32

a 1,2

Bridle Diameter 

Tow Rope Diameter 

Bridle Angles 

Tow Rope Angle

Constant of Elastic Rope. This constant will depend upon the rope 

type and the type of loading i.e. average or minimum breaking 

strength and the design loads on the ropes as 10% etc. (See Figures 

7.2)

The bridle diameters used in the simulations obtained from equation 7.32 

are given in Table 7.5.

217



7.7 Discussion of Results.

7.7.1 Theoretical Analysis.

Three tow systems are analysed. The details of these systems are 

given in Table 7.1. The results for the theoretical analysis are given in 

figures 7.3-7.6. The figures show the directional stability for variations of 

tow point location with tow line length. The effects of tow velocity, vessel 

types, shallow water and the inclusion of skeg are studied. The tow rope 

length varies as a function of the tug length. The towing velocities for the 

systems were analysed at 3 ,5 , and 7 m /s  (5.84, 9.72,13.6 knots).

In using the Routh Hurwitz Stability Criteria figures 7.3a, 7.4a, the 

stable region is determined as any condition which gives the Routh 

H urwitz criteria greater than zero and tow point greater than condition  

R l, equation 7.7.

The R2 Stability Criteria figures show the stable region as any 

condition where the tow point location is greater than Rl and additionally 

lies below the line of towline tension. The vertical axis is measured as 

tension [KN]. This form of stability diagram therefore gives more insight 

when compared with the Routh Hurwitz diagram.

7.7.1.1 Tow Point Location.

Generally w e can say that the tow stability is sensitive to the 

location of the tow point. The greatest tow stability occurs at a point just 

ahead of the condition R l, i.e. on the limit of xP > N p/Y p. This is at 17.42 

m forward of the towed vessel LCG for System A, 72.68 m for System B 

and 63.33m for System C w ithout skegs. The m axim um  values of

ABC -  C2 -  A 2D > 0 used in the Routh Hurwitz analysis for a given tow  

rope length occurs along these limits. When the tow point is brought 

forward, the area of the stability region decreases. This is because A, 

equation 7.5a is always positive Ref. 7.3, and therefore the m inim um  

value of D remembering D>0, is just ahead of the centre of lateral 

resistance.
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7.7.1.2 Tow Rope Length.

In general, it cannot be said that any increase in the tow rope 

length will result in a greater degree of directional stability. If the towed  

vessel is operating in an unstable region a decrease in tow rope length may 

also take the tow system to a stable domain.

7.7.1.3 Tow Velocity.

In an initial inspection of the results for the variation of velocity 

for Systems A,B and C, figures 7.3, 7.4, 7.6 it cannot be said in general, that 

an increase in the tow velocity w ill increase the region of stability. 

H owever if the ratio of residuary resistance to skin friction coefficient 

given in Table 7.1 is equated to R2 as shown in the equation below we can 

begin to understand why the region of stability of System A increases 

while System B decreases marginally with increased tow velocity.

Cr .. ~2a2 ^
Cf a,pSU2Cf

It can be seen that the residuary resistance coefficient which has the 

greatest effect on the tow directional stability with the increase in tow  

velocity.

7.7.1.4 Effect of Water Depth.

The decrease in water depth increases the values of the linear 

derivatives as can be seen in Refs. 7.14, 7.15. In Table 7.2 it can be seen that 

the values of the shallow water linear derivatives Y'p, N'p, N 'r for H /  d=3 

are decreasing w hen compared w ith their respective deep water 

derivatives. This behaviour is obviously incorrect and suggests the 

shallow water correcting factors obtained from Ref. 2.4 and reproduced in 

the Appendix B are incorrect or are limited in their applicability. The case 

for the water depth of H /d  =1.5 does however give an increase in the 

magnitude of the derivatives as expected. It is noted the effect of these 

errors will not affect the Rl condition using the Kijima derivatives as the
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correcting factors are the same but it will affect the R2 condition. The 

increase in the tow rope tension with decreasing water depth will increase 

the stability region.

7.7.1.5 Effect of Skeg.

The tow System C is analysed further with the addition of the skeg 

detailed in Chapter Five. The stability figure 7.6.b shows that the skeg has a 

dramatic effect on the stability of the tow system. The resistance of the 

vessel remains unchanged as the only contribution to the skeg resistance 

is from skin friction and this is considered negligible. The addition of the 

skeg shifts the limit of Rl aft, towards the LCG of the towed vessel as seen 

in Table 7.1.

7.7.2 Towing Simulation.

The single point tow simulation figures are given in figures 7.7 

onwards. These simulations were conducted for tow systems B and C only. 

The tow  conditions simulated can be compared with the corresponding 

theoretical studies in figures 7.4 a-c and 7.6 a-b for tow point location on 

the tow ed vessel and tow rope length and the stable and unstable 

conditions can be clearly identified. The simulation conditions are given  

in Table 7.4. The figures for the simulation without wind are identified by 

a, b and c. The figures a depict the trajectory of the tow and towed vessel in 

the global coordinate system. Figures b show the tension, propulsion and 

the hull resistance. The total hull resistance will be equal and opposite to 

the propulsion. The tension will be equal and opposite the towed vessel 

resistance. Also shown on these figures are the bridle tensions where 

applicable. Figures c show the velocity ratio of the vessels, the drift angles 

and the tow rope angle, the non dimensional angular velocities and the 

heading angles with automatic pilot rudder deflection. This gives an 

insight into the system behaviour and shows the activity of the rudder.

7.7.2.1 Time Step.
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The effect of the time step was investigated initially to determine 

w hich time step w ould ensure convergence of the results w hile  

minimising the cpu time. Various time steps were investigated ranging 

from 0.05 to 0.5 seconds. The results presented here were based upon the 

time step for 0.1 seconds. The larger time steps were unsatisfactory as the 

behaviour of the tow system had not converged.

7.7.2.2 Tow Point Location on Towed Vessel.

The tow points on the towed vessel B were selected as 81.82m and 

77.25m for tow rope length of 4L0 figures 7.8 and 7.9. Increasing the tow  

point location decreases the degree of directional stability. If w e examine 

the corresponding R2 figure 7.4b, for the tow system conditions we see the 

simulation behaviour agrees with the theoretical results. The tow  point 

on the tug is located at its LCG.

7.7.2.3 Tow Rope Length.

A comparison of figures 7.7 and 7.8 show that an increase in the 

tow rope length has reduced the degree of directional stability. This is also 

the same result as predicted using the theoretical analysis. H owever the 

shorter tow rope length has increased the period of tow ed vessel 

oscillations and this could not be predicted by the theoretical analysis. It is 

important to note that in general, every towing system will not experience 

an increase in directional stability for decreasing tow rope length and it 

depends entirely upon the conditions for the tow.

7.7.2.4 Comparison of Towed System Behaviour for the Rigid and Elastic 

Tow Rope Assumptions.

The conditions of the tow system simulations for the rigid tow  

rope assumption figure 7.9, were simulated for the three elastic tow  ropes 

as shown in figures 7.10- 7.12. We can see that the rigid tow rope model 

compares well with the elastic tow rope model. The trajectory figures 

show the same behaviour as do the figures for the velocity, drift/tow  rope 

angle, angular velocity and heading angles. The automatic pilot rudder
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activity shows some noted differences initially but the m agnitude and 

time axis crossing are very similar.

The comparison of rigid and elastic tow rope m odels is further 

studied with w ind loading on the simulations in sections 7.7.3.1 and 

7.7.3.2.

7.7.2.5 Elastic Tow Rope Type.

The variation of elastic tow rope has no effect on the final tow  

trajectories of the tow and towed vessels, figures 7.10 7.12. The initial 

disturbances of the tow vessel trajectory and the tow rope tension figures 

b, are due to the tow system reaching an equilibrium condition for the 

initial inputs. Decreasing the time step further will reduce these features 

of the simulations.

7.7.2.6 T o w Velocity.

In figure 7.13 we see that the increased tow velocity of 5 m /s  does 

not appear to affect the final trajectory of the tow system simulation. This 

suggests that trajectory is independent of towing velocity. However if we 

examine the R2 stability figures 7.4b and c we see that this behaviour is 

predicted. As indicated previously the tow velocity will affect the residual 

resistance coefficient and hence the hull forces on the system.

7.7.2.7 Tow Point Location on Tow Vessel.

The simulation for the variation of the aft tow point location - 

0.4L0 , on the tow vessel is given in figure 7.14. The effect of shifting the 

tow point aft is to destablise the trajectories of both vessels. It is apparent 

that the dynamics of the tow vessel acts to increase the m otions of the 

towed vessel. The increased motions are due to the tow rope yaw  

moment on the tow vessel which was previously zero. We are unable to 

compare simulation with the theoretical study as w e assum e the tow  

vessel to have a steady straight course. Increasing the rudder constants 

should increase the directionally stability of the system.
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7.7.2.8 Comparison of Theoretical and Simulation Prediction Methods.

The predictions for directional stability obtained from the 

sim ulations and theoretical approaches compare well. The theoretical 

approaches gives great insight to the directional stability of a single point 

tow configuration. It is a linear m odel and does not require a great 

knowledge of manoeuvring or towing and can easily be computed. The 

towing simulation model however gives a great deal of information as to 

the trajectory and magnitude of the motions and forces on the system and 

is non linear. It requires a powerful computer however and the modular 

model has several input variables to describe the forces on the system. A 

knowledge of towing, manoeuvring and computing is therefore essential. 

It is recommended to use the theoretical study initially to determine the 

stability regions and then if possible, use a simulation model to define the 

tow system configuration. The simulation program can be used to model 

many of the factors which affect the directional stability such as 

environmental loading, towing with a bridle or m anoeuvring devices 

such as bow thrusters provided that they are modelled accurately.

7.7.3 Wind Loading Effects.

The tow system behaviour with wind loading was studied for tow  

system C only. The wind loading coefficients for the fully loaded tanker 

were employed with the load line windage areas of the heavy lift vessel. 

The in itia l sim ulations were conducted w ith  the tow ed  vesse l 

superstructure located aft. These simulations em ployed the rigid and 

elastic tow rope models in head, following and beam winds.

Simulations were then conducted for the elastic tow rope m odel only 

with a forward superstructure in beam winds.

7.7.3.1 Head and Following Wind.

It is apparent from the trajectory figures that the inclusion of wind  

is important when considering towing. In figures 7.17 and 7.19 a head
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wind will increase the directional stability of the tow. The w ind acts to 

increase the vessel resistance and hence the tow rope tension which will 

favour R2 stability criteria. The result of this is to increase the region of 

directional stability.

A following wind will act to decrease the stability region and this 

is apparent in the trajectory figures of 7.18 and 7.20. The degree of 

instability will depend upon the system conditions and the wind velocity.

If w e compare the trajectories of the head w ind sim ulations 

figures 7.17 and 7.19, there are apparent differences in the advances of the 

tow systems. The rigid model advance is approximately 400m behind the 

elastic over 5000m. The transverse trajectory also show differences but if 

we consider these against the longitudinal axes then it is clear that such 

effects are negligible. The figures 7.17c and 7.19c all compare favourably. 

The following wind figures 7.18 and 7.20 give an excellent match.

7.7.3.2 Beam Winds on Towed System Behaviour.

On first inspection of figures 7.21, 7.22, 7.23 and 7.24 for the 

condition of an aft superstructure it is apparent that towing in 10 m /s  

beam winds produces significant lateral shifts of the tow system. The wind 

acting on the aft superstructure pushes the towed vessel into the wind. 

The towed vessel then pulls the tow vessel along its own heading.

The rigid tow rope model vessels' transverse shifts are less than 

the elastic tow rope trajectories. It can be deduced that these differences are 

a direct result of the relative magnitudes of the vessel course angles. The 

velocity ratio of the rigid tow rope model has increased slightly while the 

elastic model is less than unity. The differences in rudder deflection are 

due to the differences in the heading angles.

7.7.3.3 Trajectory and Location of Superstructure of the Towed Vessel.

The figures 7.25 and 7.26 show  the trajectories for a forward 

superstructure in 10 m /s  beam wind for the elastic tow rope model. It is 

clear the lateral shifts predicted are greatly reduced when compared with 

figures 7.23 and 7.24 for the aft superstructures. The trajectory figures for
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forward superstructure show the towed vessel heading away from the 

wind and pulling the tow vessel along its course as expected. The towed  

vessels' trajectories oscillate about the tow vessels' trajectories. This 

behaviour is very different from the case of an aft superstructure. These 

differences raised some debate on the possible causes. One possible  

explanation is linked to the behaviour of the towed vessel drift angle. On 

the towed vessel with superstructure aft and wind 90 degrees, the drift 

angle increases in wind fig. 7.23b, when compared with fig. 7.25b. The hull 

and skeg forces which are functions of drift therefore increase in this 

condition. The wind is acting in the same sense as the hull moments and 

the tow rope moment is greatly increased to counter these. If w e examine 

the contributions of the hull, skeg, wind and tow line to the total yaw  

moment acting on the towed vessel figures d, we see the tow rope acts to 

produce a net zero yaw moment.

In the condition with the superstructure forward figure 7.25b, the 

drift angle is decreased when compared with figure 7.23b and the wind is 

acting against the hull moments. When the superstructure is forward, the 

required tow rope yaw moment is therefore reduced. The difference in the 

trajectories for superstructure location is caused by the course angle.

Further work would need to be undertaken to establish the nature 

of the relationsh ip  betw een  the transverse d isp lacem en t and  

superstructure location while towing. The greater the control one has over 

the tow then the less sea room is required for the tow. This will greatly 

reduce the risk of collisions which can lead to capsize. Such a study will 

have prove useful and provide insight in the case of wet towing of a jack 

up rig.

7.7.3.4 Effect of Beam Wind Velocity.

The sim ulations for forward and aft superstructures were  

conducted for beam wind velocities of 20m /s. The increased wind velocity 

has a dramatic effect on the tow system behaviour. In figures 7.27 for the 

superstructure aft, the trajectories of the tow and towed vessels are very
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different. The velocity of the tow system has significantly decreased from 

its original value, figures 7.27b. If we examine the same simulations for 

the superstructure forward figures 7.28 and 7.25, the velocity of the tow  

system has remained almost constant while the transverse displacements 

have increased four times. These differences in superstructure location are 

very dramatic.

7.7.4 Towing with a Bridle.

The simulations with the bridle can be seen in figures 7.29 to 7.32. 

These were conducted for Tow System C only as this vessel has the 

greatest directional instability. The simulations were carried out for 3 m /s  

tow  w ithout w ind and fixed tow rope length. The investigations  

considered the effects of bridle length to breadth ratio, bridle tow point 

locations arid the effects of the skeg. The definitions of the bridle 

dimensions are given in figure 7.1c.

7.7.4.1 Effect of Bridle Dimensions.

If we compare figures 7.29 and 7.30 for the effects of bridle length 

to breadth there are some interesting points to note. If the ratio of the 

bridle length to breadth is decreased, then the directional stability of the 

tow increases. It was further noted in additional simulations that fixing 

the bridle length to breadth ratio and varying the lengths and breadths of 

the bridles accordingly, the directional stability is relatively unchanged. It 

is concluded therefore that for increased bridle angles, the directional 

stability increases. The decrease in tow rope length and increased breadth 

will achieve this effect.

7.7.4.2 Effects of Skegs and Longitudinal Tow Point Locations.

The results for the bridle simulations without the skegs are given  

in figures 7.32. When the simulations with the bridle are compared with  

those of the single point tow without skegs figure 7.15. It is clear that the 

bridle has dramatically increased the directional stability but that the
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towed vessel trajectory still sways although these motions are relatively 

small however.

Also comparing the results of the bridle figures 7.29 and 7.31, with  

those of the single point towing for the variation of longitudinal tow  

point location, w e see the tow point location seem s to have a less 

significant effect with the bridle configuration. These simulation results 

are very interesting and experiments should be conducted to determine if 

these conclusions are correct.
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Theoretical Stability Conditions
Towed Vessel A B C C

Vessel Type Tug Mariner Heavy Lift Vessel HLV with Skeg
Length B.P. (m) 43.586 182.88 155 155

Breadth (m) 10.058 24.704 40 40
Draft (m) 3.886 10.973 8.52 8.52

Block Coefficient 0.514 0.6 0.595 0.595
Prismatic Coefficient 0.65 0.7 0.8 0.8

Length/VolumeA0333 4.566 5.923 4.928 4.928
Yb 0.4462 03020 03877 0.4609
Y'r 0.0756 0.0517 0.0979 0.1298
Nb 0.1783 0.1200 0.1099 0.0781
N'r -0.0645 -0.0504 -0.0473 -0.0611

Length*Nb/Yb (m) 17.420 72.676 43.957 26.253
Froude Number 3m /s 0.145 0.071 0.077 0.077

Towed Vessel Cr 7.00E-04 4.50E-04 8.00E-04 8.00E-04
Cf 2.19E-03 1.79E-03 1.83E-03 1.83E-03

Cr/Cf 320E-01 2.52E-01 438E-01 438E-01
Tow Rope Tension IK.N.] 6.84 63.19 81.54 81.54

Froude Number 5m /s 0242 0.118 0.128 0.128
Towed Vessel Cr 1.60E-03 4.50E-04 8.00E-04 8.00E-04

Cf 2.03E-03 1.67E-03 1.71E-03 1.71E-03
C r/Q 7.88E-01 2.69E-01 4.68E-01 4.68E-01

Tow Rope Tension [K.N.] 23.88 16639 21736 21736
Froude Number 7m /s 0338 0.166 0.179 0.179

Towed Vessel Cr 6.00E-03 4.60E-04 1.10E-03 1.10E-03
Cf 1.94E-03 1.60E-03 1.63E-03 1.63E-03

Cr/Cf 3.10E+00 2.87E-01 6.73E-01 6.73E-01
Tow Rope Tension [ICN.] 102305 316.808 459.86 459.86

Table 7.1

Shallow Water Study 
Vessel B Towed at 5m /s

Water Depth/Draft 3 1.5
Tow Rope Tension [K.N.] 175 200

Yb 27527 34561
Y'r .11269 .10904
Nb .10939 .13733
N'r -.04595 -.05768

Length*Nb/Yb (m) 72.678 72.668

Table 72

Average Breaking Strength (Minimum Breaking Strength)
Rope Diameter Dry Nylon Wet Nylon Polyester Polypropylene

24mm 149 (129.6) 129.6 (112.7) 140 (121.7) 116 (100.9)
48mm 583 (507) 507 (440.9) 520 (4523) 331 (287.8)
73mm 1270 (1104) 1104 (960) 1110 (9652) 694 (603.5)
120mm 3025 (2630.4) 2630.4 (22873) 2700 (23473) 1720 (1495.7)
168mm 5600(4869.6) 4869.6 (4234.4) 5115 (44473) 3110(27043)

Minimum Breaking Strength is 15% less than Average Breaking Strength

Table 7.3
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Coordinate System.

Tow Vessel

Towed Vessel
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Figure 7.1. b
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Configuration for Bridle
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Figure 7.1c
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Figure 7.7b

Tow Velocity : 5.837 Knots
Rudder Constants 1,2 : 8.0,5.0 
Tow Point 0 : 0.000 m
Tow Rope Length/LO : 1.250 m/m
Tow Point 1 : 81.820 m 
Tow Rope : Rigid
Maximum Deflection : 2.100 Degrees
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Figure 7.7c

Tow Velocity : 5.837 Knots
Rudder Constants 1,2 : 8.0,5.0 
Tow Point 0 : 0.000 m
Tow Rope Length/LO : 1.250 m/m
Tow Point 1 : 81.820 m 
Tow Rope : Rigid
Maximum Deflection : 2.100 Degrees
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Figure 7.8b

Tow Velocity : 5.837 Knots
Rudder Constants 1,2 : 8.0,5.0 
Tow Point 0 : 0.000 m
Tow Rope Length/LO : 4.000 m/m
Tow Point 1 : 81.820 m 
Tow Rope : Rigid
Maximum Deflection : 2.100 Degrees
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\  Tirfie ( s e c s )  \

i ' *\ i '\ i '
i

-Jow Ship 0 
/Toyed Ship 1

0 . 0 0 4 "

0 . 0 0 2 "

) 00 I 1 5 0 0I
Tim£ ( s e c s )

- 0 . 0 0 2 "

- 0 . 0 0 4 '

<D0)
S-iD>
S
(1)HD>
S

Tow Ship 
Towed Shi 
Rudder

2

1

1

0

0

1

1

Figure 7.8c

Tow Velocity : 5.837 Knots
Rudder Constants 1,2 : 8.0,5.0 
Tow Point 0 : 0.000 m
Tow Rope Length/LO : 4.000 m/m
Tow Point 1 : 81.820 m 
Tow Rope : Rigid
Maximum Deflection : 2.100 Degrees
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Figure 7.9b

Tow Velocity : 5.837 Knots
Rudder Constants 1,2 : 8.0,5.0 
Tow Point 0 : 0.000 m
Tow Rope Length/LO : 4.000 m/m
Tow Point 1 : 77.250 m 
Tow Rope : Rigid
Maximum Deflection : 2.100 Degrees
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Figure 7.9c

Tow Velocity : 5.837 Knots
Rudder Constants 1,2 : 8.0,5.0 
Tow Point 0 : 0.000 m
Tow Rope Length/LO : 4.000 m/m
Tow Point 1 : 77.250 m 
Tow Rope : Rigid
Maximum Deflection : 2.100 Degrees

246



Tow System B
—  Tow Sh ip  0
—  Towed Sh ip  17 0 0 0

'6 oo o'

5 0 0 0

4 0 0 0

3 0 0 0

2 0 0 0 ;

-10
Y (m)

Figure 7.10a

P r o p e lle r  
Tow Ship 0 
Towed Ship 1 
Tow Rope T ension

1 5 0

1 2 5 '

100'

 5 0 0  7 5 0   1 0 0 0   1 2 5 0  1 5 0 0  1 7 5 0  2 0 0 0  ____
T i m e  ( s e c )

- 2 5

- 5 0

Figure 7.10b

Tow Velocity : 5.837 Knots
Rudder Constants 1,2 :8.0,5.0 
Tow Point 0 : 0.000m 
Tow Rope Length/LO : 4.000m/m 
Tow Point 1 :77.250m 
Tow Rope :PY
Maximum Deflection :-2.800 Degrees
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Figure 7.10c

Tow Velocity : 5.837 Knots
Rudder Constants 1,2 1 8.0 ,5 . 0  
Tow Point 0 : 0.000m 
Tow Rope Length/LO : 4.000m/m 
Tow Point 1 :77.250m 
Tow Rope :PY
Maximum Deflection :-2.800 Degrees
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Figure 7.11b

Tow Velocity : 5.837 Knots
Rudder Constants 1,2 :8.0,5.0 
Tow Point 0 : 0.000m 
Tow Rope Length/LO : 4.000m/m 
Tow Point 1 :77.250m 
Tow Rope :NW
Maximum Deflection :-2.567 Degrees
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Figure 7.11c

Tow Velocity : 5.837 Knots
Rudder Constants 1,2 :8.0,5.0 
Tow Point 0 : 0.000m 
Tow Rope Length/LO : 4.000m/m 
Tow Point 1 :77.250m 
Tow Rope :NW
Maximum Deflection :-2.567 Degrees
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Figure 7.12b

Tow Velocity : 5.837 Knots
Rudder Constants 1,2 :8.0,5.0 
Tow Point 0 : 0.000m 
Tow Rope Length/LO : 4.000m/m 
Tow Point 1 :77.250m 
Tow Rope :PP
Maximum Deflection :-2.800 Degrees
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Figure 7.12c

Tow Velocity : 5.837 Knots
Rudder Constants 1,2 :8.0,5.0 
Tow Point 0 : 0.000m 
Tow Rope Length/LO : 4.000m/m 
Tow Point 1 :77.250m 
Tow Rope :PP
Maximum Deflection : -2.800 Degrees
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Figure 7.13b

Tow Velocity : 9.728 Knots
Rudder Constants 1,2 :8.0,5.0 
Tow Point 0 : 0.000m 
Tow Rope Length/LO : 4.00Qm/m 
Tow Point 1 :77.250m 
Tow Rope :PP
Maximum Deflection :-2.567 Degrees
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Figure 7.13c

Tow Velocity : 9.728 Knots
Rudder Constants 1,2 :8.0,5.0 
Tow Point 0 : 0.000m 
Tow Rope Length/LO : 4.000m/m 
Tow Point 1 :77.250m 
Tow Rope :PP
Maximum Deflection :-2 .567 Degrees
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Figure 7.14b

Tow Velocity : 5.837 Knots
Rudder Constants 1,2 :8.0,5.0 
Tow Point 0 :-16.448m 
Tow Rope Length/LO : 4.000m/m 
Tow Point 1 :77.250m 
Tow Rope :NW
Maximum Deflection : -5.367 Degrees
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Tow Velocity : 5.837 Knots
Rudder Constants 1,2 :8.0,5.0 
Tow Point 0 16.448m
Tow Rope Length/LO : 4.000m/m 
Tow Point 1 :77.250m 
Tow Rope :NW
Maximum Deflection : -5.367 Degrees

256



Fo
rc

e 
(K

N
)

Tow System C
'-Tow-_ShjL]0_0 
Towed Ship_~_~l:

40 0 /

3 0 0

2000

1000

1 5 0100- 5 0-100- 1 5 0
Y (m)

Figure 7.15a

 Propel ler/A
 Tow S h ip /0 \
-/V Towed sj^lpvl 
t— r Tow A Rode Tir.

200'

15 0 '

100'

—tsse1--------rseel— - w ?  2250
Tim e ( s e c )

- 5 0 '

Figure 7.15b

Tow Velocity : 5.837 Knots
Rudder Constants 1,2 :8.0,5.0 
Tow Point 0 : 0.000m
Tow Rope Length/LO : 3.250m/m 
Tow Point 1 :63.300m 
Tow Rope :NW
Maximum Deflection :-35.233 Degrees
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Figure 7.15c

Tow Velocity : 5.837 Knots
Rudder Constants 1,2 :8.0,5.0 
Tow Point 0 : 0.000m
Tow Rope Length/LO : 3.250m/m 
Tow Point 1 :63.300m 
Tow Rope :NW
Maximum Deflection :-35.233 Degrees
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Figure 7.16b

Tow Velocity : 5.837 Knots
Rudder Constants 1,2 :8.0,5.0 
Tow Point 0 : 0.000m
Tow Rope Length/LO : 3.250m/m 
Tow Point 1 :63.300m 
Tow Rope :NW
Maximum Deflection : -2.567 Degrees
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Figure 7.16c

Tow Velocity : 5.837 Knots
Rudder Constants 1,2 :8.0,5.0 
Tow Point 0 : 0.000m
Tow Rope Length/LO : 3.250m/m 
Tow Point 1 :63.300m 
Tow Rope :NW
Maximum Deflection :-2.567 Degrees
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Figure 7.17b

Tow Velocity : 5.837 Knots
Rudder Constants 1,2 : 8.0,5.0 
Tow Point 0 : 0.000 m
Tow Rope Length/LO : 3.250 m/m
Tow Point 1 : 63.300 m 
Tow Rope : Rigid
Maximum Deflection : -2.567 Degrees
Wind Velocity,Angle : 19.5, 0.0 Knots,Deg
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Figure 7.17c

Tow Velocity : 5.837 Knots
Rudder Constants 1,2 : 8.0,5.0 
Tow Point 0 : 0.000 m
Tow Rope Length/LO : 3.250 m/m
Tow Point 1 : 63.300 m 
Tow Rope : Rigid
Maximum Deflection : -2.567 Degrees
Wind Velocity,Angle : 19.5, 0.0 Knots,Deg
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Figure 7.18b

Tow Velocity : 5.837 Knots
Rudder Constants 1,2 : 8.0,5.0 
Tow Point 0 : 0.000 m
Tow Rope Length/LO : 3.250 m/m
Tow Point 1 : 63.300 m 
Tow Rope : Rigid
Maximum Deflection : 1.867 Degrees
Wind Velocity,Angle : 19.5,180.0 Knots,Deg

263



No
n 

D
im

. 
A

ng
ul

ar
 

V
el

o
ci

ty

Tow System C with Skeg.

1.0

0.8'

0 .4

0.2
Tow Ship 0 
Towed Ship 1

500 1000 1500 2000
Time ( s e c s )

------------------- Tow Ship 0
 j 9 t  Towed Ship 1
 f — \ -------Tow Rdpe 1

Time ( s e c s )

0.004'

0 . 0 0 2 '

1 \1 \1 \ ■ 1 *
---------f - \ -------- Tow S h ip  0
------i -------------Towed /S Jiip  1

i \ 1 * : \
/  \i i \ I >

-
i ) /\ i Time (fees) > \

1I

\I1\

\

. \ ,
\ ;\J

u T M m  ; THW

\  i \\ » »
' !\i • i i i i i » i i « f* i* i

1.5

a> i <u i  ■ u o> a>
£ o,

-0 .5

-1.0

■1.5

Tow Ship 0 
Towed Ship 1 

dder Angle

Figure 7.18c

Tow Velocity : 5.837 Knots
Rudder Constants 1,2 : 8.0,5.0 
Tow Point 0 : 0.000 m
Tow Rope Length/LO : 3.250 m/m
Tow Point 1 : 63.300 m 
Tow Rope : Rigid
Maximum Deflection : 1.867 Degrees
Wind Velocity,Angle : 19.5,180.0 Knots,Deg
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Figure 7.19b

Tow Velocity : 5.837 Knots
Rudder Constants 1,2 :8.0,5.0 
Tow Point 0 : 0.000m
Tow Rope Length/LO : 3.250m/m 
Tow Point 1 :63.300m 
Tow Rope :PY
Maximum Deflection : -2.800 Degrees 
Wind Velocity,Angle :19.46, 0.0 Knots,Deg
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Figure 7.19c

Tow Velocity : 5.837 Knots
Rudder Constants 1,2 :8.0,5.0 
Tow Point 0 : 0.000m
Tow Rope Length/LO : 3.250m/m 
Tow Point 1 :63.300m 
Tow Rope :PY
Maximum Deflection : -2.800 Degrees 
Wind Velocity,Angle :19.46, 0.0 Knots,Deg
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Figure 7.20b

Tow Velocity : 5.837 Knots
Rudder Constants 1,2 :8.0,5.0 
Tow Point 0 : 0.000m
Tow Rope Length/LO : 3.250m/m 
Tow Point 1 :63.300m 
Tow Rope :PY
Maximum Deflection : -2.567 Degrees 
Wind Velocity,Angle :19.46, 180 Knots,Deg
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Figure 7.20c

Tow Velocity : 5.837 Knots
Rudder Constants 1,2 :8.0,5.0 
Tow Point 0 : 0.000m
Tow Rope Length/LO : 3.250m/m 
Tow Point 1 :63.300m 
Tow Rope :PY
Maximum Deflection : -2.567 Degrees 
Wind Velocity,Angle :19.46, 180 Knots,Deg
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Figure 7.21b

Tow Velocity : 5.837 Knots
Rudder Constants 1,2 : 8.0,5.0 
Tow Point 0 : 0.000 m
Tow Rope Length/LO : 3.250 m/m
Tow Point 1 : 63.300 m 
Tow Rope : Rigid
Maximum Deflection : 21.233 Degrees
Wind Velocity,Angle : 19.5, 90.0 Knots,Deg
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Figure 7.21c

Tow Velocity : 5.837 Knots
Rudder Constants 1,2 : 8.0,5.0 
Tow Point 0 : 0.000 m
Tow Rope Length/LO : 3.250 m/m
Tow Point 1 : 63.300 m 
Tow Rope : Rigid
Maximum Deflection : 21.233 Degrees
Wind Velocity,Angle : 19.5, 90.0 Knots,Deg
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Figure 7.22b

Tow Velocity : 5.837 Knots
Rudder Constants 1,2 : 8.0,5.0 
Tow Point 0 : 0.000 m
Tow Rope Length/LO : 3.250 m/m
Tow Point 1. : 63.300 m 
Tow Rope : Rigid
Maximum Deflection : -20.300 Degrees 
Wind Velocity,Angle : 19.5,270.0 Knots,Deg
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Figure 7.22c

Tow Velocity : 5.837 Knots
Rudder Constants 1,2 : 8.0,5.0 
Tow Point 0 : 0.000 m
Tow Rope Length/LO : 3.250 m/m
Tow Point 1 : 63.300 m 
Tow Rope : Rigid
Maximum Deflection : -20.300 Degrees 
Wind Velocity,Angle : 19.5,270.0 Knots,Deg
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Figure 7.23a
Tow Velocity : 5.837 Knots
Rudder Constants 1,2 :8.0,5.0 
Tow Point 0 : 0.000 m
Tow Rope Length/LO : 3.250 m/m
Tow Point 1 :63.300m 
Tow Rope : PY
Maximum Deflection : 23.100 Degrees 
Wind Velocity,Angie : 19.46, 90.0 Knots,De
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Figure 7.23b

Tow Velocity : 5.837 Knots
Rudder Constants 1,2 :8.0,5.0 
Tow Point 0 : 0.000m
Tow Rope Length/LO : 3.250m/m 
Tow Point 1 :63.300m 
Tow Rope :PY
Maximum Deflection : 23.100 Degrees 
Wind Velocity,Angle :19.46, 90.0 Knots,Deg
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Figure 7.23d

Tow Velocity : 5.837 Knots
Rudder Constants 1,2 : 8. 0,5.0 
Tow Point 0 : 0.000m
Tow Rope Length/LO : 3.250m/m 
Tow Point 1 :63.300m 
Tow Rope :PY
Maximum Deflection : 23.100 Degrees 
Wind Velocity,Angle :19.46, 90.0 Knots,Deg
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Figure 7.23e

Tow Velocity : 5.837 Knots
Rudder Constants 1,2 :8.0,5.0 
Tow Point 0 : 0.000m
Tow Rope Length/LO : 3.250m/m 
Tow Point 1 :63.300m 
Tow Rope :PY
Maximum Deflection : 23.100 Degrees 
Wind Velocity,Angle :19.46, 90.0 Knots,Deg
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Figure 7.24a
Tow Velocity : 5.837 Knots
Rudder Constants 1,2 : 8.0,5.0 
Tow Point 0 : 0.000 m
Tow Rope Length/LO : 3.250 m/m
Tow Point 1 :63.300m 
Tow Rope : PY
Maximum Deflection :-21.233 Degrees 
Wind Velocity,Angle : 19.46,270.0 Knots,De
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Figure 7.24b

Tow Velocity : 5.837 Knots
Rudder Constants 1,2 :8.0,5.0 
Tow Point 0 : 0.000m
Tow Rope Length/LO : 3.250m/m 
Tow Point 1 :63.300m 
Tow Rope :PY
Maximum Deflection :-21.233 Degrees 
Wind Velocity,Angle :19.46,270.0 Knots,Deg
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Non Dim Yaw Moments acting on Towed Vessel
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Figure 7.24d

Tow Velocity : 5.837 Knots
Rudder Constants 1,2 : 8.0,5.0 
Tow Point 0 : 0.000m
Tow Rope Length/LO : 3.250m/m 
Tow Point 1 :63.300m 
Tow Rope :PY
Maximum Deflection :-21.233 Degrees 
Wind Velocity,Angle :19.46,270.0 Knots,Deg
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Figure 7.24e

Tow Velocity : 5.837 Knots
Rudder Constants 1,2 : 8. 0,5.0 
Tow Point 0 : 0.000m
Tow Rope Length/LO : 3.250m/m 
Tow Point 1 :63.300m 
Tow Rope :PY
Maximum Deflection :-21.233 Degrees 
Wind Velocity,Angle :19.46,270.0 Knots,Deg
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Figure 7.25a

Tow Velocity : 5.837 Knots
Rudder Constants 1,2 :8.0,5.0 
Tow Point 0 : 0.000 m
Tow Rope Length/LO : 3.250 m/m
Tow Point 1 :63.300m 
Tow Rope : PY
Maximum Deflection : -7.700 Degrees 
Wind Velocity,Angle : 19.46, 90.0 Knots,De
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Figure 7.25b

Tow Velocity : 5.837 Knots
Rudder Constants lr2 :8.0,5.0 
Tow Point 0 : 0.000m
Tow Rope Length/LO : 3.250m/'m 
Tow Point 1 :63.300m 
Tow Rope :PY
Maximum Deflection : -7.700 Degrees 
Wind Velocity,Angle :19.46, 90.0 Knots,Deg 
Superstructure : Forward
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Figure 7.25c

Non Dim Yaw Moments acting on Towed Vessel

 Wind
 Skeg

1250  
Time isec:

150U1000 000

- 0 . 0 0 2

Figure 7.25d

Tow Velocity : 5.837 Knots
Rudder Constants 1,2 : 8. 0,5.0 
Tow Point 0 : 0.000m
Tow Rope Length/LO : 3.250m/m 
Tow Point 1 :63.300m 
Tow Rope :PY
iMaximum Deflection : -7.700 Degrees 
Wind Velocity,Angle :19.46, 90.0 Knots,Deg 
Superstructure : Forward
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Tow Velocity : 5.837 Knots
Rudder Constants 1,2 :8.0,5.0 
Tow Point 0 : 0.000m
Tow Rope Length/LO : 3.250m/m 
Tow Point 1 :63.300m 
Tow Rope :PY
Maximum Deflection : -7 .700 Degrees 
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Tow Velocity : 5.837 Knots
Rudder Constants 1,2 :8.0,5.0 
Tow Point 0 : 0.000 m
Tow Rope Length/LO : 3.250 m/m
Tow Point 1 :63.300m 
Tow Rope : PY
Maximum Deflection : 5.3 67 Degrees
Wind Velocity,Angle : 19.46,270.0 Knots,De
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Tow Velocity : 5.837 Knots
Rudder Constants 1,2 :8.0,5.0 
Tow Point 0 : 0.000m
Tow Rope Length/LO : 3.250m/m 
Tow Point 1 :63.300m 
Tow Rope :PY
Maximum Deflection : 5.367 Degrees
Wind Velocity,Angle :19.46,270.0 Knots,Deg 
Superstructure : Forward
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Figure 7.26d

Tow Velocity : 5.837 Knots
Rudder Constants 1,2 :8.0,5.0 
Tow Point 0 : 0.000m
Tow Rope Length/LO : 3.250m/m 
Tow Point 1 :63.300m 
Tow Rope :PY
Maximum Deflection : 5.367 Degrees
Wind Velocity,Angle :19.46,270.0 Knots,Deg 
Superstructure : Forward
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Tow Velocity : 5.837 Knots
Rudder Constants 1,2 :8.0,5.0 
Tow Point 0 : 0.000m
Tow Rope Length/LO : 3.250m/m 
Tow Point 1 :63.300m 
Tow Rope :PY
Maximum Deflection : 5.3 67 Degrees 
Wind Velocity,Angle :19.46,270.0 Knots,Deg 
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Tow Velocity : 5.837 Knots
Rudder Constants 1,2 :8.0,5.0 
Tow Point 0 : 0.000 m
Tow Rope Length/LO : 3.250 m/m
Tow Point 1 :63.300m 
Tow Rope : PY
Maximum Deflection : 22.400 Degrees 
Wind Velocity,Angle : 38.91, 90.0 Knots,De
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Tow Velocity : 5.837 Knots
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Tow Point 1 :63.300m 
Tow Rope :PY
Maximum Deflection : 22.400 Degrees 
Wind Velocity,Angle : 3 8 .91, 90.0 Knots,Deg

290



No
n 

Di
me

ns
io

na
l 

Ya
w 

Mo
me

nt
Tow S y s t e m  C w i t h  S k e g

 P r o p e lle r
 Tow Ship 0
  Towed Ship 1
 Tow Rone T ension

2 0 O'

150

S 100

750 —1250-----7
T im e  ' s e c )

i* \J u 0

- 5 0

Figure 7.27c

Non Dim Yaw Moments acting on Towed Vessel

 Wind
 Skeg

0. 02'
T im e  ( s e c ;  

1250, 1500, 200 0,1000,

-o.crr

- 0 . 0 6

Figure 7.27d

Tow Velocity : 5.837 Knots
Rudder Constants 1,2 : 8. 0,5.0 
Tow Point 0 : 0.000m
Tow Rope Length/LO : 3.250m/m 
Tow Point 1 :63.300m 
Tow Rope :PY
Maximum Deflection : 22.400 Degrees 
Wind Velocity,Angle :38.91, 90.0 Knots,Deg
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Tow Velocity : 5.837 Knots
Rudder Constants 1,2 :8.0,5.0 
Tow Point 0 : 0.000m
Tow Rope Length/LO : 3.250m/m 
Tow Point 1 :63.300m 
Tow Rope :PY
Maximum Deflection : 22.400 Degrees 
Wind Velocity,Angle : 3 8.91, 90.0 Knots,Deg
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Tow Velocity : 5.837 Knots
Rudder Constants 1,2 :8.0,5.0 
Tow Point 0 : 0.000 m
Tow Rope Length/LO : 3.250 m/m
Tow Point 1 :63.300m 
Tow Rope : PY
Maximum Deflection :-23.800 Degrees 
Wind Velocity,Angle : 38.91, 90.0 Knots,De
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Tow Velocity : 5.837 Knots
Rudder Constants 1,2 :8.0,5.0 
Tow Point 0 : 0.000m
Tow Rope Length/LO : 3.250m/m 
Tow Point 1 :63.300m 
Tow Rope :PY
Maximum Deflection :-23.800 Degrees 
Wind Velocity,Angle :38.91, 90.0 Knots,Deg 
Superstructure : Forward
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Figure 7.28d

Tow Velocity : 5.837 Knots
Rudder Constants 1,2 :8.0,5.0 
Tow Point 0 : 0.000m
Tow Rope Length/LO : 3.250m/m 
Tow Point 1 :63.300m 
Tow Rope :PY
Maximum Deflection :-23.800 Degrees 
Wind Velocity,Angle :38.91, 90.0 Knots,Deg 
Superstructure : Forward
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Tow Velocity : 5.837 Knots
Rudder Constants 1,2 :8.0,5.0 
Tow Point 0 : 0.000m
Tow Rope Length/LO : 3.250m/m 
Tow Point 1 :63.300m 
Tow Rope :PY
Maximum Deflection : -23.800 Degrees 
Wind Velocity,Angle :38.91, 90.0 Knots,Deg 
Superstructure : Forward
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Figure 7.29a

Tow Velocity : 5.837 Knots
Rudder Constants 1,2 :8.0,5.0 
Tow Point 0 : 0.000 m
Tow Rope Length/LO : 3.250 m/m
Tow Point 1 :63.300m 
Tow Rope : PY
Maximum Deflection : -2.917 Degrees 
Bridle Length,Width :20.00,40.00 m,m
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Tow Velocity : 5.837 Knots
Rudder Constants 1,2 : 8.0,5.0 
Tow Point 0 : 0.000m
Tow Rope Length/LO : 3.250m/m 
Tow Point 1 :63.300m 
Tow Rope :PY
Maximum Deflection : -2.917 Degrees 
Bridle Length,Width :20.00, 40.0 m,m
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Figure 7.29d

Tow Velocity : 5.837 Knots
Rudder Constants 1,2 :8.0,5.0 
Tow Point 0 : 0.000m
Tow Rope Length/LO : 3.250m/m 
Tow Point 1 :63.300m 
Tow Rope :PY
Maximum Deflection : -2.917 Degrees 
Bridle Length,Width :20.00, 40.0 m,m
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Figure 7.30a

Tow Velocity : 5.837 Knots
Rudder Constants 1,2 :8.0,5.0 
Tow Point 0 : 0.000 m
Tow Rope Length/LO : 3.250 m/m
Tow Point 1 :63.300m 
Tow Rope : PY
Maximum Deflection : -2.917 Degrees 
Bridle Length,Width -.20.00,10.00 m,m
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Figure 7.30b

Tow Velocity : 5.837 Knots
Rudder Constants 1,2 :8.0,5.0 
Tow Point 0 : 0.000m
Tow Rope Length/LO : 3.250m/m 
Tow Point 1 :63.300m 
Tow Rope :PY
Maximum Deflection : -2.917 Degrees 
Bridle Length,Width :20.00, 10.0 m,m
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Figure 7.30d

Tow Velocity : 5.837 Knots
Rudder Constants 1,2 :8.0,5.0 
Tow Point 0 : 0.000m 
Tow Rope Length/LO : 3.250m/m 
Tow Point 1 :63.300m 
Tow Rope :PY
Maximum Deflection : -2.917 Degrees 
Bridle Length,Width :20.00, 10.0 m,m
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Figure 7.31a

Tow Velocity : 5.837 Knots
Rudder Constants 1,2 :8.0,5.0 
Tow Point 0 : 0.000 m
Tow Rope Length/LO : 3.250 m/m
Tow Point 1 :73.300m 
Tow Rope : PY
Maximum Deflection : -2.917 Degrees 
Bridle Length,Width :20.00,40.00 m,m
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Tow Velocity : 5.837 Knots
Rudder Constants 1,2 :8.0,5.0 
Tow Point 0 : 0.000m
Tow Rope Length/LO : 3.250m/m 
Tow Point 1 :73.300m 
Tow Rope :PY
Maximum Deflection : -2.917 Degrees 
Bridle Length,Width :20.00, 40.0 m,m
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Figure 7.31 d

Tow Velocity : 5.837 Knots
Rudder Constants 1,2 :8.0,5.0 
Tow Point 0 : 0.000m
Tow Rope Length/LO : 3.250m/m 
Tow Point 1 :73.300m 
Tow Rope :PY
Maximum Deflection : -2.917 Degrees 
Bridle Length,Width :20.00, 40.0 m,m

305



Tow S y s t e m  C w i t h  B r i d l e

Tow Ship 0 
Towed Ship 1

>000

ooo

000

3 0 0 0

2000

1000

-10
Y (m)

Figure 7.32a

Tow Velocity : 5.837 Knots
Rudder Constants 1,2 :8.0,5.0 
Tow Point 0 : 0.000 m
Tow Rope Length/LO : 3.250 m/m
Tow Point 1 :63.300m 
Tow Rope : PY
Maximum Deflection : -2.917 Degrees 
Bridle Length,Width :20.00,40.00 m,m
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Figure 7.32b

Tow Velocity : 5.837 Knots
Rudder Constants 1,2 :8.0,5.0 
Tow Point 0 : 0.000m
Tow Rope Length/LO : 3.250m/m 
Tow Point 1 :63.300m 
Tow Rope : PY
Maximum Deflection : -2.917 Degrees 
Bridle Length,Width :20.00, 40.0 m,m
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Tow Velocity : 5.837 Knots
Rudder Constants 1,2 :8.0,5.0 
Tow Point 0 : 0.000m
Tow Rope Length/LO : 3.250m/m 
Tow Point 1 :63.300m 
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Chapter Eight.

8.1 Main Conclusions to the Chapters.

The modular m anoeuvring sim ulation m odel described in 

Chapter Two has proven to be accurate when comparing the results of 

m odel simulations with free running model tests Refs. 2.3, 2.4. The 

simulation m odel will also predict the manoeuvring performance of 

full scale vessels provided the full scale interaction coefficients are 

determined accurately. These full scale interaction coefficients are 

difficult to obtain and a technique of matching the simulation to trials 

data can be employed.

It is important to consider the environmental loading on  

vessel's m anoeuvring performance. W hen perform ing a turning  

manoeuvre in wind, the vessel should head into the wind as the turn 

requires less sea room. In m odelling current load ing on the 

simulation, it is recommended to use the corrected current velocity in 

conjunction with the current loading coefficients. The automatic pilot 

m odel should account for course angle or global positioning in the 

earth fixed coordinate system as opposed to the heading angle.

The DnV calculation method is not considered to be applicable 

for the calculation of wind loads on jack up legs. In the case of a square 

leg geometry for an increasing angle of wind incidence, the wind forces 

decrease to a minimum value at 45 degrees. The method also cannot 

strictly be used for non cylindrical cornerpost designs because of the 

rules use of an equivalent diameter.

The MMEC method is based on extensive model tests at near 

full scale Reynolds numbers. These results are therefore believed to be 

accurate and credible to base comparison studies on. The MMEC 

method is dependent on accurate cornerpost drag coefficients. If new  

cornerpost designs are to be considered then m odel experim ents
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should be undertaken at near full scale Reynolds numbers to 

determine their windward and leeward cornerpost drag coefficients.

The prediction of the drag coefficients by the BSI method when  

compared with the MMEC method shows very good similarities for the 

square leg geometries considered.

The triangular leg geometries considered seem to behave less 

favourably. There is some debate on the location of the minimum drag 

with orientation in the DnV, BSI and ESDU prediction methods. The 

MMEC m ethod does not include an orientation factor for the 

triangular leg geometries.

The skeg was included in the simulation m odel of Chapter 

Two by adding the skeg derivatives to the hull derivatives. The 

m ethod of Jacobs Ref. 5.2, was em ployed to determine the skeg  

derivatives in conjunction with wing theory to obtain the resistance of 

the skeg. The simulation was matched to trials data for the 'Mighty 

Servant II' and the predicted advance, transfer, and tactical diameter 

were in general within 5% of the trials for the port and starboard turns.

The simulation m odel developed in Chapter Five could be 

used in the assessment of the manoeuvring performance of a heavy lift 

vessel undertaking the dry transportation of a jack up rig. It may also be 

possible for the model to be used as a design tool to give a greater 

insight into the manoeuvring performance for future heavy lift vessel 

designs. This may include limits on the longitudinal positioning of 

cargo and maximum leg lengths. The sizing of control surfaces could 

also be determined.

The m anoeuvring model has design limits however. These 

limits include a maximum allowable w ind heel angle chosen as 5 

degrees. Additionally there are limits im posed from the non linear 

empirical m anoeuvring derivatives. If the sim ulated drift angle is 

beyond an angle of approximately 25 degrees or the non dimensional 

angular velocity is in excess of 1.1 then doubts about the tow trajectory 

will begin to arise. These inaccuracies occur when simulating a turning 

manoeuvre of approximately 20 degrees in moderate to high w ind
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velocities. The automatic pilot simulations are generally unaffected by 

these environmental loading conditions.

In the simulations the longitudinal position of the jack up rig 

relative to the LCG of the tow system is important to the manoeuvring 

performance of the tow system. Additionally the exposed leg length  

and wind velocity are equally important. The leg lengths may be varied 

to counter any loss of manoeuvrability if restrictions are imposed due 

to trimming or by deck dimensions.

The accuracy of the sim ulation m odel could further be 

improved if w ind tunnel experiments were undertaken to determine 

the w ind loading coefficients for a heavy lift vessel design and for a 

jack up with top side structures. The leg wind loading model described 

can be added to the jack up wind coefficients to obtain an overall wind  

load. The manoeuvring model could also be extended to include roll 

motion. This w ould require further model experiments to determine 

the roll m anoeuvring derivatives for a heavy lift vessel. Such an 

investment may not give a sufficient return as the wind yaw moments 

appear have greater influence on the sim ulations than the w ind  

heeling moments.

The experiments for the jack up model using the two bar 

system did not produce the consistency of data that one had initially 

anticipated. The analysis of the resistance produced no definite 

conclusions. The linear derivatives for the zero leg position show  the 

best results. When the leg was lowered and the spud can exposed, the 

yaw derivatives produced a larger scatter. It is therefore recommended 

that additional experiments are undertaken, repeating som e of the 

previous cases as a cross check of the results and to examine the effects 

of an exposed lattice leg. The two bar experimental set up described was 

originally designed for conventional ship models. The experimental 

set up should be redesigned for the shorter jack up model with a single 

bar replacing the existing two bar system. This will reduce the number 

of readings required and hence the probability of experimental error. It
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is also recommended that experiments are carried out to obtain the jack 

up rotary derivatives so that towing simulation studies of the type 

presented in Chapter Seven can be conducted with the effects of wind  

loading. The rotary derivatives can be obtained using standard PMM or 

rotating arm experim ents. The unconstrained tow ing m ethod  

proposed by Burcher Ref. 1.14, could also be attempted.

The theoretical predictions for directional stability were 

presented in the form of the Routh Hurwitz stability and the extended  

R2 stability figures. Both representations can be employed equally well 

but R2 provides a clearer understanding of the regions of directional 

stability.

In linear towing theory the tow point location on the towed  

vessel is the most sensitive parameter to the system directional stability 

follow ed by the tow rope length. The greatest degree of directional 

stability for a given tow rope length will occur at a tow point location 

just ahead of Np/Yp. It cannot be concluded that any increase in tow  

rope length w ill increase the tow directional stability as there is a 

dependency upon the tow system configuration.

Towing in shallow water or adding skegs will have a positive 

effect on the degree of directional stability. These factors affect the 

derivatives and increase the region of stability.

An increase in tow stability for an increase in tow  velocity  

depends upon the a disproportionate increase in the tow ed vessel 

residual resistance coefficient. This will increase the tension of the tow  

rope and hence the stability region.

In the simulations it is important to consider the design of the 

tow system. If consideration is not given to the size of the tow vessel 

bollard pull or rudder dimensions then the results of the simulations 

will be unrealistic.

In the towing simulation model, it was found that the action of 

a head wind will increase the tow rope tension and as a result this will

312



increase the tow directional stability. A following wind may destablise 

the tow. Beam winds should be avoided. It is imperative to consider 

wind loading in towing operations. The location of the superstructure 

of the towed vessel has a significant impact on the sea room required. 

The results from simulations predict greater transverse displacements 

in beam winds for a superstructure located aft. This may have to be 

given serious consideration when towing jack ups and other sea going 

vessels.

The bridle towing sim ulations predict an increase in the 

directional stability of a tow when compared to the single line towing  

simulations. Additionally, it is predicted from the simulations that the 

bridle angle has the most significant effect on the directional stability 

follow ed by the longitudinal attachment of the bridle to the towed  

vessel.

The rigid and elastic tow simulation models give very similar 

predictions for the conditions simulated for head and following wind. 

There are differences however in the predictions when beam winds are 

considered. These differences stem from the tow rope assumptions and 

computer modelling. The elastic simulation model is considered more 

realistic than the rigid simulation model.

8.2 Recommendations for Towing Operations.

In the towing studies of the single tow point theoretical 

analysis and simulations, the conclusions and discussions of Chapter 

Seven can be used to give recommendations for towing operations.

In general the tow point location on tow vessel should be as 

close to the tow vessel LCG.

In undertaking a single tug tow, the system  configuration  

should be analysed first for directional stability. This initial study can 

easily be conducted using the single tow line theoretical approach 

detailed Chapter Seven and Appendix G. The computations required 

for such a task can easily be conducted on a personal computer. The 

theoretical approach offers a quick solution although a straight course
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m ust be assum ed for the tow vessel motions. It is important to 

remember the sensitivity of the tow directional stability to the tow  

point location and tow rope length for a single point tow. When using 

the Kijima deep water empirical equations for the m anoeuvring  

derivatives the applicability must be considered.

If the tow becomes unstable due to wind, it is sensible to set a 

course to head into the wind. A follow ing wind may destablise a 

m arginally stable tow configuration. Beam winds should always be 

avoided as the sea room required is greatly increased and this may lead 

to collisions in busy sea lanes. The location of the tow ed vessel 

superstructure has a significant effect on the towed vessel motions.

If towing a directionally unstable vessel such as a barge without 

skegs, it is sensible to use a bridle. The simulations predict a higher 

degree of control of the towed vessel motions for increased bridle 

angles, figure 7.1c.

If towing with an elastic tow rope an estimate of the tow rope 

diameter can be determined from the power relationships shown in 

figures 7.2. It will be necessary however to account for abrasion and 

loading. If employing a bridle then the bridle rope diameters should be 

considered separately from the diameter of the elastic tow rope as it is 

more economical to replace a broken bridle rope than a tow rope. An 

estimate of the maximum bridle rope diameter can be obtained from  

equation 7.32.

8.3 Future Work.

It is strongly recommended that further work is conducted in 

the future on the application of manoeuvring and towing simulation 

to jack up transportation. This work should  concentrate on 

experimental programs and the development of advanced simulation 

programs. These experiments should include the following.

An experimental program to determine the resistance and the 

linear drift and rotary manoeuvring derivatives for various standard
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jack up geometries such as the Santa Fe or Marathon Le Tourneau 

designs. The non linear derivatives are not considered essential as the 

drift angles under tow are small.

These experiments could be extended to study the effects of 

skegs and spud can submergence on the jack up directional stability.

Experimental studies should be conducted to verify the 

conclusions derived from the bridle simulation program. This can be 

undertaken with a conventional vessel.

W ind loading coefficients for the heavy lift vessel w ith  

forward superstructure should be obtained in addition to the wind  

loading coefficients for a jack up with top side structures. The jack up 

legs can be neglected as they can be added separately in the manner 

adopted in the simulation program.

It is common for vessels to have their superstructures located 

aft. In the simulations it was apparent that the conventional manner of 

towing these vessels from their bow lead to increased transverse 

displacem ents in moderate beam winds. It is recom m ended that 

further simulation work is conducted to study the effects of location of 

superstructure and determine if there is a relationship with transverse 

displacement of the towed vessel in wind. If the relationship were to be 

established then there would obviously be implications in towing of 

jack up rigs.

It m ay also be interesting to obtain the resistance and 

m anoeuvring derivatives for a vessel towed by its stern w ith its 

superstructure in a forward position. It is acknowledged that the 

dynamic stability of a vessel will reduce in this condition due to the 

rudder location. The resistance will however increase but the overall 

effect on the directional stability when towed in wind is unknown. 

This may become important when towing tankers in strong winds.

The present towing simulation models can readily be extended 

to include two or multi tug towing with catenary tow rope solutions 

with current and wave loading. It will also be possible to simulate
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tow ing of other bodies if the appropriate manoeuvring derivatives and 

w ind  loading coefficients are determined. The com plexity of these 

simulation models will however result in excessive computations and 

this w ill increase the simulation c.p.u. time. The extension of the 

sim ulation model also increases the probability of errors if used by 

som eone unfamiliar with the simulation model.
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Appendix A.

A1 Formulation of Vessel Trajectory in the Time Domain.

In order to determine the trajectory of a vessel in the time domain 

we must first find expressions to calculate the position of the vessel as it 

travels within the earth fixed coordinate system.

From figure 2.5 we define the course angle or angular position of the 

velocity vector from earth fixed reference axis as,

The position of the center of gravity of the vessel, in the global coordinate 

system (X,Y) at a time t is derived as,

4>=e-p A 1

0 Angular position of the ship x axis from the earth fixed X axis,

P Drift angle.

The angular velocity of the vessel is written as,

A 2

L
A 3

A 4
o o

where,

U x = Ucos<|>

A 5
o
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and similarly for the position in the global Y coordinate system

Y = Jdy = J UYdt A 6
0 0

U Y = Usin(j)

A 7
o

In the case for a turning circle we can determine the the advance 

and transfer at the heading angle of 90 degrees and the tactical diameter at 

180 degrees.

From the above formulations we see that in order for us to determine the 

trajectory of the vessel in time we must calculate at each time step the 

quantities of

Ship Velocity 

Drift Angle

Heading Angle obtained from the Angular Velocity.

The change in the above quantities with time is defined sim ply by Euler 

integration,

We however em ploy a more complex integration m ethod using the 

Runge Kutta Merson NAG Routine Ref. 2.17, as opposed to the sim ple 

Euler representation above. The above method is known as an 'initial

U n+i = UN + U N At 

Pn+1 = Pn + Pn At

r N+l =  f N +  A t
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value problem' and therefore at time t=0 we must set the initial values of 

velocity, drift angle, heading angle, angular velocity.

Once this is done we must then determine the time derivatives of the 

initial velocity, drift angle, and angular velocity. We now  examine the 

previously derived non dimensionalised equations of motion to obtain 

these quantities.

A2 Drift Angular Velocity.

We w ill first determine the drift angular velocity. In order to 

sim plify the formulation for the time step integration and reduce the 

computations, we initially assume in the case of drift angular velocity that 

the ships' accelerations/decelerations are small and therefore are neglected 

even on application of the rudder. We can then rewrite the equations of 

motion 2.8 for the X and Y forces as,

2.8.a

Y' = = s in P  + cosP P ► + MJcr/cosP 2.8.b

2.8.c

X' = -Mx is in p  p + Myr'sinp
U

Y' = - M y ic o s P  P + M^r'cosP
U

and rearranging we can obtain the drift angular velocity,
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(e o s2 p  p = {M'xr'cosP -  r f e P j

® = r  { H i f  {Mvr'sinP - X'} + ̂  {Mxr' cos p -  Y'} j A 8

A 3  Acceleration.

We now  investigate the velocity derivative. To determine the 

acceleration /deceleration (which we previously said was negligible for the 

case of drift velocity), we look again at the equation of motion 2.8a for X. If we 

irearrange for Acceleration as,

= c o s B  = ——  {X '-M yr'sinP l + sinPP 
■U MxL Y

a n d  place in the equation the drift angular velocity equation A8, and 

irearrange w e obtain,

= cos p = {X '-M yf' sin p} + s in P ^  |^ & {M y r 's in  P -  X'} + {Mxr'cos P -  Y'}

1U =
Lcosp

M y r's in p /^ z  
MC

(sin2 P - 1) + - ^ - ( l  -  sin' 
v } M 'v p)

Mxr'cos2 psinP Y 'cospsinPj

~  U M'Yr'sinp X'
cosP + ----- C0 SP +

M'x
M^r'cosPsinp Y'sinP

c o sp -
Y'sinp

MC
+ r'cosPsinP Mx

m ; MC
A 9

xy

A 4  Angular Acceleration.

The angular acceleration is derived from the equation of motion
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for yaw  2.8c. First we arrange for angular acceleration and place the 

equation for acceleration, equation A9, derived previously w e finally  

obtain,



Appendix B.

B1 Trim Deep Water Derivatives.

The deep water m anoeuvring derivatives for trim by stern 

condition are obtained by applying the following corrections to the deep 

water derivatives given in Chapter Two. The trim x is defined as,

x = d A- d F

dF draft forward

dA draft aft

The mean draft is defined as,

The trimmed derivatives are obtained by multiplying the even keel deep 

water derivatives as follows,



B2 Shallow  Water Derivatives.

The hydrodynamic forces acting on a vessel hull w ill increase 

w ith decreasing water depth. The shallow  water derivatives are 

determined by multiplying the deep water derivatives for the fully loaded 

condition only, by the correction factor.

^ s h w  =  f  ( h )  X  ^ d e e p

D deep Deep water derivative 

D shw Shallow water derivative 

f(h) Correction factor

The correction factors are assumed as follows,

For Y;, YJp, Y ^ , n ;, n ;

f(h) = — -------- h
(1 -h )”

h = —
H

n = 0 . 4 ^
dm

dm Mean draft

H Water depth



for the remaining derivatives,the following factors are assumed,

f(h) = 1 + a ^  + a2h2 + a3h3 

a1 = -5 .5
v j

+ 2 6 ^ 2^ -31 .5

a2 — 37
V J

-185^ 2® +  230 
d_

a3 — —38
^CbBV

V d m J
+ 1 9 7 ^ - 2 5 0  

d„

The wake fraction ratio, £ is assumed independent of water depth. The 

wake fraction coefficient at the propeller location in shallow  water is 

estimated by correcting the coefficient for deep water as shown below,

= cos(c^ dJ H)
( 1  W p o lp e e p

Cwpo is a constant for each type vessel.
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Appendix C.

The normal rudder force equation 2.25 can be v iew ed  as a 

combination of the rudder characteristics in open water, the effective 

inflow velocity and the effective inflow angle at the rudder. This appendix 

w ill describe the back ground to the open water rudder force and the 

formulation of effective inflow angle at the rudder. A fuller description of 

these may be found in Refs. 2.6 and 2.7. The inflow velocity at the rudder 

will not be described as the formulations presented in Refs. 2.6 and 2.7 are 

redundant and references which detail the present form of the inflow  

velocity described in the rudder forces equations are unavailable. 

Additionally the appendix will show the formulation of interactions of 

the rudder to the hull, equations 2.24.

Cl Rudder Normal Force in Open Water.

The non dimensionalised rudder normal force is expressed as,

The open water characteristics can be estimated by a theoretical calculation 

and the empirical method such as Fujii's formula for rectangular rudders 

Ref. 2.18. This relationship is seen in figure C.l.

The effective angle of inflow to the rudder a R, plays an important 

role in the rudder force,

FĴ  = 0.5pARURf (A,5)/0.5pLDU2 C l

C 2

A Rudder Aspect Ratio

C2 Effective Rudder Inflow Angle.

a R = 5 - a 0 C 3
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In figure B.2 the apparent angle of inflow, relative to the ship centerline at 

the rudder position can be written as,

a 0 — yPr C 4

C 5

The definition of y  is illustrated in figure C2. It is an empirical coefficient

and is obtained by experiment. The value of 2 used in equation C 5 is 

described in reference 2.6.

The rudder deflection at the ship stern gives rise to the rudder 

force. It also induces another form of lateral force acting on the hull as an 

interaction effect by the rudder. This phenomena may be accounted for by 

w ay of a disturbed circulation approach, however sim plified notations 

may serve for practical purpose of describing these added quantities Refs. 

2.6, 2.7. With reference to the figure 2.4 the total sway force on the hull due 

to the rudder deflection and hull interaction can be shown as,

Yr = YRO + AYro = Yro + aHYRO

C3 Rudder and Hull Interaction.

-  (l + aH)YRO C 6

and similarly the moment is,

N r -  xrYro aHXH^Ha H 1 RO

— xR (1+ H aH) Yro.
X R

C 7

If we approximate xH * xR * 0.5Land rewrite the above as
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YR — (1 + aH) Yro C 8

N r = -0.5L (l + aH) Yro C 9

The non dimensionalised form of this is rewritten as,

Yr -  (l + aH) Yro

N r = -0 .5  (1 + aH) Yrq

Xr Distance from cog to center of lateral force. (Non dimensionalised)

aH Ratio of additional lateral force.

x'H Distance from cog to center of additional lateral force. (Non dim.)

The values of aH.and Xr may be estimated from figures 2.4.
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Appendix D.

DNV Calculation Method.

The wind forces and pressure on members above the sea surface 

may norm ally be considered as steady loads. The w ind forces are to be 

calculated for each of the different directions of environmental loads that 

are considered. The calculations are carried out by dividing the w ind 

exposed structure into its individual parts. The equations are given below 

with reference to figure 4.6.

The w ind force Fw acting on one bay is defined by 

Fw = |p C DD v W p

D Cross sectional dimension perpendicular to the wind direction

v Design wind velocity

p Angle between the wind direction and the cross sectional plane of
the m em ber

CD Drag (shape) coefficient

p Mass density of air (1.225kg/ m 3)

For the calculation of the wind force acting acting on the exposed part of a 

lattice leg the parameters CD and D may be replaced by CDE and D£

The equivalent diameter D  ̂ is defined as,

VB = total vol111116 one bay
Aj Cross sectional area of member i

14 Length of member i

s Length of one bay
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The equivalent drag coefficient is given by,

C-DE — 2^C DEi

CDB = [sin2 p + cos2 [3 sin2 a ]3/2Cra ^ ik
U ES

C jx Drag coefficient of member i

De Equivalent diam eter

DA Diameter of member i

a  Angle which determines the flow direction.

The expression for CDEi can be simplified for vertical and horizontal 

members.

Vertical members.

D
C =C  —L

DEi Di D
E

Horizontal members.

D 1
C = sin3 a  C ——

DEi D i D  S
E
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Appendix E.

BSI Calculation Method.

M ethod for calculation of total wind resistance on symmetrical towers 

w ithout ancillaries.

The total wind resistance should be determined in the direction of 

the w ind and in the crosswind direction in accordance with the following.

The total w ind resistance ^ R w, in the direction of the wind over a panel 

height of the structural com ponents of a lattice tow er of square of 

equilateral triangular cross section, having equal areas for each face, may 

be taken as that of the bare tower, RT, given by,

Rt = Re^-N^s

CN is the overall drag (pressure) coefficient

As is the total area projected normal to a face of the structural

components within one panel height of the tower at the level 

concerned 

Ke W ind incidence factor

0 Angle of incidence of wind normal to the windward face
AF Total projected area of the flat sided section members

(|> Ratio of the total projected area within the panel height of the
structural components in the windward face.

Circular section members should be assumed to be in a sub critical regime 

when the effective Reynolds number Re<4 E10-4 and may be assum ed to 

be in a supercritical regime for higher values of Reynolds. The value of Re 

is given by,
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_ 15V ZD
e u

Vz W ind speed relevant to the height z from the ground to the
center of the member 

D Member diameter (m)

x> Kinematic viscosity of air=1.46 E10-5m2/s

C = C  -^ - + C -^ - + C ^ c'^-Nf A ^  v~Nc A ^  v-'Nc' A 
Ap Ap Ap

CNf Drag coefficient of flat sided members

CNc Drag coefficient of subcritical circular section members

CNc, Drag coefficient of supercritical circular section members

Af Area of flat sided members

Ac Area of subcritical circular section members

Ac, Area of supercritical circular section members

The w ind incidence factor is given by

Ke = 1.0 + K1K2 sin2 20 for square towers

Ke = -̂ c + ̂  + -^-(1.0 -  O.lsin21.5 0) for triangular towers
Ap Ap

„  _0 .8 (A C+ A C,) 0.55Af
Ki —---------------------- 1------------

A f Af

K2 =0.2 for 0 < <|) < 0.2 and 0.8 < <|> < 1.0 
= <() for 0.2 < <(> < 0.5 
= 1-(|) for 0.5 < <() < 0.8

The drag  coefficients for towers composed of flat sided m em bers CNf, 

subcritical circular section members, CNc, and supercritical circular section 

m em bers, CNc,,are given by,
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CNf =1.76C , [ l - C 2<t> + (])2]

CNc = C, [ 1 - C2<{>] + [C, + 0.875] <>2 

CNc. = 1 .9 - a/[1-4>] [2 .8 -1 .1 4 C ,+t[>]

Q  is equal to

2.25 for square towers

1.9 for triangular towers

C2 is equal to

1.5 for square towers

1.4 for triangular towers
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Appendix F.

MMEC Calculation Method.

The MMEC m ethod is a simple building block approach which 

includes factors for shielding and orientation and which agrees well with 

model test results.

Square Leg Geometries.

C D = + n X 1AjCDj]/L W

Kp = l . l  + 0.5728(() (sin2(3)0'9 

T1 = l - l - C Dwc<t>

♦ = I»A,/LW

Orientation factor

♦ Solidity ratio

11 Shielding factor

c
O w e Drag coefficient of windward (w) comer post

^ -D lc Drag coefficient of leeward (1) corner post

C d ! Component of drag coefficient of windward face
Component of drag coefficient of leeward face

A i Component of projected areas of windward face

A i
Component of projected areas of leeward face

P Yaw angle

Triangular Leg Geometries.

c d = K 4 l „ A lCa +TiaX 1AjCDj]/L W  
=  1.0

ilA= 0 .8 ( l . l -C Dwc<t.)

All symbols have same definitions as in the case of the square leg 

geometry.
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Appendix G.
Calculation of Wind Heel Moments using ABS Classification Rules.

The w ind loads and w ind heeling arm  acting on the jack up 

(excluding legs) and heavy lift vessel are determined with ABS rules for 

Mobile Offshore Drilling Units.

Wind Load.
The w ind load is calculated for the system using the following equation, 

p _  PaA C sC hU w
• T  V V  —  ------------------------------------------------------2

The w ind velocity is taken as the absolute value. No relative motion from 

drifting is considered.

CH Height Coefficient See Appendix Table G 1.
Cs Shape Coefficient See Appendix Table G 2.

A Projected Area of Exposed Surfaces
pA mass density of air

Wind Overturning Moment.
The w ind overturning moment of the system is calculated using,

FWft- Total transverse wind load on the system

H t Vertical distance from the centre of effort to the centre of lateral

resistance at half the draft

Wind Lever.
The to tal w ind lever is calculated by d iv id ing  the w ind 

overturning m oment by the displacement of the system.
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Appendix G.

Height Coefficient
Height (meters) Coefficient Height (meters) Coefficient

0-15.3 1 91.5-106.0 1.48
15.3-30.5 1.1 106.0-122.0 1.52
30.5-46.0 1.2 122.0-137.0 1.56
46.0-61.0 1.3 137.0-152.5 1.6
61.0-76.0 1.37 152.5-167.5 1.63
76.0-91.5 1.43 167.5-183.0 1.67

Table G1

Shape Coefficient
Cylindrical (all sizes) 0.5
Hull (surface types) 1
Deck house 1
Isolated structural shapes (cranes, beams) 1.5
Under deck areas (smooth surfaces) 1
Under deck areas (exposed beams and girders) 1.3
Rig derrick (each face) 1.25

Table G2
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Appendix H.

Linear Theoretical Prediction for Directional Stability.

The equations of motion for the towed vessel can be w ritten with 

reference to figure 7.1a as,

where,

m x = m (l + k x) 

m Y = m (l + kY)

Iz = (0.24L)2m (l + kz)

are the virtual mass coefficients or Lambs coefficients of accession to 

inertia. There are no acceleration derivatives included in this stability 

analysis but the added mass terms take account of this (Ref. 7.1 discussion). 

Iz is an empirical approximation commonly used in Japanese sim ulation 

literature. xp is the distance of the towpoint forward of the centre of gravity 

of the towed vessel. The forces due to the derivatives are dimensionalised 

in  the fo llow ing m anner as given in C hap ter Two. The non 

dim ensionalised linear derivatives were obtained from  the Kijima 

empirical equations.

m xii -  m Yvr = XH + T cos(e0 -  0!) H la

m Yv + m xur = YpP + Yrr + T sin(e0 -  0^ H lb

Izr = N pp + N rr + TxP sin (e0 -  01) H l c

_ Y, pLDU2
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, pL2PU

N .  =  N ' P ^ U

We can obtain an additional equation for the towline from an 

equality of towpoint velocity from Strandhagen, Ref. 7.1

(xPr + v)cos01+ u sin 0 1 = - l£ 0cose0 H 2

We can neglect the surge equation H la , by assum ing the surge 

acceleration is small and products of small quantities are negligible. If we 

now write the sway velocity and acceleration as,

v = -usin(3 H 3a

v = -u s in p -u p c o s p  H 3b

and assume for small angles, 

sin(3 * p, cosP « 1

Remembering the surge acceleration is small, then we rewrite equations H 

3 as,

v = -u p  H  4a

v = —up H 4b
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Placing equations H 4 into equations H lb,c and H 2 we obtain,

- m Yup + m xur = YpP +Yrr + T(e0- 0 ^  H 5a

Izr = Npp + N rr + TxP(e0 - 0 ^  H 5b

xPr - u p  + u01 = -]£ 0 H 5c

The equations above are linear, homogenious differential equations. The 

general solution is obtained when we represent the towed vessel drift and 

heading angle and the towrope angle of the towed vessel as,

P = k ^ 01, 0! = k2ea t , e0 = k3eat

ki, k2 , k3  are constants which depend on the initial conditions. Placing the

above in equation H 5 and rearranging,

(Yp + m Yua)k1 + ((Yr -  m xu)a -  T)k2 + Tk3 = 0  H 6a

-N pk1 + (Iza 2 -  N ro + TxP )k2 -  TxPk3 = 0  H 6b

-u k 1 + (xPa  + u)k2 + lok3 = 0 H 6c

The above will be satisfied if the determinant is equal to zero and this can 

be represented in matrix form as,

Yp + m Yu a (Yr - m xu)o - T T V "o"

- N » Iza 2 - N ra  + TxP -T xP k2 = 0
- u XpG + U la _̂ 3_ 0_

This is then expanded.
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= (Yp + m Yuo)
IZG -  N ro + TxP -T xP 

xpg + u  la

+N f
(Yr -  m xu)a  -  T T ' 

xPa  + u la

- u
(Yr - m xu )G -T  T 
IZG2 -  N ra  + Txp -Txp

= (Yp + m Yua)[ 1Izg3 -  N r la 2 + 1Txpg + TxpG + TxPu] 

+N p[la2Yr -  lm xUG2 -  T la  -  Txpg -  Tu]

-u [-T x PYrG + TxPm xuG + T2xP -  TIzg2 + TNra  -  T2xP]

= IIzm YuG4

+YplIzG3 - N rIm YuG3

-Y pN rla 2 + lTxpm YUG2 +TxpmYUG2 + N plG2Yr -N p lm xuG2 + TIzug2

+YplTxPG + YpTxpG -  TNriia + TxPm Yu 2a  + TxPYru a  -  TxPm xu 2a  -  NpTla -  N pTxPG

-NpTu + YpTxpU + T2xPu -  T2xPu

The determinant m ay be arranged as,

a 4 + A g3 + Bg2 + Cg + D = 0

where,
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H 7a
m Yu I

E N , ( Y r - m xu ) - Y , N r
+  Xp̂  +  Xpl H 7b

Iz m Yu

H 7c

H 7d

The form of equations H 7 can be compared to those given by 

A bkow itz, Ref. 2.1. If we neglect the automatic control and the narrow  

channel effects of these equations given in Ref. 2.8 and replace the 

.acceleration derivatives with the coefficients of inertia and the sway and 

yaw derivatives are replaced by the drift derivatives as,

then using the relationship of equation H 4 ,

we then obtain the same equations as the directional stability criteria given 

by equations H 7 and 7.2 in the main text.

Y = Yvv = Ypp
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Appendix I.

Towed Vessel Velocity with the Rigid Tow Rope Assumption.

The velocity of the tow ed vessel used in the rigid tow  rope m odel 

is determ ined from  Ref. 7.9. The position of the tow ed vesse l relative to 

the tow  vessel.

X 1 = X0 - a 0cos90 -  l r cos(01 + e1) - f 1cos01 I la

Yj = Y0 -  a0 sin0O -  Ip sin(0p + £p) -  sinGp I lb

we differentiate the above equations with respect to time,

Xj = X0 + a0G0 sin 0O + 1T (Gp + e:) sin(Gp + e:) + f 1G1 sin Gp I 2a

Yp = Y0 -  a0G0 cos 0O -  1T (Gp + £p) cos(0p + £p) -  fpGp cos Gj 12b

Using the relations below and placing them in equations I 2 

Xp = U i cos(Gi - P i) 13a

Y p = Up smfGp — Pi) 13b

we obtain,

Up cos(0p -  pp) = U0 cos(G0 -  po) + a0G0 sin G0 + 1T (Gp + £p) sin(0p + £p) + f pGp sin Gp

Up sin(0p -  pp) = U0 sin(0o -  p0) -  ao0o cos 0O -  1T (Gp + £p) cos(0p + £p) -  f pGp cos Gp

We now prem ultiply the above equations by cos(Gp+£p) and sin(0j + £p) 

respectively,
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U1 cos(01 + e1) cos(01 -  p1) = U0 cos(0p + e1) cos(0o -  P0) + ao0o cos(01 + ) sin 0O 

+ lT(0p + 81)cos(01 + e1)sin(01 + e1) + f101 cos(01 + e1)sin01
14a

U1 sin(01 + e1) sin(01 -  p:) = U0 sin(01 + eT) sin(0o -  P0) -  ao0o sin(0p + £p) cos 0O 

-  Ip (^  + e1) sin(01 + e:) cos(0p + £p) -  f p0p sin(0p + £: ) cos 0p
14b

A dding the above then results in the following relationship.

Up cos(0p + £p -  0p + Pp) = U0 cos(0p + £p - 0O + p0)

- a o0o sin(0p + £p -  0O) -  ft0p sin(0p + £p -  0p)

Rearranging then gives,

Up cos(£p + Pp) = U0 cos(0p + £p -  0O + P0) -  ao0o sin(0p + e: -  0O) -  f p0p sin £p

r'U-Finally placing 0A = ——L in the above gives,
L:

    r ^ u  r ' u
Up cos(£p +Pp) = U0cos(0p + £p — 0O + P0) — a0 ——— sin(0p + £: - 0 o) - fp - i—Lsine1

L0 Lp

r  ̂ — r 'U
= U0 cos(0p + £p -  0O + p0) -  a0 - 4 - 1 sin(0p + £p -  0O)cos(£p + pp) + fp— sin£p

— r'U
U0cos(0p +£p - 0 o + po) - a o 0 ° sin(0p+£p - 0 O)

U ,= ------------------------------------ £ ----------------------  16
cos(£p + Pp) + fp — sin£p



Appendix J.

Rigid Towrope Angular Velocity.

The angular velocity of the tow rope is determ ined from  a 

knowledge of the positions of the tow and towed vessels in the global 

coordinate system as shown in Ref. 7.9. The position of the towed vessel is 

determined from figure 7.1b as,

Xp = X0 - a 0cos90 -  lTcos(0p + e1) - f 1cos01 J la

Yp = Y0 - a osin0o -  lTsin(0p + £p)-fpSin0p J lb

In o rder to obtain the tow rope angular velocity we m ust 

differentiate the above equations with respect to time,

Xp = X0 + ao0o sin 0O + Ip (0p + e:) sin(0p + £p) + f p0p sin 0p J 2a

Yp = Y0 -  ao0o cos 0O -  Ip (0p + £p) cos(0p + et) -  fp0p cos 0t J 2b

Using the relations below and placing in equations I 2 

Xt = U i cos(0i - p i) J 3a

Y ^U pSinW p-fc) J 3b

we obtain,

Up cos(0p -  Pp) = U 0 cos(0o -  P0) + ao0o sin 0O + Ip (0p + £p) sin(0p + £p) + f :0p sin 0p

Up sin(0p -  Pp) = U 0 sin(0o -  p0) -  ao0o cos 0„ -  Ip (0p + £p) cos(0p + £p) -  f p0p cos 0p

Prem ultiplying the above by sin(0p + e :)and cos(0p+£p) respectively we 

then have,
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Up sin(0p + ep)cos(0p -  pa) =

sin(0p +£p)(U0 cos(0o - P o) + ao0osin0o + lT(0p + £p)sin(0p +£p) + fp0p sin0p)
J 4a

Up cos(0p + £p)sin(0p -  Pp) =

cos(0p + £p )(U0 sin(0o -  p0) -  ao0o cos 0O -  Ip (0p + £p) cos(0p H- £p) — fp0p cos 0:)
J 4b

Subtracting the components of the left hand side of the equations,

sin(0p + £p) cos(0p -  Pp) -  cos(0p + e:) sin(0p -  Pp) = sin(£p + p:) J 5

The first component on the right hand side of the equation is,

Uosin(0p +£p)cos(0o - P o) - U ocos(0p +£p)sin(0o - p 0)
—  Jo

= U0 sin(0p + £p -  0O + p0)

the rem aining components are similarly defined,

ao0o sin(0p + £p) sin 0O + ao0o cos(0p + £p) cos 0O 

= ao0ocos(0p+£p-0o)

1T (0p + £i) sin2 (0p + £p) + 1T (0p + £p) cos2 (0p + £p)
J ®= Lp(0p + £p)

f p0p sin(0p + £p) sin 0p + f p0p cos(0p + £:) cos 0p
J 9

= fp0pCOS(0p +£p -0p)

The components J 5-J 9 are then brought together and after rearranging we 

obtain,

Upsin(£p +pp) = U0sin(0p + £p - 0 O + po) + ao0o cos(0p +£p - 0 O)+ lp(0p +£p) + fp0pCOS£p

345



1   _
Ej = — |U 1 sin(e1 + 131) -  U0 sin(01 + e l -  0O + (30) -  ao0o c o s ^  + e 1  -  0O) -  ft0: cos

lr

J 10

If we place the expression for the angular velocity of the vessels

ft -  r‘U *
01 " I T

in the above equation for the towrope angular velocity J 10 we obtain,

e1 = —
U ,

- U

sinCe, + pT) -  f j cos e1 -
L1 L1 _

sin(01 + -  0O + (30) -  a0 -2- cos(01 + -  0O)

J 11

This equation is then used in the NAG routine to determ ine the 

towrope angle with respect to the towed vessel.
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