VL

Universit
s of Glasgowy

https://theses.gla.ac.uk/

Theses Digitisation:

https://www.gla.ac.uk/myglasgow/research/enlighten/theses/digitisation/

This is a digitised version of the original print thesis.

Copyright and moral rights for this work are retained by the author

A copy can be downloaded for personal non-commercial research or study,
without prior permission or charge

This work cannot be reproduced or quoted extensively from without first
obtaining permission in writing from the author

The content must not be changed in any way or sold commercially in any
format or medium without the formal permission of the author

When referring to this work, full bibliographic details including the author,
title, awarding institution and date of the thesis must be given

Enlighten: Theses
https://theses.qgla.ac.uk/
research-enlighten@glasgow.ac.uk



http://www.gla.ac.uk/myglasgow/research/enlighten/theses/digitisation/
http://www.gla.ac.uk/myglasgow/research/enlighten/theses/digitisation/
http://www.gla.ac.uk/myglasgow/research/enlighten/theses/digitisation/
https://theses.gla.ac.uk/
mailto:research-enlighten@glasgow.ac.uk

MOTION RESPONSE SIMULATION OF DAMAGED FLOATING PLATFORMS

Muhittin S8ylemez, B.Sc., M.Sc.

Thesis submitted for the Degree of Doctor of Philosophy

Department of Naval Architecture and Ocean Engineering

University of Glasgow

January 1990

© Muhittin Sdylemez 1990



ProQuest Number: 11007357

All rights reserved

INFORMATION TO ALL USERS
The quality of this reproduction isdependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a complete manuscript
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.

uest

ProQuest 11007357

Published by ProQuest LLC(2018). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States Code
Microform Edition © ProQuest LLC.

ProQuest LLC.

789 East Eisenhower Parkway
P.O. Box 1346

Ann Arbor, M 48106- 1346



DEDICATED

TO

MY PARENTS



DECLARATION

Except where reference is made to the work of others,

this thesis is believed to be original.



ACKNOWLEDGEMENTS
The research study reported in the thesis was made possible with the assistance of
the members of the Department of Naval Architecture and Ocean Engineering at the
University of Glasgow.

The author would like to thank the following;

Professor D. Faulkner, Head of Department, for allowing him to carry out this study

and for his constructive guidance and encouragement.

Dr. A. Incecik for his excellent supervision, his continuous assistance with many

aspects of the study, and his encouragement.

Professor S. M. Calisal, for his valuable discussions on the time-domain simulation

techniques during his visit to the University of Glasgow.
Dr. M. Atlar for his assistance which I received for the work presented in Chapter 2.

Mr. Ismail H. Helvacioglu for his stimulating discussions and valuable assistance in

completing the thesis.

Mr James R. MacGregor, research colleague, with whom I have enjoyed working at
the Hydrodynamics Laboratory.

Mr. Oguz Yilmaz for his contribution towards the completion of the thesis.

Mr. D. Percival for his assistance during the development of the computer software

routines.

Mr. R. Christison and the technicians at the Hydrodynamic Laboratory, for their help

during the experiments.

Finally, the financial support in the form of a scholarship from the Turkish Ministry
of Education is gratefully acknowledged.



CONTENTS

Page
Declaration i
Acknowledgements - i
Contents ' iii
List of Figures vii
List of Tables ' XX
Summary Xxii
CHAPTER 1 INTRODUCTION 1
1.1 Oil and Gas Production Facilities 2
1.2 Stability and Payload of Floating Offshore Units 3
1.3 Requirement for Dynamic Motion Analysis 6
1.4 Study Objectives | 8
1.5 Structure of Thesis 9
CHAPTER2 REVIEW OF THE METHODS 11
2.1 Introduction 12
2.2 Review of the Methods 14
2.2.1 Hydrodynamic Forces 14
2.2.2 Evaluation of Wave Forces on Cylinders by Morison Equation 15
2.2.3 Review of the 2D Source-Sink Method 19
2.2.4 Formulation of Hydrodynamic Loads and Derivation of 21

Motion Equations in Frequency Domain
2.3 Development of Computer Programs 30
2.4 Summary of the Results Obtained Using Morison Equation and 2D 31

Source-Sink Distribution Technique



CHAPTER 3 A GENERAL METHOD TO CALCULATE

3.1
3.2

HYDRODYNAMIC LOADING
Introduction
Derivation of a General Method to calculate Hydrodynamic
Loading on the Circular Cylindrical Members of Offshore Structures
3.2.1 Definition of Reference Systems '
3.2.2 Calculation of Wave Forces
3.2.3 Calculation of Pressure Forces
3.2.4 Calculation of Acceleration Forces
3.2.5 Calculation of Velocity Forces
3.2.6 Calculation of Current Forces
3.2.7 Calculation of Total Wave Force
3.2.8 Calculation of Total Wave Moment

CHAPTER4  MOTION RESPONSE SIMULATION

4.1
4.2

4.3
4.4
4.5
4.6
4.7
4.8

Introduction

Derivation of a General Method to Calculate Hy&Mynaﬂc
Loading on the Circular Cylindrical Members of Offshore Structures
Calculation of Non-linear Restoring Forces Moments
Calculation of Body Forces

Solution of Non-linear Motion Equations in the Time-Domain
Development of the Time-Domain Simulation Programs
Development Stages for the Time-Domain Simulation Programs
Brief Description of the Computer Program

4.8.1 Non-linear Forcing Function

4.8.2 Position Definition of the Structure

4.8.3 Ramp Functions

iv

57

58
60

60
60

70
74
78
-81
83

86
87
87

95

98
103
106
108
110
110
114
116



CHAPTER 5

NUMERICAL AND PHYSICAL SIMULATION
STUDIES

5.1 Introduction

5.2 Numerical Simulation

5.3 Physical Simulation

5.3.1
5.3.2
5.3.3
5.3.4
5.3.5
5.3.6
5.3.7
5.3.8

Description of Model

Model Particulars

Inclination Test

Natural Period Test

Instrumentation for Motion Response Experiments
Description of Calibration Procedures

Description of Motion Records

Motion Test Procedure

5.4 Presentation and Discussion of Results

CHAPTER 6

PARAMETRIC STUDIES

6.1 Introduction

6.2 Presentation of Parametric Studies

6.2.1
6.2.2

6.2.3
6.2.4
6.2.5
6.2.6

6.2.7
6.2.8

The Effect of Flooding Time and Mass on the Roll Response
Effects of Non-Linear Wave Excitation and Restoring Forces on
Motion Behaviour

Effect of Coupling Between the Heave and Roll Mode of Motion
Effects of Steady Wind and Current

Effects of Second-Order Steady Forces

The Effect of Non-Linear Drag Force and First-Order Relative
Wave Elevation

The effect of Non-Linear Added Mass and Damping Force

The Effect of Different GMs on Motion Behaviour

6.3 Discussion of Results

123

124
125
125
125
126
131
133
134
139
139
140
144

231
232
232
234
236

237
238
241
248

251
252
258



CHAPTER 7 CONCLUSIONS
7.1 General
7.2 Conclusions of Chapter Two
7.3 Conclusions of Chapter Three
7.4 Conclusions of Chapter Four
7.5 Conclusions of Chapter Five
7.6 Conclusions of Chapter Six
7.7 Recommendations for Future Work

7.8 Closure

APPENDIX A  Calculation of Wind Forces
APPENDIX B  Calculation of Yaw Restoring Moment
APPENDIX C  Calculation of Non-Linear Roll and Pitch

Restoring Moments

References

260
261
261
263
263
264
265
266
267

268

274
278

285



LIST OF FIGURES

CHAPTER 2
Fig.2.1. Definition sketch for wave forces on small diameter cylinder
(Chakrabarti, 1987)
Fig.2.2 General arrangement of the semi-submersible model tested
Fig.2.3. Segment distributions of the typical cross-section of
the semi-submersible
Fig.2.4 Sectional added mass coefficients for the heave mode in
the presence of the hydrodynamic interaction between hull and column
Fig.2.5 Sectional damping coefficients for the heave mode in the presence of
the hydrodynamic interaction between hull and column
Fig.2.6  Sectional added mass coefficients for the heave mode in
the absence of the hydrodynamic interaction between hull and column
Fig.2.7 Sectional damping coefficients for the heave mode in
the presence of the hydrodynamic interaction betwéen hull and column
Fig.2.8 Sectional wave-induced coefficients for the heave mode in
the presence of the hydrodynamic interaction between hull and column
for head sea condition |
Fig.2.9 Sectional wave-induced coefficients for the heave mode in
the presence ofthe hydrodynamic interaction between hull
and column for beam sea condition
Fig.2.10 Comparison of the total added mass coefficients
Fig.2.11 Comparison of the total damping coefficients
Fig.2.12 Heave forces for beam sea condition
Fig.2.13 Heave response for beam sea condition
Fig.2.14 Surge forces
Fig.2.15 Heave forces for head sea condition
Fig.2.16 Heave response for head sea condition
Fig.2.17 Sway forces

Page

15

34
35

36

37

38

39

40

41

42
43

45
46
47
48
49



Fig.2.18

Comparison of the heave forces for head sea condition

between two methods

Fig.2.19 Comparison of the pitch moments between two methods without
the effect of surge forces

Fig.2.20 Comparison of the pitch moments between two methods with
the effect of surge forces

Fig.2.21 Comparison of the coupled pitch response between two methods
without the effect of surge forces

Fig.2.22 Comparison of the coupled pitch response between two methods
with the effect of surge forces

Fig.2.23 Comparison of the roll response between two methods

Fig.2.24 Comparison of the pitch responses between two methods coupled
Heave-Pitch modes

CHAPTER 3

Fig.3.1 Co-ordinate system used in hydrodynamic force célculation

Fig.3.2  Pressure definition on circular cylinder

Fig.3.3 Wave modification a) coordinate systems; b) wave crest;
c) wave and current speeds (Brebbia and Walker, 1979)

CHAPTER 4

Fig.4.1 Co-ordinate system used in inertia force calculation

Fig.4.2 Co-ordinate systems used in inertia force calculations

Fig.4.3 Flow-chart of program MOTION

Fig.4.4 Sinusoidal and Exponential ramp functions -

Fig.4.5 Roll motion simulation for intact case, =8 rad/s

Wave Height=0.1 m
a) For 1000 cycles
b) For 1500 cycles
¢) For 3000 cycles

50

51

52

53

54

55

60

79

88 -
99
111
117
120



Fig.4.6 Roll motion simulation for intact case, =8 rad/s
a) For 4000 cycles
b) For 6000 cycles
¢) For 50 cycles with the application of a sinusoidal ramp function

Fig.4.7 Time-domain history of roll motion simulation

Fig.4.8  Spectral analysis of time-domain simulation for roll motion

CHAPTER 5

Fig.5.1 Disassembled view of the semi-submersible model

Fig.5.2 Side view of the semi-submersible model

Fig.5.3  Chart records for the natural pitch period test

Fig.5.4 Numerical simulation of free pitch oscillation test

Fig.5.5 FFT analysis of numerical simulation of free pitch oscillation test

Fig.5.6 Experimental setup for the inclining test and the motion test

Fig.5.7 Experimental setup for the water container and the stop-valves
to flood the compartments of the model

Fig.5.8 Chartrecord for the motions of the model from multi-channel
pen recorder

Fig 59 Motion response experiment (Beam sea condition-asymmetrical flooding)
WH=9.8 cm Flooding Mass=0.9 kg Flooding Time=20 s
GM=2.29cm w=6.3 rad/s (1.0 Hz)

Fig 5.10 Motion response experiment (Beam sea condition-asymmetrical flooding)
WH=9.8 cm Flooding Mass=0.5 kg Flooding Time=10 s
GM=2.29cm =6.3rad/s (1.0 Hz)

Fig 5.11 Motion response experiment (Head sea condition-asymmetrical flooding)
WH=9.8 cm Flooding Mass=0.5 kg Flooding Time=10 s
GM=229cm o=63rad/s (1.0Hz)

Fig 5.12 Motion response experiment (Head sea condition-asymmetrical flooding)

WH=7.3cm Flooding Mass=0.5kg Flooding Time=10s
GM=2.29 cm w=7.5rad/s (1.2 Hz)

121

122
122

127
127
135
135
135
136
138

141

142

142

143

143



Fig.5.13

Fig.5.14

Fig.5.15

Fig.5.16

Fig.5.17

Fig.5.18

Fig.5.19

Fig.5.20

Fig.5.21

Fig.5.22

Motion response experiment (Head sea condition-asymmetrical flooding)
WH=8.8 cm Flooding Mass=1.5 kg Flooding Time=20 s
GM=7.81 cm w=3.8rad/s (0.6 Hz) TS2916S.DAT

Motion response simulation (Head sea condition-asymmetrical flooding)
WH=8.8cm Flooding Mass=1.5 kg Flooding Time=20 s
GM=7.81 cm ®=3.8 rad/s (0.6 Hz) |

Motion response experiment (Head sea condition-asymmetrical flooding)
WH=6.7cm Flooding Mass=1.4 kg Flooding Time=20 s
GM=7.81cm =5.0rad/s (0.8 Hz)  TS2917S.DAT

Motion response simulation (Head sea condition-asymmetrical flooding)
WH=6.7cm Flooding Mass=1.4 kg Flooding Time=20 s
GM=7.81cm =5.0rad/s (0.8 Hz)

Motion response experiment (Head sea condition-asymmetrical flooding)
WH=8.6 cm  Flooding Mass=1.4 kg Flooding Time=20 s
GM=7.81cm =6.3rad/s (1.0Hz) TS2918S.DAT

Motion response simulation (Head sea condition-asymmetrical flooding)
WH=8.6 cm  Flooding Mass=1.4 kg Flooding Time=20 s
GM=7.81cm ®=6.3 rad/s (1.0 Hz)

Motion response experiment (Head sea condition-asymmetrical flooding)
WH=8.2cm Flooding Mass=1.7 kg Flooding Time=20 s
GM=7.81cm =7.5rad/s (1.2Hz) TS2919S.DAT

Motion response simulation (Head sea condition-asymmetrical flooding)
WH=8.2cm Flooding Mass=1.7 kg Flooding Time=20 s
GM=7.81 cm ®=7.5rad/s (1.2 Hz)

Motion response experiment (Head sea condition-asymmetrical flooding)
WH=7.7cm Flooding Mass=1.4 kg Flooding Time=20 s
GM=7.81cm =8.8rad/s (1.4Hz) TS2920S.DAT

Motion response simulation (Head sea condition-asymmetrical flooding)
WH=7.7cm Flooding Mass=1.4 kg Flooding Time=20 s
GM=781cm ®=8.8 ra‘d/s (1.4 Hz)

145

146

147

148

149

150

151

152

153

154



Fig.5.23

Fig.5.24

Fig.5.25

Fig.5.26

Fig.5.27

Fig.5.28

Fig.5.29

Fig.5.30

Fig.5.31

Fig.5.32

Motion response experiment (Head sea condition-asymmetrical flooding)
WH=11.5cm Flooding Mass=1.7 kg Flooding Time=20 s
GM=7.81cm w=3.8rad/s (0.6 Hz)  TS2922S.DAT

Motion response simulation (Head sea condition-asymmetrical flooding)
WH=11.5 cm Flooding Mass=1.7 kg Flooding Time=20 s
GM=7.81cm ®=3.8 rad/s (0.6 Hz)

Motion response experiment (Head sea condition-asymmetrical flooding)
WH=12.0cm Flooding Mass=1.6 kg Flooding Time=20 s
GM=7.81cm =5.0rad/s (0.8 Hz) TS2923S.DAT

Motion response simulation (Head sea condition-asymmetrical flooding)
WH=12.0 cm Flooding Mass=1.6 kg Flooding Time=20 s
GM=7.81cm =5.0rad/s (0.8 Hz)

Motion response experiment (Head sea condition-asymmetrical flooding)
WH=11.7 cm Flooding Mass=1.5kg Flooding Time=20 s
GM=781cm ®=6.3rad/s (1.0Hz) TS2924S.DAT

Motion response simulation (Head sea condition-asymmetrical flooding)
WH=11.7 cm Flooding Mass=1.6 kg Flooding Time=20s
GM=7.81cm =6.3 rad/s (1.0 Hz)

Motion response experiment (Head sea condition-asymmetrical flooding)
WH=11.2 cm Flooding Mass=1.5kg Flooding Time=20s
GM=781cm =7.5rad/s (1.2Hz) TS2925S.DAT

Motion response simulation (Head sea condition-asymmetrical flooding)
WH=11.2 cm Flooding Mass=1.5kg Flooding Time=20s
GM=7.81cm w=7.5rad/s (1.2 Hz)

Motion response experiment (Head sea condition-asymmetrical flooding)
WH=8.8cm Flooding Mass=1.7 kg Flooding Time=20 s
GM=781cm w=8.8rad/s(1.4Hz) TS2927S.DAT

Motion response simulation (Head sea condition-asymmetrical flooding)
WH=8.8 cm  Flooding Mass=1.7 kg Flooding Time=20 s
GM=781cm ®=8.8rad/s (1.4 Hz)

155

156

157

158

159

160

161

162

163



Fig.5.33

Fig.5.34

Fig.5.35

Fig.5.36

Fig.5.37

Fig.5.38

Fig.5.39

Fig.5.40

Fig.5.41

Fig.5.42

Fig.5.43

Motion response experiment (Head sea condition-symmetrical flooding)
WH=11.6 cm Flooding Mass=2.2 kg Flooding Time=20s
GM=781cm =50rad/s (0.8 Hz)  TS2928S.DAT

Motion response simulation (Head sea condition-symmetrical flooding)
WH=11.6 cm Flooding Mass=2.2 kg Flooding Time=20 s
GM=7.81cm =5.0rad/s (0.8 Hz)

Motion response experiment (Head sea condition-symmetrical flooding)
WH=11.7 cm Flooding Mass=2.1 kg Flooding Time=20 s
GM=7.81cm w=6.3rad/s (1.0 Hz) TS2929S.DAT

Motion response simulation (Head sea condition-symmetrical flooding)
WH=11.7 cm Flooding Mass=2.1 kg Flooding Time=20 s
GM=7.81cm =6.3 rad/s (1.0 Hz)

Motion response experiment (Beam sea condition-asymmetrical flooding)
WH=9.6 cm Flooding Mass=1.2 kg Flooding Time=20 s
GM=7.81cm =3.8rad/s (0.6 Hz) TS2931S.DAT

Motion response simulation (Beam sea condition-asymmetrical flooding)
WH=9.6 cm Flooding Mass=1.2 kg Flooding Time=20s"
GM=7.81cm =3.8 rad/s (0.6 Hz)

Motion response experiment (Beam sea condition-asymmetrical flooding)
WH=10.1 cm Flooding Mass=1.2 kg Flooding Time=20 s
GM=781cm ®=5.0rad/s (0.8 Hz) TS2932S.DAT

Motion response simulation (Beam sea condition-asymmetrical flooding)
WH=10.1 cm Flooding Mass=1.2 kg Flooding Time=20 s
GM=781cm =5.0rad/s (0.8 Hz)

Motion response experiment (Beam sea condition-asymmetrical flooding)
WH=11.4 cm Flooding Mass=1.2 kg Flooding Time=20 s
GM=7.81cm =6.3rad/s (1.0Hz) TS2933S.DAT

Motion response simulation (Beam sea condition-asymmetrical flooding)
WH=11.4 cm Flooding Mass=1.2 kg Flooding Time=20 s
GM=7.81cm w=6.3 rad/s (1.0 Hz)

Motion response experiment (Beam sea condition-asymmetrical flooding)
WH=8.8 cm Flooding Mass=1.3 kg Flooding Time=20 s
GM=7.81cm =7.5rad/s (1.2Hz) TS2934S.DAT

Xii

164

165

166

167

168

169

170

171

172

173

174



Fig.5.44 Motion response simulation (Beam sea condition-asymmetrical flooding) 175
WH=8.8 cm Flooding Mass=1.3 kg Flooding Time=20 s
GM=7.81cm =7.5rad/s (1.2 Hz)

Fig.5.45 Motion response experiment (Beam sea condition-asymmetrical flooding) 176
WH=8.1cm Flooding Mass=1.4 kg Flooding Time=20 s
GM=781cm =8.8rad/s(1.4Hz) TS2935S.DAT

Fig.5.46 Motion response simulation (Beam sea condition-asymmetrical flooding) 177
WH=8.1cm Flooding Mass=1.4 kg Flooding Time=20 s
GM=7.81cm w=8.8 rad/s (1.4 Hz)

Fig.5.47 Motion response experiment (Beam sea condition-symmetrical flooding) 178
WH=9.8cm Flooding Mass=0.9 kg Flooding Time=10 s
GM=7.81cm =6.3rad/s (1.0Hz) TS2939S.DAT

Fig.5.48 Motion response simulation (Beam sea condition-symmetrical flooding) 179
WH=9.8 cm Flooding Mass=0.9 kg Flooding Time=10 s
GM=7.81cm =6.3rad/s (1.0 Hz)

Fig.5.49 Motion response experiment (Beam sea condition-symmetrical flooding) 180
WH=8.2cm Flooding Mass=0.9 kg Flooding Time=10 s
GM=7.81cm =7.5rad/s (1.2Hz) TS2940S.DAT

Fig.5.50 Motion response simulation (Beam sea condition-symmetrical flooding) 181
WH=8.2cm Flooding Mass=0.9 kg Flooding Time=10s
GM=7.81cm =7.5rad/s (1.2 Hz)

Fig.5.51 Motion response experiment (Beam sea condition-symmetrical flooding) 182
WH=7.0cm Flooding Mass=0.9 kg Flooding Time=10 s
GM=7.81cm =8.8rad/s (1.4Hz) TS2941S.DAT

Fig.5.52 Motion response simulation (Beam sea condition-symmetrical flooding) 183
WH=7.0cm Flooding Mass=0.9 kg Flooding Time=10 s
GM=7.81cm w=8.8rad/s (1.4 Hz)

Fig.5.53 Motion response experiment (Head sea condition-asymmetrical flooding) 184
WH=8.2cm Flooding Mass=0.6 kg Flooding Time=10 s
GM=229cm =3.8rad/s (0.6 Hz) TS2957S.DAT



Fig.5.54 Motion response simulation (Head sea condition-asymmetrical flooding) 185
WH=8.2cm Flooding Mass=0.6 kg Flooding Time=10 s
GM=2.29cm ®=3.8 rad/s (0.6 Hz)

Fig.5.55 Motion response experiment (Head sea condition-asymmetrical flooding) 186
WH=10.1 cm Flooding Mass=0.6 kg Flooding Time=10s
GM=229cm w=5.0rad/s (0.8 Hz)  TS2958S.DAT

Fig.5.56 Motion response simulation (Head sea condition-asymmetrical flooding) 187
WH=10.1 cm Flooding Mass=0.6 kg Flooding Time=10 s
GM=2.29cm w=5.0rad/s (0.8 Hz)

Fig.5.57 Motion response experiment (Head sea condition-asymmetrical flooding) 188
WH=4.7cm  Flooding Mass=0.4 kg Flooding Time=10 s
GM=229cm =2.5rad/s (0.4 Hz) TS2959S.DAT

Fig.5.58 Motion response simulation (Head sea condition-asymmetrical flooding) 189
WH=4.7cm Flooding Mass=0.4 kg Flooding Time=10s
GM=2.29cm =2.5rad/s (0.4 Hz)

Fig.5.59 Motion response experiment (Head sea condition-asymmetrical flooding) 190
WH=7.8cm  Flooding Mass=0.6 kg Flooding Time=10 s
GM=2.29cm w=3.8rad/s (0.6 Hz) TS2960S.DAT

Fig.5.60 Motion response simulation (Head sea condition-asymmetrical flooding) 191
WH=7.8cm Flooding Mass=0.6 kg Flooding Time=10s
GM=2.29cm =3.8 rad/s (0.6 Hz)

Fig.5.61 Motion response experiment (Head sea condition-asymmetrical flooding) 192
WH=8.8cm Flooding Mass=0.5 kg Flooding Time=10s
GM=229cm =5.0rad/s (0.8 Hz)  TS2961S.DAT

Fig.5.62 Motion response simulation (Head sea condition-asymmetrical flooding) 193
WH=8.8cm Flooding Mass=0.5 kg Flooding Time=10s
GM=2.29cm =5.0rad/s (0.8 Hz)

Fig.5.63 Motion response experiment (Head sea condition-asymmetrical flooding) 194
WH=9.6 cm Flooding Mass=0.4 kg Flooding Time=5 s
GM=2.29cm =6.3rad/s (1.0Hz) TS2962S.DAT

xiv



Fig.5.64

Fig.5.65

Fig.5.66

Fig.5.67

Fig.5.68

Fig.5.69

Fig.5.70

Fig.5.71

Fig.5.72

Fig.5.73

Fig.5.74

Motion response simulation (Head sea condition-asymmetrical flooding)
WH=9.6 cm Flooding Mass=0.4 kg Flooding Time=5 s
GM=229cm =6.3 rad/s (1.0 Hz)

Motion response experiment (Head sea condition-asymmetrical flooding)
WH=7.3cm Flooding Mass=0.5 kg Flooding Time=10 s
GM=229cm =7.5rad/s(1.2Hz) TS2963S.DAT

Motion response simulation (Head sea condition-asymmetrical flooding)
WH=7.3cm Flooding Mass=0.5 kg Flooding Time=10 s
GM=2.29cm =7.5rad/s (1.2 Hz)

Motion response experiment (Head sea condition-asymmetrical flooding)
WH=6.6 cm  Flooding Mass=0.3 kg Flooding Time=5 s
GM=2.29cm ®=8.8rad/s (1.4 Hz) TS2964S.DAT

Motion response simulation (Head sea condition-asymmetrical flooding)
WH=6.6 cm Flooding Mass=0.3 kg Flooding Time=5s
GM=2.29cm w=_8.8 rad/s (1.4 Hz)

Motion response experiment (Head sea condition-asymmetrical flooding)
WH=6.8 cm  Flooding Mass=0.4 kg Flooding Time=5 s
GM=229cm ®=5.0rad/s (0.8 Hz) TS2967S.DAT

Motion response simulation (Head sea condition-asymmetrical flooding)
WH=6.8 cm  Flooding Mass=0.4 kg Flooding Time=5 s
GM=2.29cm ®=5.0rad/s (0.8 Hz)

Motion response experiment (Head sea condition-asymmetrical flooding)
WH=6.2cm Flooding Mass=0.4 kg Flooding Time=5 s
GM=229cm =2.5rad/s (0.4 Hz) TS2968S.DAT

Motion response simulation (Head sea condition-asymmetrical flooding)
WH=6.2 cm Flooding Mass=0.4 kg Flooding Time=5 s
GM=2.29cm w=2.5rad/s (0.4 Hz)

Motion response experiment (Head sea condition-asymmetrical flooding)
WH=12.3 cm Flooding Mass=0.3 kg Flooding Time=5 s
GM=229cm =3.8rad/s (0.6 Hz) TS2969S.DAT

Motion response simulation (Head sea condition-asymmetrical flooding)
WH=12.3cm Flooding Mass=0.3 kg Flooding Time=5 s
GM=2.29cm w=3.8 rad/s (0.6 Hz)

XV

195

196

197

198

199

200

201

202

203

204

205



Fig.5.75

Fig.5.76

Fig.5.77

Fig.5.78

Fig.5.79

Fig.5.80

Fig.5.81

Fig.5.82

Fig.5.83

Fig.5.84

Motion response experiment (Head sea condition-asymmetrical flooding) 206
WH=12.9 cm Flooding Mass=0.4 kg Flooding Time=5 s

GM=2.29cm w=5.0rad/s (0.8 Hz) TS2970S.DAT

Motion response simulation (Head sea condition-asymmetrical flooding) 207
WH=129 cm Flooding Mass=0.4 kg Flooding Time=5 s

GM=2.29cm w=5.0rad/s (0.8 Hz)

Motion response experiment (Head sea condition-asymmetrical flooding) 209
WH=12.3 cm Flooding Mass=0.3 kg Flooding Time=5s

GM=2.29cm w=6.3rad/s (1.0Hz) TS2971S.DAT

Motion response simulation (Head sea condition-asymmetrical flooding) 210
WH=12.3 cm Flooding Mass=0.3 kg Flooding Time=5 s

GM=2.29cm w=6.3rad/s (1.0 Hz)

Motion response experiment (Beam sea condition-asymmetrical flooding) 211
WH=5.3cm Flooding Mass=0.5 kg Flooding Time=10s

GM=229cm =2.5rad/s (0.4 Hz) TS2972S.DAT

Motion response simulation (Beam sea condition-asymmetrical flooding) 212
WH=5.3cm Flooding Mass=0.5 kg Floodihg Time=10s

GM=2.29 cm ®=2.5rad/s (0.4 Hz)

Motion response experiment (Beam sea condition-asymmetrical flooding) 213
WH=10.2 cm Flooding Mass=0.2 kg Flooding Time=5 s

GM=229cm =3.8rad/s (0.6 Hz) TS2974S.DAT

Motion response simulation (Beam sea condition-asymmetrical flooding) 214
WH=10.2 cm Flooding Mass=0.2 kg Flooding Time=5 s

GM=229cm =3.8rad/s (0.6 Hz)

Motion response experiment (Beam sea condition-asymmetrical flooding) 215
WH=9.4cm Flooding Mass=0.2 kg Flooding Time=5 s

GM=229cm w=5.0rad/s (0.8 Hz) TS2975S.DAT

Motion response simulation (Beam sea condition-asymmetrical flooding) 216
WH=9.4cm Flooding Mass=0.2 kg Flooding Time=5 s

GM=2.29 cm ©=5.0 rad/s (0.8 Hz)

Xvi



Fig.5.85

Fig.5.86

Fig.5.87

Fig.5.88

Fig.5.89

Fig.5.90

Fig.5.91

Fig.5.92

Fig.5.93

Fig.5.94

Fig.5.95

Motion response experiment (Beam sea condition-asymmetrical flooding)
WH=7.4cm  Flooding Mass=0.2 kg Flooding Time=5s
GM=2.29cm w=6.3rad/s (1.0Hz) TS2976S.DAT

Motion response simulation (Beam sea condition-asymmetrical flooding)
WH=7.4cm Flooding Mass=0.2 kg Flooding Time=5 s
GM=229cm =6.3rad/s (1.0 Hz)

Motion response experiment (Beam sea condition-asymmetrical flooding)
WH=8.6 cm  Flooding Mass=0.2 kg Flooding Time=5 s
GM=2.29cm w=7.5rad/s (1.2Hz) TS2977S.DAT

Motion response simulation (Beam sea condition-asymmetrical flooding)
WH=8.6 cm Flooding Mass=0.2 kg Flooding Time=5 s
GM=229cm =7.5rad/s (1.2 Hz)

Motion response experiment (Beam sea condition-asymmetrical flooding)
WH=7.0cm Flooding Mass=0.2 kg Flooding Time=5 s
GM=229cm =8.8rad/s (1.4 Hz) TS2978S.DAT

Motion response simulation (Beam sea condition-asymmetrical flooding)
WH=7.0cm Flooding Mass=0.2 kg Flooding Time=5 s
GM=2.29cm ®=8.8 rad/s (1.4 Hz)

Motion response experiment (Beam sea condition-symmetrical flooding)
WH=5.5cm Flooding Mass=0.3 kg Flooding Time=5s
GM=229cm =2.5rad/s (0.4 Hz) TS2979S.DAT

Motion response simulation (Beam sea condition-symmetrical flooding)
WH=5.5cm  Flooding Mass=0.3 kg Flooding Time=5 s
GM=2.29cm =2.5rad/s (0.4 Hz)

Motion response experiment (Beam sea condition-symmetrical flooding)
WH=10.1 cm Flooding Mass=0.3 kg Flooding Time=5 s
GM=2.29cm =3.8rad/s (0.6 Hz) TS2980S.DAT

Motion response simulation (Beam sea condition-symmetrical flooding)
WH=10.1 cm Flooding Mass=0.3 kg Flooding Time=5 s
GM=2.29cm w=3.8 rad/s (0.6 Hz)

Motion response experiment (Beam sea condition-symmetrical flooding)
WH=8.9cm Flooding Mass=0.3 kg Flooding Time=5 s
GM=229cm =5.0rad/s (0.8 Hz)  TS2981S.DAT

xvii

217

218

219

220

221

222

223

224

225

226

227



Fig.5.96

Motion response simulation (Beam sea condition-symmetrical flooding)
WH=8.9cm Flooding Mass=0.3 kg Flooding Time=5 s
GM=2.29cm =5.0rad/s (0.8 Hz)

Fig.5.97 Motion response experiment (Beam sea condition-symmetrical flooding)
WH=89 cm Flooding Mass=0.3 kg Flooding Time=5 s
GM=2.29cm w=6.3rad/s (1.0Hz) TS2982S.DAT

Fig.5.98 Motion response simulation (Beam sea condition-symmetrical flooding)
WH=89cm Flooding Mass=0.3 kg Flooding Time=5 s
GM=2.29cm w=6.3 rad/s (1.0 Hz)

CHAPTER 6

Fig.6.1 Motion response simulation of roll
WH=10cm  Flooding Mass=5kg  Flooding Time=5 s
GM=79cm =7 rad/s

Fig.6.2 Motion response simulation of roll _
WH=10cm  Flooding Mass=5kg  Flooding Time=10's
GM=79cm =7 rad/s

Fig.6.3 Motion response simulation of roll
WH=10cm  Flooding Mass=5kg  Flooding Time=15s_
GM=79cm =7 rad/s

Fig.6.4 Effect of wind and current loading on surge response
predictions (GM=7.9 cm)

Fig.6.5 Effect of wind and current loading on surge drift
predictions (GM=7.9 cm)

Fig.6.6 Effect of wind and current loading on heave response
predictions (GM=7.9 cm)

Fig.6.7 Effect of wind and current loading on pitch response
predictions (GM=7.9 cm)

Fig.6.8 Steady Tilt Angle (Integration up to the Still Water Level)

Fig.6.9 Steady Tilt Angle (Integration up to the Still Water Level)

Fig.6.10 Steady Tilt Angle (Integration up to the Wave Elevation)

228

229

230

234

235

235

239
239
240
240
249
249
250



Fig.6.11

Fig.6.12 Comparison of steady tilt angle predictions with measurements
Fig.6.13 Motion response simulation of roll
WH=10cm  Flooding Mass=1.5kg Flooding Time=10s
GM=79cm =1rad/s
Fig.6.14 Motion response simulation of roll
WH=10cm  Flooding Mass=1.5 kg Flooding Time=10 s
GM=38cm =1rad/s
Fig.6.15 Motion response simulation of roll
WH=10cm  Flooding Mass=1.5kg Flooding Time=10s
GM=19cm =1 rad/s
Fig.6.16 Effect of non-linear restoring moments on pitch response values
GM=38cm WH=15cm
Fig.6.17 Effect of initial condition on pitch response
GM=3.8cm HW=15cm w=1.3 rad/s
Fig.6.18 Effect of different GMs on pitch response predictions
Fig.6.19 Effect of different GMs on steady list angle predicﬁons
Fig.6.20 Effect of different GMs on pitch response predictions
(Wind&Current)
Fig.6.21 Effect of different GMs on steady list angle predictions
(Wind&Current)
APPENDICES
Fig.A.1 General arrangement of the superstructure
Fig.A.2 Wind forces obtained for the beam sea condition
Fig.A.3 Wind moments obtained for the beam sea condition
Fig.A.4 Wind forces obtained for the head sea condition
Fig.A.5 Wind moments obtained for the head sea condition
Fig.A.6 Dimensions of the superstructure (Model dimensions in cm, Scale:1/70)
Fig.B.1 Mooring forces acting on the corner columns of the semi—submersible
Fig.B.2 Mooring force characteristics for sway and surge motions

Steady Tilt Angle (Integration up to the Wave Elevation)

Xix

250
251
253

253

254

254

256

256
257
257

257

271
271
272
272
272
273
274
277



Fig.C.1 Flow-Chart of Program ROSTP

Fig.C.2 Flow-Chart of Subroutine INT

Fig.C.3 Transverse cross curves of stability KG=22 cm GM=7.9 cm
in model scale

Fig.C.4 Transverse cross curves of stability KG=26 cm GM=3.8 cm
in model scale

Fig.C.5 Transverse cross curves of stability KG=28 cm GM=1.9 cm
in model scale

Fig.C.6 Longitudinal cross curves of stability KG=26 cm GM=7.9 cm
in model scale

Fig.C.7 Longitudinal cross curves of stability KG=28 cm GM=3.8 cm
in model scale

Fig.C.8 Longitudinal cross curves of stability KG=28 cm GM=1.9 cm

in model scale

LIST OF TABLES

CHAPTER 5

Table 5.1 Main particulars of semi-submersible model

Table 5.2aCalculation of mass moment of inertia

Table 5.2bCalculation of mass moment of inertia

Table 5.3 Total mass moment of inertia for roll, yaw and pitch
Table 5.4alInclination test data for bigger GM in Roll

Table 5.4bInclination test data for bigger GM in Pitch

Table 5.4cInclination test data for smaller GM in Roll

Table 5.4dInclination test data for smaller GM in Pitch

CHAPTER 6

Table 6.1 The effect of flooding time on roll response predictions

Table 6.2 The effect of flooding time on roll response predictions

Table 6.3 Comparison of linear and non-linear motion response predictions

XX

280
281
282

282

283

283

284

284

128
129
130
131
132
132
132
132

235
237
237



Table 6.4 Effect of non-linear wave excitation forces and of non-linear stiffness 237

on motion responses

Table 6.5 Effect of coupling between different modes of motion 238
Table 6.6 Effect of non-linear added ass and damping 252
APPENDICES

Table A.1 Height coefficient 268
Table A.2 Shape coefficent 269
Table A.3 Effective force coeffient 269

Table A.4 The shielding factor 1 ' ' 270



SUMMARY

This thesis describes a computer based method and a procedure to simulate the
motion response of a damaged platform under wave, wind and current effects. The aim
of the study was to develop an analysis procedure which could be a useful tool to
designers and certifying authorities in assessing the safety of mobile platforms in extreme

environmental and damaged conditions.

The thesis begins by explaining the benefits of using floating structures in
developing oil fields. Basic stability requirements for floating production vessels are
summarised. Recent and past damage simulation studies in the literature are reviewed.
Some information about the number of accidents involving floating offshore platfdnns
operated world-wide is presented. A few of the disasters occurring in recent years are

given as examples to emphasise the importance of the subject.

The Morison approach and 2D source-sink distribution technique are reviewed, and
calculations of wave forces acting on a semi-submersible are carried out in order to make
comparisons between the two methods. Theoretical derivations of wave forces in the
frequency domain based on the Morison approach are carried out in detail for a twin-
hulled semi-submersible. The development of computer programs based on both

methods is summarised.

A general method for calculating wave forces and moments on circular cylinders of
offshore structures is derived. By using the developed method one can calculate the wave
loading on cylindrical members of fixed or floating offshore structures orientated
randomly in waves. This method also provides a basic tool for determining the wave
forces and moments that a floating structure is subjected to as it experiences large

amplitude oscillations in six degrees of freedom.

A general method is established in this chapter to calculate the hydrodynamic
loading due to the rigid body motion of the platform. The calculation of restoring forces

..



is discussed: a detailed description of the methods used to calculate hydrostatic forces,
mooring stiffness coefficients and wind forces is given in the appendices. The calculation
of inertia forces and moments defined from Newton's second law is introduced as part of
a general calculation procedure. The derivation and the solution of motion equations in

the time domain are presented.

Details of model tests carried out to validate the non-linear large amplitude motion

calculation procedures are presented.

A description of a circular twin-hulled semi-submersible model and the loading
conditions is given. The test setup and instrumentation are presented briefly. Test
procedures for inclining, natural period and motion tests in waves are discussed.
Methods of analysis of motion response measurements in six degrees of freedom in
intact, transient and damaged conditions for head and beam seas are given. The results of
motion response measurements are presented in time histories. In order to validate the
numerical prediction procedures and the software based on these procedures, the physical
test conditions are simulated numerically and a comparison of test results with numerical

predictions is presented.

Simulation studies based on the non-linear motion equations are presented with the
aim of providing comparisons to illustrate the effects of non-linearities in wave and
motion induced forces. A summary of the systematic study carried out to illustrate the
effects of non-linear terms on the solution of the motion response equations is given. The
results of the parametric studies to investigate the effects of flooding rate and of size of

damaged compartment on motion response characteristics are also discussed.

The other aspects of roll motion such as the effects of non-linear drag force, first
order wave elevation, different wave heights and GM’s, and non-linear added mass and
damping forces on the motion behaviour and the steady tilt of semi-submersibles are
investigated. The variations of GM and GZ values as a function of heel angle are also

presented.

xxiii



CHAPTER 1

INTRODUCTION



1.1 OIL AND GAS PRODUCTION FACILITIES

The development of small oilfields is common not only in the North Sea but also in

other parts of the world. Development forecasts (Goodfellow Associates Limited, 1986)

suggest that 80% of future production will be from fields with recoverable reserves of

100 million barrels or less. Proposed early production and subsea systems for small

oilfields are as follows:

Semi-submersible exporting crude oil through offshore loading,
Semi-submersible exporting crude oil through submarine pipeline,
Tankers with storage, and shuttle tankers,

Articulated columns,

Jack-up rigs.

Since the fixed production platforms are not cost-effective for deep waters, floating

production platforms together with subsea systems are accepted as being more feasible

solutions for deep water application.

The increasing incidence of small field development has highlighted the importance

of floating production systems as opposed to more conventional jacket systems. The

benefits of using a floating production system are as follows:

Low initial capital investment

Early production and thus early return on investment

Low abandonment costs

Ease of relocation at end of field life

Good mobility allows system to be moved from politically unstable areas or

after change of perceived reservoir.

The semi-submersible was designed in the 1950's primarily as an exploratory

drilling vessel. The use of the semi-submersible has since been extended to include

floating production facilities, and construction and diving support platforms. Moreover,



the semi-submersible hull has been proposed for use as a mobile radar tracking ocean
platform for NASA, the USAF and the Navy. It has also been proposed for use to
support combat training systems (Shields et al. 1987, Shields and Zueck, 1984). New
generation semi-submersibles have been proposed for use in deep water and hostile
environments (Deepwater Drilling Report Aug., 1982). Innovative semi-submersibles
were designed to help some of the service problems on fixed platforms and subsea
pipelines (Deepwater Drilling Report June, 1982). Recently, the development of a new
multi-purpose semi-submersible design proposed by Seaways Engineering (U.K.) Ltd.
was assisted by the Department of Naval Architecture and Ocean Engineering at the
University of Glasgow (Faulkner et al. 1989). While the use of semi-submersibles has
increased, the incidence of two major offshore disasters has led to a focus on the damaged

stability of semi-submersibles.

1.2 STABILITY AND PAYLOAD OF FLOATING OFFSHORE
UNITS

Basic Stabilitv Requirements

A major consideration of any floating production vessel is the weight of payload

required. With this payload onboard, the vessel must meet certain stability requirements.

The offshore structure should experience minimal movement to provide a stable

work station for operations such as drilling and producing oil.

Moreover, from the motion response point of view the main reason for adopting the
semi-submersible geometry. in preference to a monohull vessel is probably the better

motion response that can be achieved in a relatively small unit.

There are worldwide a variety of semi-submersible vessels available (Martinovich
and Praught, 1986). The dynamics and performance of these vessels are of great

importance in overall field development.



Historical Development of Stability Work on Semi-Submersibles

As the demand for floating offshore vessels for the development of marginal oil
fields in deeper waters increased in the mid 1970's, studies on the stability of semi-
submersibles were initiated in an effort to provide safer stability limits for existing and
new design semi-submersibles. Pioneering work on the problem was conducted by
Numata and Michel (1974), Numata and McClure (1975) and Numata et al (1976). The
work carried out by Numata et al (1976) was directed by SNAME Panel MS-3 and
concerned with the effects of underdeck clearance and wave-induced steady heel on the
stability of semi-submersibles. Similar effects on the stability assessment was also
investigated by Kuo et al (1977), and De Souza and Miller (1978). The importance of
damaged stability was highlighted by Dahle (1981) and Abicht (1982) after Alexander
Kielland floating platform disaster in the North Sea in 1980. The objective of the research
performed by Hineno et al (1982) was to identify a method to predict the minimum
underdeck clearance of a semi-submersible platform in irregular waves. The influence of
mooring lines on the stability of semi-submersible platforms was investigated by
Takarada et al (1982). Mclver et al (1983) highlighted the requirements for a more
general approach to the total stability analysis, that is, static and dynamic stability. A
quasi-dynamic stability assessment procedure based on the energy-balance method was
introduced by Vassalos et al (1985). Takarada et al (1986) investigated the possibility of
capsizing in survival sea conditions, such as steady heeling moment, and proposed a new
computational approach for determining the required minimum GM. A pilot study on the
intact stability of semi-submersibles, undertaken by ABS was presented by Chen et al
(1986). Takai et al (1987) examined the characteristics of static stability of semi-
submersibles using the results of parametric studies. After the capsize of two semi-
submersibles (Alexander L. Kielland and Ocean Ranger) with substantial loss of life in
the early 1980's, the ABS initiated the pilot study mentioned above which was continued -
as a joint industry project in order to develop a dynamic-response-based criterion. The
new criterion will be studied by the IMO with a view to replacing the present IMO MODU
code. ABS work which was summarised by Shark et al (1989) gave examples of

dynamic motion simulations. These dynamic motion analyses were carried out for the



generic offshore units comprising three or four column-stabilised semi-submersibles.
The analyses only considered post-flooding conditions in establishing the new stability
criterion. However, transient conditions are also important in assessing the stability of a

mobile platform as emphasized by several researchers.

The literature reviewed in the preceding section, apart from the last reference, refers
to the intact stability of semi-submersibles. There are also published studies carried out
over the years on dynamic motion analysis of damaged semi-submersibles. The first
time-domain simulation study for a semi-submersible was reported by Paulling (1977),
and aimed at analysing the non-linear terms in the motion equations. Experiments with a
semi-submersible platform having a large list angle were carried out by Huang et al
(1982) and Huang and Naess (1983). Stability and dynamics of semi-submersibles after
accidental damage (post-flooding condition) were also investigated experimentally by
Clauss (1984), Nakamura et al (1984) and Naes et al (1985). Naess and Hoff (1984)
presented a non-linear time-domain simulation method to predict the motions of a platform
with large list angles. A brief methodology in predicting the behaviour of a damaged
platform in progressive and post-flooding conditions is also reported by Moncarz et al
(1985). Huse and Nadrelid (1985) stated in their work that the effect of waves and
dynamic wind forces should be taken into account when the dynamic stability of a semi-
submersible is examined. The need to perform a dynamic analysis for both intact and
damaged platform conditions in order to evaluate proper locations of floodable openings
was highlighted by Dahle (1985). The transient (progressive flooding or sudden breaking
of mooring lines) behaviour of a semi-submersible type platform was studied both
theoretically and experimentally by Adachi and Kagemoto (1986). Kagemoto et al (1987)
emphasized the importance of dynamic effects in the prediction of the behaviour of semi-
submersibles after damage. Mourelle et al (1987) investigated the non-linear uncoupled
motions of a semi-submersible anchored with catenary moorings. The stabilisation of a
heavily listed semi-submersible by adjusting the ballast water was proposed by Takaki et
al (1987).

The studies referred to above did not present a complete motion simulation

procedure which takes into account intact, progressive flooding and post-flooding



conditions in coupled six-degrees of freedom. The development of generalised non-linear
motion equations (coupled in six-degrees of freedom) to study intact, progressive and

post-flooding behaviour of a floating structure was presented by the author (1988).

1.3 REQUIREMENT FOR DYNAMIC MOTION ANALYSIS

The damaged stability criteria based on the experience gained with ships over many
years have been applied to floating platforms. However, these rules, based on the calm
water level assumption, are not necessarily realistic recommendations for floating

structures having different geometrical éonﬁgurations from ships.

Loss of, or damage to, any buoyant compartment due to accidents, including
collisions, structural failure, explosions, etc. can cause submergence of non-watertight
openings. Classification rules combine static stability properties with dynamic wind load.
These rules appear to be unrealistic since high waves are not taken into account.
Additionally, a damage zone is defined as an area bounded by horizontal lines 5 m above
and 3 m below the waterline (Springett and Praught, 1986), whereas flooding can start
anywhere on the platform, for instance due to structural failure, as happened in the
Alexander L. Kielland disaster (Rusaas, 1982), and in the Ocean Ranger disaster
(Dudgeon, 1986), where chain lockers were damaged and high waves subsequently

caused the flooding.

Present classification society rules for damaged stability can be summarised as

follows:

The damaged platform's metacentric height in calm water is calculated. A wind
heeling moment for a wind speed of 100 knots or more is used in connection with
metacentric height of damaged platform to determine the tilt or list angle without taking
into account the effects of the waves. With such high winds, the assumption of calm

water and static attitude of the platform are obviously unrealistic.



Due to the considerable differences between the geometrical configurations of the
floating platforms and those of ships, global criteria based on the experience gained from

ships may not be appropriate.

With today's modemn technology, i.e. fast computers, it is possible to develop more
realistic mathematical models for floating platforms or ships by simulating their behaviour

in a damaged condition, taking into account effects of waves, winds, currents, etc.

Flooding rate and associated changes in the vessel buoyancy are significant factors
in rescue programmes or in planning remedial action. Since flooding rate is a time-
dependent process with the vessel submergence and the sea-state history, a time-domain

analysis is necessary to approach the problem more realistically.

In the frequency domain analysis of motion, it is assumed that the platform motions
are small and the member configurations are symmetrical. All hydrodynamic coefficients
are calculated and the motion equations are also solved by assuming that the platform
remains at the calm water level. These assumptions can be relaxed when motion

equations are derived and solved in the time-domain.

In the time-domain simulation procedure, damaged condition can be considered in
two stages, i.e. progressive flooding and post damage. During progressive flooding,
mass, all hydrodynamic coefficients and excitation forces and moments vary with time
and consequently with position. In solving large amplitude non-linear coupled motion
equations in the time-domain, one needs to carry out a step-by-step integration procedure.

In this study, the Runge-Kutta method was adopted.

Since the step-by-step technique to solve the motion response will require the
calculation of hydrodynamic, hydrostatic and forcing function many times over a given
wave cycle, one has to select an appropriate method to determine these values so that the

computational task will be feasible.



Methods to be considered are:

a)  Morison approach,
b)  2-D sink-source distribution technique,

c)  3-D sink-source distribution technique.

The method chosen should permit the time-domain simulations to be carried out
accurately and quickly by a computer. With this in mind, calculations were carried out
by the author to compare the Morison approach with the 2-D sink-source distribution

technique. In this study, 3-D sink-source distribution technique is not considered.

The reason behind the idea of the comparison is to ascertain whether the calculations
can be accurate enough if the Morison approach is used and to check that computing time

and space will also be manageable.

In these calculations the Morison approach considers the inertia forces and
drag(velocity) forces whereas the 2-D sink-source distribution technique does not take

into account drag forces.
1.4 STUDY OBJECTIVES

The purpose of the study is to develop a prediction technique to simulate the motion

response of a damaged platform under wave, wind and current forces.
7 Adopte
The analysis technique employs large displacement non-linear motion equations.

Solutions were obtained in the time-domain to predict the motion characteristics. In this

study, analysis procedures were developed to calculate:



a)  Wave loading on asymmetrical structural configurations
b) Hydrodynamic reaction forces (inertia or moment of inertia, damping and

restoring forces) on asymmetrical shapes.

During the damage simulation, change in the mass of the structure as well as wave

and hydrodynamic reaction forces, were taken into account.

The expected benefits of the study to designers and to the certifying bodies may be

summarised as follows:

a) Simulation of the motion response and dynamic stability of a damaged
floating structure in order to determine the adequacy of watertight spacings

and openings for a given structure,

b) The provision of an accurate tool to predict the behaviour of a damaged

platform in order to assess the adequacy of existing damaged stability rules,

¢) The provision of a reliable tool to determine the ultimate strength of the

members of a damaged structure.
1.5 STRUCTURE OF THESIS

The work presented in the thesis begins by comparing the methods intended to be
employed in the calculation of external forces acting on the semi-submersible. Therefore,
Chapter 2 is devoted to a review of the Morison and 2-D source-sink distribution
techniques and to a presentation of a comparison between the two methods. In Chapter 3,
the derivation of a general method to calculate wave forces on the cylindrical members of

offshore structures is given.

A general method is established in Chapter 4 to calculate the hydrodynamic loading
due to the rigid body motion of the platform. A discussion is given on the calculation of

restoring forces. The calculation of inertia forces and moments defined from Newton's



second law are introduced in a general calculation procedure. The derivation and the

solution of motion equations in the time-domain are presented.

In chapter 5, details of the model tests carried out to validate the non-linear large
amplitude motion calculation procedures are presented. Methods of analysis of motion
response measurements in six degrees of freedom in intact, transient and damaged
conditions for head and beam seas are given. Finally, in Chapter 6, a summary of the
systematic study carried out to illustrate the effects of non-linear terms on the solution of

the motion response equations is given.
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CHAPTER 2

REVIEW OF THE METHODS
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2.1 INTRODUCTION

The calculation of hydrodynamic load on offshore structures is of great importance
to designers involved in offshore engineering. The hydrodynamic load calculations for
design form a very difficult task because the environmental conditions are very complex
and, because interaction occurs between waves and structure. Although ocean waves are
of a random nature, it is of great interest to designers to investigate the environmental
forces and resulting motions of offshore structures under regular sea conditions. This is
known as the design wave approach. This type of analysis technique is fully
deterministic and considers two parameters which are the period and the height of a given
wave. However, there is another approach which works with the wave-energy spectrum
by using probabilistic theory. The statistical design parameters; extreme forces and

significant motion responses, etc. could be predicted by employing this approach.

There are a wide variety of offshore structures to accomplish various tasks. Among
them are; jacket type platforms which are composed of small tubular members; concrete
gravity type platforms; semi-submersibles and tension-leg platforms. Depending on the
type and size of the members of an offshore structure in comparison with the wave
length, different calculation methods are employed in predicting the hydrodynamic forces

and resulting responses.

The existing methods for the hydrodynamic loads on offshore structures are mainly
based on one of the following: Morison's Equation, two dimensional (2-D) and three
dimensional (3-D) source-sink distribution techniques. Among these methods, the 3-D
method is used generally for structures comprising large structural members. If a
structure consists of small members, the strip approach utilising Morison's equation or
2-D source-sink distribution method provides an adequate tool for design and analysis

calculation.

Oo and Miller (1976) examined the heave motion aspect of several different type of
semi-submersible design. The sensitivity of motion responses of a semi-submersible and

a tension leg platform to different calculation methods in use for computing the

12



hydrodynamic loads on floating platforms was discussed by Paulling, J.R. (1981). A
comparison of methods for calculating the motion of a semi-submersible was carried out
by the 17th ITTC Ocean Engineering Committee. A summary of the results of the project
in which 34 computer programs from 28 different organisations were used was reported
by Takagi et al. (1985). The results of the study predicting wave and motion induced
forces on a tension leg platform, which was initiated by the 9th ISSC, were published by
Eatock Taylor and Jefferys (1986). The study reported by Standing (1987) examined the
effects of wave spreading on the motion response of a transportation barge. Two
different offshore platforms: a semi-submersible and an articulated tower, were
considered in quantifying the effects of different design parameters and analysis methods
on motion and structural response predictions by Incecik et al. (1987). Ostergaard and
Schellin (1987) presented hydrodynamic calculations as applied to a variety of offshore
structures and discussed the validity and accuracy of predicted results by comparison with
closed form solutions or model test measurements. In these studies, it was concluded
that the Morison approach and those based on the potential theory compare favourably

with each other and with measurements.

In the following sections of this chapter, the Morison approach and 2D source-sink
distribution technique are compared in calculating the wave forces on a semi-submersible.
Theoretical derivations of wave forces in the frequency domain based on the Morison

approach are carried out in detail for a twin-hulled semi-submersible given in Fig.2.2. |

In this study, the calculation of the wave kinematic properties is based on the Airy
wave theory. The reasons for choosing the linear Airy wave theory instead of a non-

linear wave theory were due to the following factors:

a) In a pilot study carried out with the Stokes fifth-order theory it was found that
there was not any converging solution in lower wave frequency range. Dean (1970) also
indicated that if D/T*<0.1 (D is defined in meter), Stokes fifth-order theory does not
yield converging solutions. For water depth of 150 metres this corresponds to @<0.2
rad/s. Since one of the objectives of this study is to investigate the large motions around

the natural frequencies the use of Stokes fifth-order theory would have not made. motion

13



predictions possible around the natural roll and pitch frequencies.

b) Another high-order wave theory developed by Dean (1965) was considered and
found that implementation of this theory into a time-domain simulation program will not

be feasible due to very extensive computer time requirements.

The development of computer programs based on both methods is summarised. A
summary of and conclusions arising from the results are presented at the end of the

chapter.
2.2 REVIEW OF THE METHODS
2.2.1 HYDRODYNAMIC FORCES

The hydrodynamic forces to which an offshore structure is subject are the result of
various physical mechanisms. They can linearly be decomposed into the following

components:

1)  Froude-Krylov force: This force is due to the hydrodynamic pressure
change below the surface of a wave train while the wave is proceeding. Itis assumed that
the presence of the structure does not interfere with the flow field. The Froude-Krylov
force can be calculated from the dynamic pressure which is derived from the incident

wave potential.

2)  Diffraction force: If the interaction between the structure and the waves is
taken into account, (assuming that the structure is motionless) the potential called
scattering wave potential must be added to the incident wave potential within the limits of

linear theory.

3)  Radiation force: The radiation potential resulting from the oscillation of the

structure in calm water gives rise to the radiation force (or motion induced force). This
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must also be added to those described above with the linear theory assumption.

4)  Drag force: The force in-line with the velocity which is proportional to the

square of the velocity due to the separation of the boundary layer.

5)  Lift force: Lift force is generated when two separation points behind the
cylinder are not symmetrical about the direction of wave particle velocity or if the vortex
shedding is in non-symmetrical order. Lift forces act on the structure transversely to the

velocity direction.

6)  Other forces: The wave forces are non-linear in nature. Those described in
1-2-3 are linear and first order. There are also forces of second or higher order which
could induce significant motions of some platform configurations. For example
compliant platforms (i.e. tension leg, articulated tower and SALM systems) could

experience large motions due to the second-order forces.

2.2.2 EVALUATION OF WAVE FORCES ON CYLINDERS BY

MORISON EQUATION

SgL
S

Fig.2.1 Definition sketch for wave forces on small diameter cylinder

(Chakrabarti,1987)
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The Morison equation was first proposed by Morison et al. (1950) where the
authors described the horizontal wave forces acting on a vertical pile which extends from
the sea-bed up to the free surface (Fig.2.1). Morison et al. (1950) suggested that one
may superimpose the two flow regimes, which generate inertia and drag forces to obtain
the total time-varying load per unit length of a cylinder which is stationary in a plane flow

field with arbitrary free stream velocity u(z).

The interpretation of the inertia force is that in principle a water particle moving in a
wave pattern creates a momentum due to its motion. The water particle acceleration
changes as it passes around a circular cylinder. According to Newton's law the change of
the momentum with respect to time results in an excitation force acting on the cylinder.
The inertia force acting on a segment (ds) of a cylinder can be expressed in terms of the
wave particle acceleration at the centre of cross-section of a small diameter cylinder as
follows:

du

_ T2
Ay =Cy P FD 59 : 2.1)

where

df Inertia force on the segment ds of the vertical cylinder

D Cylinder diameter

gti. Local water particle acceleration at the centre line of the cylinder
Cy Inertia coefficient

P Water density

The wake region behind the cylinder gives rise to the drag force component. Since
the pressure in the wake field is dropped compared to that in the region where the cylinder
faces oncoming stream, a pressure differential is created in an instant. The change in the
pressure causes drag or velocity force acting in the direction of the instantaneous water
particle velocity. The drag force component in the Morison Equation is given in the

following form:
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_1
dfp, = 3Cp pDulu |ds 2.2)
where
daf;, Drag force on the segment ds on the vertical cylinder
u Instantaneous water particle velocity
Cp Drag coefficient

Cp coefficients for the drag force calculations in waves are not only the function of
the Reynolds Number which changes throughout one wave cycle, but they are also

related to the inertia coefficients with the Keulegan-Carpenter Number which is defined as
uT/D. Therefore, the most accurate viscous force prediction in the waves could be
obtained from the experimental results with time averaging where flow is sinusoidally
oscillating or from real wave data. For the prediction of drag forces in waves, C,, values
obtained from the steady flow results may be used, although the values of drag
coefficients in waves show similarity to the drag coefficients in steady flow, where C,

decreases considerably with Reynolds Number over the approximate range 10*<Re<10°,
It should be noted that special care must be taken if steady flow results are applied to sea-
wave flows due to the two main flow phenomena which do not exist neither in steady

flow nor in the sinusoidally oscillating flow:

1) The water particle motions are orbital,

if) Irregularities of sea-waves.

If a member of the structure is relatively large with respect to the wave height, the
viscous drag coefficient becomes less sensitive to Reynolds Number and steady flow

results may be more suitable.

The drag force is proportional to the square of the flow particle velocity and in the
case of an oscillatory flow the flow velocity is multiplied by the absolute value of the flow

velocity to ensure that a correct sign will be assigned to the velocity force.
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When the characteristic dimensions of members of a structure are equal to 0.2 times
the wave length or greater, wave force calculations should take into account the scattering
potential. Wave force calculation on large arbitrary geometries utilising the 3-D sink-
source distribution method is also described by several authors (see Hogben and

Standing, 1974; Faltinsen and Michelsen 1974; Garrison 1978).

It was proved that wave forces due to water particle velocity and accelerations can
be computed by Morison equation only, if the characteristic dimensions of the members
of a structure do not exceed 0.2 times the wave length. Various flow regimes are

summarised as follows (Hallam et al. 1978):

D/A>1 Conditions approximate to pure reflection
D/A>0.2 Diffraction increasingly important
D/A<0.2 Morison épproach is valid
D/W>0.2 Inertia increasingly predominant Within Morison
D/W<0.2 Drag predominant | } Equation
where

D The diameter or width of the member

A The wave length

The orbit width of the water particle.
—H

2rnd
wann (22

(2.3)
where
the wave height

d the water depth.

Final form of the Morison equation is obtained by summing inertia and drag forces

given in Eqgs.(2.1-2.2).

. 1 .
dF; =CMpASuds+7pCDDu|u|ds 2.4)
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where

D Diameter of the member
Ag Cross section area

u ou/ ot

L Length of the member

or

F.=[C, pAguds + J5pCpDululds
L L (2.5)

2.2.3 REVIEW OF THE 2D SOURCE-SINK METHOD

In combination with the strip theory approach the 2D source-sink distribution
technique was first introduced for the calculation of semi-submersible motions by Kim et
al. (1973), as an alternative to the Morison equation. In this approach, a floating
structure is divided into several elements (i.e. lower hulls, columns, bracings etc.) and
each element is considered individually. The hydrodynamic interference between the
members of the structure is neglected. A comparison of the approach proposed by Kim
et al. (1973) with improved 2-D source-sink distribution technique as well as with 3-D

source-sink distribution technique was given by Mathisen et al. (1980).

The forces calculated using the strip method given by Kim et al. (1973) take into
account the free surface effect. The use of the strip method for twin-hulled semi-
submersible is satisfactory for main hulls since their longitudinal dimensions in the
direction normal to wave propagation are large compared to its other dimensions.
However the use of this method for vertical column sections, bracings etc. is open to
question since the strip theory rules are not satisfied for such members of the semi-

submersible.

In this study the beamwise strip theory was utilised in combination with the 2D
source-sink distribution technique which is known as Frank Close-Fit method as

explained in detail by Atlar (1985 a). The Frank-Close Fit method will be applied to a
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semi-submersible platform geometry shown in Fig.2.2 to determine the wave and motion

induced forces acting on the structure.

The method employs linearised potential theory. Evaluation of the wave exciting
forces including wave diffraction requires the solution of a boundary value problem
which is identical to the problem of an oscillating body in proximity to an initially calm
free surface. The semi-submersible is split into many beamwise strips as shown in
Fig.2.3 to calculate the motion (added mass and damping) and wave induced forces. The
source and sinks (Green's Functions) which satisfy the various boundary conditions
represent the velocity potential of the fluid at each location point around each strip. The
fluid disturbance due to the body motions which is represented by the radiation potential
is utilized to obtain the sectional motion-induced force (added mass and damping)
coefficients. In order to obtain the sectional wave—induced (exciting) forces which
consist of diffraction and the Froude-Krylov components, incident wave potential and

diffraction potential are combined within the kinematic boundary condition.

In order to perform the sectional hydrodynamic force calculations for the semi-
submersible model, two available computer programs, based on the Frank-Close Fit
technique, BURAK for the motion induced coefficients and AYHANR for the wave
induced forces were used, Atlar and Lai (1985 b). A numerical integration procedure
were carried out to obtain total hydrodynamic loads acting on the structure. The motion
equations were derived from Newton's second law. The inverse matrix technique is used

to solve the coupled motion equations.
In this study the following points were highlighted:

1) The effects of Hydrodynamic interference between the sectional hull and -

column forces,

i)  The effect of hydrodynamic coupling on the motion response,
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iil)  The comparisons of the forces, moments and motion responses obtained from
the calculations based on the Morison equation and the 2D source-sink distribution

technique.

2.2.4 FORMULATION OF HYDRODYNAMIC LOADS AND
DERIVATION OF MOTION EQUATIONS IN FREQUENCY

DOMAIN

In this section, theoretical derivations for the calculations of wave exciting forces
and moments acting on a twin hull semi-submersible are carried out by using Morison's
Equation. The forces and resulting motions of the semi-submersible derived in this

section include head and beam sea conditions.

The inertia force term given in Eq.(2.1) can be expressed in terms of pressure (Fp)

and acceleration (F,) components as follows:

where

Fp=pAsul » @.7)
and

Fy=pkyAgul (2.8)
where

kM Added mass coefficient

In the following, the derivation of vertical and horizontal forces and moments to
predict heave, surge, roll and pitch mode of motions using the Morison approach will be

summarised.
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Derivati Vertical Forces for Head Sea Conditio
Vertical forces on the hull:

Pressure force: From Eq.(2.7)

L/2
F,=— | p=x R; 0.5H, % ~* costkx —wt)dx
-L /2 2.9)

where

=

u Radius of hull
Wave height
Wave frequency
Water density

Wave number

T ™ v g

Distance between calm water level and centre of hull

Acceleration force: From Eq.(2.8)

L/2
=— [ k,prR}0.5H,0% ¥ cos(kx — @t )dx
L2 2.10)

Fy

Velocity (Drag) force: From Eq.(2.2)

Lz 1 2
E, =__Lj/25cD pA,(0.5H,m )¢ 2l

sintkx —wt )|sin kx —ot )Idx (2.11)

Total vertical force acting on the hull is written as a summation of the three

components given above, in the following form:
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L/2

Fp, =- LI/ZCM p 7rRH2 0.5H,e ~* cos (kx — w1 )dx
) 5 L/2
+5C,p A, (0.5H,0) e "2 [ sin (kx - ot )|sinkx - o1 )|dx
-L /2
(2.12)
where
CM=1 + kM
Vertical forces on the column,
Pressure force:
2
F p =D, R,
or
2 -kH
Fp,=pgnR. 0.5H, e cos kx, —t) (2.13)
where
Py Dynamic pressure
R, Radius of column
Xo Horizontal distance between centre of column and the vertical
axis
Acceleration force:
Fy=M,yy v 4y
4 2, —kH
F,=-3pR;0.5H,m% € cos(kx, —wt) 2.14)
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where

M AVMY Vertical added mass
4 3
=3P R¢
given by Hooft (1972).
Velocity force:

E, = %P ”RCZCD”y I"y |

2 2 —2H, . .
E, =3Cp p mRC (0.5H,0)e ~ ¢ sin (kg — w1 )|sin kx — o1)

(2.15)

Total vertical force acting on a column is written as

- kH
Fro=p 0.5H,(gm —%0 R )e € cos(x, — o)
1 2 2 —2%H, | .
- 5C, pT RS (0.52H, 0 )’e sin (kxe — @t)]|sin kxp —o1)

(2.16)

The summation of FTH and F rc for each member of the semi-submersible is

carried out to calculate the total vertical force.

The motion equation to obtain heave displacements can be written as:

(m+a)y+cy+ky=Fcosaot (2.17)
where
m mass of the structure
| a added mass of the structure
c damping coefficient
k stiffness coefficient
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If it is assumed that F is constant for a given frequency, the usual solution for a

linear single degree of freedom system is

x =Y et (2.18)

where
F

k —m +a)0 )’ +cw)’ 2.19)

Vo=

It is possible to write X 0 in terms of frequency and damping ratio as follows:

v = F |k
0 2 2
Ja-r3*@ra) 2.20)
where
P ) .
@, (2.21)
= [k
O = T +a) (2.22)
= L
d =z 2.23)
where critical damping is
C. = ZJ(m +a)k (2.24)
rivati Vertical For r

The vertical forces for beam sea condition can be derived by following a similar

procedure to that of the head sea condition.

25



Total vertical force on the hull for beam sea condition can be written as follows:

=—CMpa)27rR15 O.SHwe_kHLH cos kx, —@1t)

+3Cp P AL (0.5H,0)% ~ % Ly sin (o, - ot )|sin (b, —o1)|

FTH

(2.25)

where
L Length of hull

Total vertical force on the column for beam sea condition can be written as:

E._.=p0.5H 402 R ' cos (hx,. ~
e =PO0. o &7 70 C)Ce cos ( c wt)

2 -2, .
=3Cp P AL (0.5H,0)°e "¢ sin(kry —01)|sintag —01)| 4,0

Derivation of Horizontal Forces for Head Sea Condition

The total horizontal force on the hull can be written as follows:

-y =P 7 R,0.5H, g e * cos (kx, — o1)
+k,, 0.5H,0% "M L, sinx, —or)
+—;CDpAL(O.5Hwa) )2e ~%H cos (k Xo - a)t)lcos(k Xo —a)t)l 2.27)

where

4 3
ky =3P Ry (2.28)
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Total horizontal force on the column can be written in the folloWing form:

- 2kH . '
Fro =Cy PTRZO0.5H,g I—e = €)sin kx, —@1)

Lc, p R, (0.5H,)° B
+=Cpp R, (0.5H,) g (1-e¢ ) cos (kx, —@t)|cosk x, — 1)

(2.29)
The total horizontal wave forces on the structure is
Fy =Fpy +Fpc (2.30)
Derivation of the Horizontal Forces for Beam Sea Condition

Total force on the hull for beam sea condition is given by the following equation:

Fpy =Cy p 0.5H TR @e M Ly sin kx, —@1)
2
+%CDpRH (0.5H, ) e“ZkHLH cos (k x,. —a)t)lcos (k x, —cot)l

(2.31)

Total force on the column for beam sea condition is as follows

— kH .
Fro=C, pmRZ0.5H, g (1-e  ©)sin(kx, —o1)

Ic

- 2kH
+3Cy p R, (0.5H,) g (1-€ ) cos k x, — wt)|coskx, 1)
(2.32)

The total horizontal forces acting on the structure become

Fy =Fy +Fp (2.33)
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Derivation of Pitching Moments

Moments acting on the hull:

M =—pCM0.5Hw7rRH2w2e‘kH sin wt[—i—cosk%+%sin k%]
k
+3p A,Cp (0.5H, )% = 2-{cos w1 [~ cos k %+k%sin k5]

—%cos wt [—3’“—kcos3k1‘7+izsin 3k£‘2-]}
9%

2 _ ., L .
+{-p gHy R, e KH - gin k 5sin ot
2 —kH L .

-k, Hyo'e cos k Fsin wt

+ %p CDerH2 (0. 5H,0 )2e —2kH [cos(k 112-— ot )Icos(k %- -t )l

1,

(2.34)

+ [cos (k %—+wt )|cos(k %—+ wt)

Moments acting on the column:

— 2 -~k %
MT —[ng.SHwnRCe cos { Xo —-ot)

c

- kH
+-‘31pRC30. 5H,o % ¢ cos(kx, — ot)
1 2 —2H, % +lsin (k
- 5P A G, (0.5H,0 ) sin (kx, — ot )Ism( X, — ot )l]xc
1

2 . 1, —Ki,
+CMp7tRCg0.5Hw sin (kx, —ot)[H, +;—)e —;—]

2 —2kH H, 1 1
+pCpR (0.5H,) g cosk x, —o1)|costkx, — o1)]le (= + 70) — 77)
(2.35)
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Derivation of Rolling Moments

Moments acting on the hull:

2 -
MTH =[—CMpa)27rRH 0.5H,e kHLH cos(k x, —ot)

2 _ . :
+Cpp Ry, (0.5H,m ) e "L, sin k x, —ot)in(kx, - o)k,
+ICpyp 0.5H,0 TRL, sin(kx, —w1)

+[CDp RH (O.SHmw)ze'”‘H cos(kxc —wt)lcos(kxc —a)t)l]yc

(2.36)

Moments acting on the column:

M, = 20.5H e "¢ cos
r =[p g mwR,0.5H e coskx, —wt)
—kH
+i;-p RCSO.SHwe ¢ cos(kx, —t)
1 2 2 —2%H . . A
-5Cp p TR, (0.5H,0 )e sin (kx, — ot )lsm(k X; —cot)l]xc
2 otd=-e oG -Ly+ H.e e 1sin

+C,, p 0.5H, R, g[(1-e YOG — )+ Hge Isin(kx, — @t)

2 1 “UH o - 2%H
+Cp p R, (0.5H,) g [z —e YOG — 5) + 5t e Jcosk x, —wt)
(2.37)

where
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ARSI

I,=L u /2
Yo = KG - RH /2
HC Distance between calm water level and bottom of column

oG Distance of C.0.G from calm water level
2.3 DEVELOPMENT OF COMPUTER PROGRAMS

In order to carry out wave force and motion response calculations for the semi-
submersible geometry shown in Fig.2.2 a number of routines were developed as

summarised in the following.

The program HEAVE calculates the total vertical force acting on the semi-
submersible and solves the single degree of freedom system. The program SWAY
calculates the horizontal hull, column and hull+column forces for beam sea condition.
The program SURGE performs the horizontal force calculations in head sea condition.
The program BEAM was written for the estimation of vertical forces and heave response
for the beam sea condition. The program MORHP was written to calculate pitching
moments. The coupled heave and pitch motion equations were solved by using the
results from MORHP as input to the program HPCM. The program MORHR was
developed for predicting wave induced roll moments. Results from the program
MORHR are used as input to the program HPCM and coupled heave and roll motion

equations were solved.

The same calculations were carried out by using 2D source-sink distribution
technique in order to compare the two different methods. In utilising the programs based
on the 2D source-sink distribution technique the semi-submersible was represented by 7
typical sections. These sections were chosen so that 3 typical sections can represent each
of inner and outer columns and one typical section can represent the main hull. One of
the sections is shown in Fig.2.3. The co—ordinates of segments on each section were
generated using the program BISCONT. Sectional added mass and damping values were
calculated by running program BURAK. In order to calculate sectional wave-excitation

forces AYHANR was run for the seven sections. Program PM was written to calculate
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total pitch moment of the semi-submersible. This program integrates the sectional wave-
excitation forces and pitching moments along the length of the semi-submersible.
Similarly program ADC integrates the sectional added mass and damping values. The
coupled heave-pitch motion equations were solved in program HPC using the output data

obtained from PM and ADC.

2.4. SUMMARY OF THE RESULTS OBTAINED USING
MORISON EQUATION AND 2D SOURCE-SINK
DISTRIBUTION TECHNIQUE

In Figs.2.4-2.9 the variation of damping, added mass coefficients and wave
exciting forces with the wave frequency are presented. The results of the study to
investigate the effect of interference between the hull and the column are shown by

Figs.2.4-2.7.

Figs.2.10-2.11 show the variation of total damping, and added mass values which
were obtained by the integration of the sectional values over the lcngth of the semi-

submersible.

As shown in Fig.2.4 the variation of added mass coefficients of typical sections
taken from the column members with different aspect ratios for the heave mode of motion
has a significant decrease of up to 3 rad/s. The added mass values become constant in the
range of high frequencies. However, added mass coefficients for the submerged hull
show a constant trend for the whole range of frequencies. The effect of the free surface
tends to be more significant on the surface piercing column members in the lower

frequencies.

Variation of damping force coefficients shown in Fig.2.5 has a peak at about 2
rad/s for the surface piercing sections whereas the peak for the submerged hull section
appears to be at a frequency of 7 rad/s. There is a large difference of magnitude .in
damping values of the most slender (i.e. min H/R) and of the most bluff section

(i.e. max H/R) up to 8 rad/s. Damping coefficients for the submerged hull section are
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almost constant up to 2 rad/s.

In order to study the importance of the hydrodynamic interaction between the hull
and columns, Figs.2.4-2.6 which show added mass and damping values being obtained
with and’ without interaction are presented. Comparison of Fig.2.4 and Fig.2.6 reveals
that the effect of interaction between the hull and the column is to increase the added mass

values particularly in the high frequency range.

In Fig.2.7 variation of damping force coefficients with frequency without the
interaction effect being taken into account between hull and column sections is shown.
Comparisons between Fig.2.7 and Fig.2.5 shows that there is on average a 25% increase
in the maximum damping forces for the sections with different aspect ratios at 2 rad/s if

the interaction effects are not taken into account.

Variation of sectional wave forces with frequency for head sea condition is given in
Fig.2.8. The sectional column forces have a minimum of between 6 and 10 rad/s and
when the columns become larger in diameter, wave forces increase. In Fig.2.9 variation
of wave forces is given for beam sea condition. The difference between Fig.2.8 and
Fig.2.9 is that the wave forces acting on the hull are at a minimum at about 6 rad/s for the

beam sea condition.

The total added mass values of the semi-submersible with and without the
interaction effects being taken into account are compared in Fig.2.10. The total added
mass values increase by about 20% if the interaction between the hull and columns is not
taken into account. Similarly the total damping forces on the structure are compared in
Fig.2.11. The interaction between the members appears to have no effect on total
damping forces below the frequency of 2 rad/s. However, the difference between the
two cases increases as the wave frequencies increase. The maximum difference is about

33% and occurs at a frequency of 6 rad/s.

The variation of the vertical hull and column forces (calculated using the Morison

equation) with frequency in the beam sea condition is shown in Fig.2.12. Fig.2.13
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shows the heave response of the semi-submersible in the beam sea condition. As can be
seen from Fig. 2.13 the magnitude of damping ratio affects the motion response

significantly in the region of the natural frequency.

Fig.2.14 shows the horizontal hull and column forces for the head sea condition.
The vertical hull and column forces for the head sea condition are shown in Fig.2.15.
Fig. 2.16 shows the heave response of the semi-submersible. The effect of damping in
heave response in head seas is illustrated in Fig.2.16. The total sway forces as well as

hull and column force components are shown in Fig.2.17.

The total vertical forces in head seas calculated using the Morison approach and 2D
source-sink method are compared in Fig.2.18. As can be seen in Fig. 2.18 the two
methods correlate very well except for the frequency range below 2 rad/s. This can be
attributed to large discrepancy in sectional fofces between the column sections with

different aspect ratios as shown in Fig.2.8.

Pitching moments obtained from the Morison approach and 2-D source-sink
distribution method are compared in Fig.2.19. Since with Morison approach the pitching
moments due to the surge forces can be calculated and 2D source-sink distribution
technique does not have the facility to incorporate the surge forces, a significant

difference arises between the results of the two methods as illustrated in Fig.2.20.

Coupled heave and pitch motions as well as coupled heave and roll motion response

values obtained from both methods are shown in Fig.2.21-2.24.
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Fig.2.3.Segment distributions of the typical cross-section of the semi-submersible
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Fig.2.4 Sectional added mass coefficients for the heave mode in the presence of the

hydrodynamic interaction between hull and column
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Fig.2.5 Sectional damping coefficients for the heave mode in the presence of the

hydrodynamic interaction between hull and column
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Fig.2.6 Sectional added mass coefficients for the heave mode in the absence of the

hydrodynamic interaction between hull and column
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Fig.2.7 Sectional damping coefficients for the heave mode in the absence of the

hydrodynamic interaction between hull and column
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Fig.2.8 Sectional wave-induced coefficients for the heave mode in the presence of

the hydrodynamic interaction between hull and column for head sea

condition
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Fig.2.9 Sectional wave-induced coefficients for the heave mode in the presence of
the hydrodynamic interaction between hull and column for beam sea

condition
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Fig.2.10 Comparison of the total added mass coefficients
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Fig.2.11 Comparison of the total damping coefficients
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CHAPTER 3

A GENERAL METHOD TO CALCULATE HYDRODYNAMIC LOADING
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3.1 INTRODUCTION

In this chapter the derivation of a general method to calculate wave forces on the
cylindrical members of offshore structures is presented. By means of the developed
method one can calculate the wave loading on cylindrical members of fixed or floating
offshore structures orientated randomly in waves. The method is based on the

hydrodynamic theory and the calculation procedure summarised by Incecik (1982).

In the following sections, a general method for calculating wave forces and
moments on circular cylinders is derived. This method will provide a basic tool for
determining the wave forces and moments that a floating structure is subjected to as it
experiences large amplitude oscillations in six degrees of freedom. In addition, in
Chapter 4 the non-linear motion equations of the platform will be derived and solved by

utilising these force and moment calculations.

The following force components will be taken into account in calculating the wave
forces and moments. Detailed discussion on these force components has also been given

in Section 2.2.1.

1) Dynamic Pressure Force (Fr. -Krylov Force): Dynamic Pressure Force is
due to the hydrodynamic pressure change below the surface of a wave while the wave
propagates. It is assumed that there is no interference between the flow field and the

structure.

2) Acceleration Force: The presence of the structure (or its components) fixed

relative to the waves gives rise to an acceleration force which is calculated as the product
of the added virtual mass of the structure (or of its components) and the acceleration of
the fluid particles. In order to calculate the wave acceleration forces on the ends of
cylindrical members, an approach given by Hooft (1972) is used. Using this approach
the acceleration forces are calculated by multiplying the acceleration of the water particles
at the centre of top or bottom cross-sections of the cylinder by the added mass of a disk

which has the same diameter as the cylinder in question. The method may be formulated
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as follows:

3) Drag Force: The drag force mainly results from the turbulent flow downstream

of the body due to viscous effects which are significant when diameter/wave

height<0.125 for circular cylinders.

The following basic philosophy which was given by Incecik (1982) is employed in

the derivation of a general three dimensional method for wave loading calculations:

a)

b)

c)

All the wave properties, i.e. dynamic pressure, velocity and acceleration of
water particles which are defined in the fixed wave reference system are first
transferred to the structure reference system (which moves relative to the
wave reference system) and from the structure reference system to the
member reference system (which is fixed relative to the structural reference

system).

All force and moment calculations are carried out in the member reference

system.

The results of the force and moment calculations are transferred back to the
structure reference system and moments are summed along the principle axes
of the structure reference system to obtain pitch, roll and yaw moments.
Forces are transferred to the wave reference system and summed along the
principle axes of the wave reference system to obtain heave, surge and sway

forces.

59



3.2 DERIVATION OF A GENERAL METHOD TO
CALCULATE WAVE FORCES ON THE CIRCULAR
CYLINDRICAL MEMBERS OF OFFSHORE
STRUCTURES

3.2.1 DEFINITION OF REFERENCE SYSTEMS

The wave properties, i.e. pressure,velocity and acceleration of water particles may

be defined in the wave reference system (Oxyz).

¥
AX,Y ,2)
5 X L L BX.Y.Z)
/ N i |
|
I
4 | TAY = }{5 ROLL= }(4
|
lIszvz PIICH=X, Vgx Y.,z )
Initial Position | G G
of CG - _————
21 +—+suRer v
- i
.7 sway

Fig.3.1 Co-ordinate system used in hydrodynamic force calculation

The structural global reference system (GXYZ) is chosen at the centre of gravity of
a floating structure. (Auvw) are the reference axes for an individual member within the

structure (see Fig.3.1).

3.2.2 CALCULATION OF WAVE FORCES

In order to calculate pressure,acceleration and velocity forces coordinates defined in
the (Oxyz) system are transferred to the (GXYZ) system using the following

transformation matrix:
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X ﬁll ﬁlz ﬁl3 X XG
{y:l= By Byy By [Y }"' Ys

ﬁ31 /332 ﬁss z G (3.1

where

Xg . Y; and Z , are the vessel's C.O.G at initial position.

ﬁ11=cos XgcosX

B ,=—cos X gsin X

B,;=sin X,

B, =cos X, sin X  +sin X ;cos X (sin X,
B,,=cos X cosX ,—sin X ,sin X sin X
B,;=—sin X ,cos X,

By =sin X ,sin X (~cos X ,sin X , cos X
B;,=sin X ,cos X ( +cos X ,sin X _sin X

B4 =cos X, cos X 3.2)

Using the transformation Egs.(3.1), the wave particle velocity, acceleration and
pressure equations, by referring to the structure reference system can be written as

follows:

Horizontal Wave Particle Velocity

=0_5waek(ﬂzlx +B Y +B,Z +Y )

“x.0s)
coslk (B, X +B,Y +BsZ +X5)-o1] 3.3
where
2
k Wave number given by %
() Angular wave frequency
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H, Wave height

Subscript (s ) denotes structure reference system.

Vertical Wave Particle Velocity

_ k(ﬁle +B22Y +ﬁ232 +YG)
uy,(s)—O.SHwa)e

sin [k (B, X +B,Y +B,,Z +X;)-wt]

Horizontal Wave Particle Acceleration

u —0.5H wzek(ﬁmx +ﬂ22Y +,823Z +YG)
x,(s) TThw

sin [k (ﬁuX +ﬂ1}’ +ﬁ13Z +X;)-wt]

. _ 2 k(ﬂzlx +ﬂ22Y +/3232 +YG)
uy.(s)—-O.SHwa) e

coslk (B, X +B,) +B,,Z +X;)-w1]

Dynamic Pressure

P —0.5H, p gek[ﬂmx +BY +B,,2 +Y, ]
m) 77w '

cos [k (ﬁllX +B12Y +ﬁ13Z +X;)-ot]

where
p  Density of water

g Gravity acceleration

62

(3.4)

(3.5)

(3.6)
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In order to carry out force and moment calculations on an individual member of the
structure one has to transfer these wave particle velocity, acceleration and pressure
equations, which have been written in the structure reference system, to the member

reference system using the following matrix equation:

X %y %2 Y3 1w X

Y |=| 0 Gy Oy li"]-* Y,

Z O3 Oy O3 [LV Z 3.8)
where
a11 : The cosine of the angle between X and u
a12 : The cosine of the angle between X and v
a13 : The cosine of the angle between X and w
azl : The cosine of the angle between Y and u
a22 : The cosine of the angle between Y and v
a23 : The cosine of the angle between Y and w
oz31 : The cosine of the angle between Z and u
a32 : The cosine of the angle between Z and v
a33 : The cosine of the angle between Z and w

The direction cosines are calculated by following the procedure described by
Incecik (1982). The relationships between the direction cosines and the unit vectors are

given in the following:

ozn=i.e1 ¢3z12=i.e2 a13=i.e3
o, =Jj. e ,=Jj. e, )y =J. e,
oy, = k. e o, = k. e, 0y, = k. €, (3.9)
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3.2.3 CALCULATION OF PRESSURE FORCES

The dynamic pressure change with depth below the surface of a wave in the
structural reference system is given in Eq.(3.7). This equation can be transformed to the

member reference system, using matrix Eq.(3.8) to calculate the dynamic wave pressure

forces acting on an individual member as follows:

_ kB -
Pmy=0.5H,p getBcos kA ~ar) (3.10)

where

A=PB X +B Y +B,Z +X;

B=f,X +B,) +B,,Z +Y 3.11)

The total pressure force in a member's reference system can be determined using

the following integration equation

Fig.3.2 Pressure definition on circular cylinder

1

FP

I —

-y

fmy =" O(p(m)R cos 6 dO du €,+D R sin 6 df due )

u=0

(3.12)



where subscript 7 indicates member reference system

Since

dS=RdOdu (3.13)

n  :unit normal vector to surface (positive outwards)

= cosf e + sinBe (3.14)
2 3

FP_ may be written as follows:
i(m)

FP[,(m)z—S-[p(m)ndS (3 15)

Using the divergence theorem of Gauss, the surface integral form of FP ) can
L{m

be converted to a volume integral:

FPi'(m)z—-Sfp(m)n ds =_‘{HV P ydV

(3.16)
where V is the volume bounded by a closed surface S and
-9, .9, .9
Vo=t oy 2T 5y €3 (3.17)

The pressure force components along the w and v axes can be written in the form

of a volume integral as follows

FP, =-J[]2-p dVe
Wi m) v ow F(m) 3 (3.18)
or
J kB
FP, . =-[[[-Z-[0.5H, p ge*B cos(k A —w1t)]dV e
. Yim) v ow w 3 (3.19)
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Since dV=rd@dr du
v=r cosf

w=r sin@ (3.20)

The following equation can be written from the transformation matrix Eq.(3.8):

X =0, 4 +o,(rcos 6 )+al3(r sin @ )+X1
Yy = o, U +a22(r cos 0 )+a23(r sin 6 )+Yl
Z =o0gU + 0,,(r cos 6 ) + 0t ,(r sin 6 )+Z, (3.21)

Since kv<<1 and kiw<<1 in the case of small diameter cylinders (D/A<0.2) the
terms involving kv and kw can be neglected and therefore further simplifications can be

made in Eq.(3.19).

I R 2n
FP, =-05H, 0% [ | | Ce*BcostkA-wr)
i om) u=0r =00 =0 '
~De*Bsin(k A -wt)lrdbdrdue,
(3.22)
where
C =By 013+ Byyys+ Byysy
D =B 03+ B0+ Brs2s; (3.23)

Having carried out the integrations with respect to r and 8 in Eq.(3.22), the

pressure force in w direction can be written in the following form:

2 [ Ce*Ecos(kF —wt)

0
-De*Esink F —wt)ldue,

FP, =-0.5H,pow?zR

i(m) u

1| ="

(3.24)
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where

E =ﬁ21(a11u +X1)+/322(a21u +Y1)+ﬁ23(a31u +Zl)+YG

F =[311(a”u +X1)+ﬂ12(0621u +Y1)+B13(a31u +21)+Xc

(3.25)
Similarly, the pressure force along the v direction can be obtained as follows:
FP, =-[l[Z-p, Ve,
iom) v (3.26)
FB, =-[[|2-[0.5H, pge*Bcos(kA-w1)ldVe,
£m) 14 (3.27)
I R 2n
FP, =-05H,po? | | [ Ge*BcostkA -awt)
i(m) u=0r=0 =0
—He*BsinkA -t )lrd6drdue,
(3.28)
where
G = B,1010+ Byt Bp3tts,
H =P0,,+ B+ Brifts, (3.29)

Similarly, the pressure force in v direction can be written in the following form:

i(m)

1
FP, =-05H,pw?nR> [ Ge*FcoshF -wt)
u=0 R
~He*Esink F —ot)due,

(3.30)
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The pressure forces at the bottom and at the top of a cylindrical member can be

written as follows:

R
FP, = |

i (m)

yr 3
£ Py dr d6

0 =0 (3.31)

r

Since the dynamic pressure change may be assumed to be constant across the

diameter of the cylindrical member, Eq.(3.31) can take the following form

FP, =0.5H,pgmR%*Bcos(kA —w1)
i(m) : (3.32)

Pressure force on the bottom of a cylindrical member:

— 2, kI -
FPuzo,(m)"O'Spr gmR’e* cos(kJ a)t)e1 (3.33)

where

I =Py X+ ByY  +B)Z +Y

J =B X+ B Y B2+ X, (3.34)

Similarly, the pressure force at the top end of the cylindrical member will be:

= 2 kK _
FPu___I'(m)— 0.5H,p grnR’e cos(kL —wt)e, (3.35)
where
K =ﬁ21_(ocul +X1)+ﬁ22(a211 +Y1)+ﬁ23(a3ll +Zl)+YG
L =ﬂll(alll +X1)+ﬂ12(a211 +Y)) +ﬂ13(a3ll +Z )+ X,
(3.36)
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When the total pressure force acting on a member in the member and structure

reference systems are written the following equations are obtained:

FP, . =FP, e ,+FP,

i (m)

e+ (FP _ - FP _ de
i(m) 2 #=0, (m) “=himy ! (3.37)

FPi‘(S)=(FPi'(m)i )i +(FP,~’(,,‘)I' )J +(FPl.’(m )k )k (3.38)

Using the direction cosines the pressure equation given above can also be written in

the following form:

FP. = [FP a..+ FP, o + (FP - FP Yoo i
i,(s) Wimy 13 Vimy 12 u=0i (m) . =Ii,(m) 11
surge force‘component
+[FP, 0y, +FP, @, +@P,_, ~FP, _, o,lj
: i(m) i(m) i(m) T lim)
heave farcevcomponent
+(FP, @, +FP, a,+@®P,_, —FP,_, )oglk
i,(m) i (m) i(m) i,(m)

e

v

sway force component

(3.39)

The total force components are transferred to the fixed wave reference system to

obtain heave, surge and sway force components with the following equation:

FP‘.,‘V)= (FP‘.'“ )i i’ +(FP‘."(s)j')j' +(FPi,(s)k )''4

(3.40)

or
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FP, )= [FPW.- ,(m>a13+ FP".- m )a12+ EP, =0, (m)_FPu =1, (m))all]ﬁll

* [FP“'.' ,(m)a23 + FP”.' .(m)a22 e O (m) e 4 (m))au]ﬁ12 SUTge
+ [FPW.-,(,.)a33 +FP‘,i w32 +(FP, -0, . —FP, -1 (m))a31],313J

+ [FPwi,(m)aIB+FPvi'(m)alz + (FP, o, 7 FP, -1 (m))all]ﬁZI

+ [FF“".',(».)OC23 +vai ,(m)a22 +EP, =0, (m) —FP, - L m ))0621][322 heave
+ [FPW.' ,(m)a33 +FPvi .(m)a32 * (FP" =0, m) - FP" =l ))a31]ﬁ23J

HIFP, Ot FR, o, + PP, = FP, Ly 0By,
+ [FP“,",("I)tnc23 +FPvi - )a22 + FP, =0, ., —-FP, _ - ))a21]ﬁ32 sway
* [FPwi.(m)a33 +FPV:' (m )0‘32 + P, =0, (m) ~ R, =1 (m))a31]ﬁ33‘

(3.41)

3.2.4 THE CALCULATION OF ACCELERATION FORCES

The horizontal and vertical components of wave particle acceleration in the structure

reference system have been given in Egs.(3.5-6) in the following form:

2 k(ﬁzlx +[322Y +ﬁ232 +YG)

u sy =0-5H, 0
sin [k(ﬁuX +ﬁ1] +[313Z +X;)-ot]
u,y (s)=—0.5Hwa)2ek(ﬁ2’x +B Y +B,Z +Y.)

coslk (B, X + B,y +B5Z +XG)~wt]

Assuming that the change of wave particle accelerations across the diameter of a
cylinder can be neglected for small diameter cylinders, the following equations are

obtained for the acceleration components in the member reference system:
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. _ 2, kE _
ux'(m)—O.Scho e sintk F —ot) (3.42)

: — 2,kE _
uy_(m)—O.SHwa) e costk F —owt) (3.43)

The above expressions have been written in the member reference system but they
are along lines which are parallel to the wave propagation. If one resolves them along the

structure reference system's axes the following equations are obtained

X

Uy om) =Y ()0, X ) cos(x,X )=f,

y . X .

ux ,(m)—uy,(m)COS(}’, ) COS(y, )_ﬁ21
“;,(m)=u;'(m)cos(x,Y) cos(x,Y )=p,

b ) .

Uy my =%y my €SO Y ) cos(y , ¥ )=B,,
u.zx,(m)=u;.(m)cos(x,2) cos(x,Z )=ﬁ13

Y i _

Uz m)= ¥y myS80V,>2Z) cos(y,Z )=p,, .40

Now one can write the wave acceleration forces in the member reference system

along the w and v axes
. Y :
FAw.( )=k33p [{/H(u;_(m)+ux'(m))cos(w,X )av
X J
+ /[ oyt Uy (my)cOSOV, Y AV
14 ’ ’

X J
+[ffu +uy ycosw,Z)dV Je
'g Z ,(m ) Z .( ) 3 (3.45)
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Substituting k33=1 (since the acceleration force is calculated along the w axis on

circular cylinders), the values of u, .(m),u}', ,(m)’u.Z.(m) from Eq.(3.44) and

dV =rn R zdu into Eq.(3.45) the wave acceleration force becomes:

l
2 : -
FAW =pr R ) io[c‘x’(m )ﬁ11+uy,(m )B2l)a13

i (m)

U Bt ¥y iy B2) %3

Uy B3t Uy (o yBa3)ss1du € (3.46)

If u; ™) and u'y m) given in Eqs.(3.42-43) are substituted in Eq.(3.46), the

wave acceleration force on the circular cylindrical member along the w axis can also be

written as:

FA, =pnR*0.5H,0?

i(m)

ekE {[sinkF — w1)B,,—cos(kF —awt)B, ],
0

Sy, ™

u

+[sin ¢ F —wt)ﬂlz—cos(kF —(ot)ﬁzz]oz23

+[sinkF —wt)B;—coskF — ot B, lag,ldue

(3.47)
A similar expression to that in Eq.(3.45) can be written to obtain FA, -
x Y )
FA, =k p UGy )+ i 05O, XAV
x ¥y
+{,”("Y.(m)+ Uy my COS(V, ¥ )dV
x Y
+gf(uz'(m)+ Uy my)COS(V, Z)dV Je, (3.48)
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Substituting k33=1 (since the acceleration force is calculated along the w axis on

circular cylinders), the values of u)'( ’(m),u;, ,(m)’u.Z,(M) from Eq.(3.44) and

dV =m R %du into Eq.(3.48) the wave acceleration force along v direction becomes:

!
2 : :
FA, =prR jo[(”x.(m Brit iy miPad%i,
u =

i(m)
0 Bt Uy B,

L N G PP PN : PV PPN LT (3.49)

If and u’ given in Eqgs.(3.42-43) are substituted in Eq.(3.49) the

Uy (m ) y.(m)
wave acceleration force on the circular cylindrical member along the v axis can also be

‘writtenas:
2 2
FA‘,_( )=p7rR 0.5H,

1
fe*E {[sn & F — w1 )B,,—cos(kF —wt)f,]o,,
u=0

+[sin(¢F - ot )ﬁlz—cos(kF -t )[322]0622
+[sinkF — ot )ﬁ13—cos(kF —wt)ﬁ23]a32}due2

(3.50)

Finally the acceleration forces on the end surfaces of a cylindrical member can be

calculated as follows:

X J '
FAu =0¢‘ (m)=mll[(ux.(m)+ ux (m ))cos(u,X )

+(u;‘(m )<+ u;,y’(m ))cos(u , Y )

X Y
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Ifu, ., andu . are replaced with Eqs.(3.42-43) respectively, Eq.(3.51)

takes the following form:

FA, ., =k,,0.5H, w%*!

T i m)
{[B,,sin & J'—a)t)—ﬁZICos(kJ —ot)la,
+[ﬂlzsin(k1 —a)t)—ﬁzzcos(kl —ot)la,,

+[[3’13 sin (k J —wt)—ﬁ23cos(k J —ot)la, e,

(3.52)
= 2
FA, _, =k30.5H,0 ekX
([Bysink L —w1)—pf, cos(kL —w 1),
+[B,sin(kL —wt)-B,,cos(k L —wt)]er,,
+[ﬁ13 sin(kL —~wt) —ﬁzscos(k L-owt)la,le,
(3.53)
where
4 3
kyy=3p R (3.54)

3.2.5 THE CALCULATION OF VELOCITY FORCES

As with the acceleration force calculations, if one neglects the velocity variation
along the diameter of the cylinder, and assuming that wave particles move along the
diameter of the cylinder with a velocity equal to that at the centre of the cylinder cross-

section, the following equations can be written to calculate the velocity forces.

The horizontal and vertical components of the wave particle velocity given in the

structure reference system by Egs.(3.3-4) can be transferred into the member reference
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system as follows:

u =0.5H, we*Ecos¢k F —wt)

x,(m)

(3.55)

- kE g -
uy’(m)—O.SHwa)e sink F —wt) (3.56)

The above expressions for the water particle velocity are written in the member
reference system but they are parallel to the direction of wave propagation. If one
resolves them along lines which are parallel to the structure reference system's axes the

following equations are obtained:

u;'(m)=ux,(m)cos(x,X) cos(x,X )=h,,
qu,(m)=uy'(m)cos(y,X) cos(y ,X )=p,,
Uy my = Uy m)COSE,Y ) cos(x,Y )=f,,
uyy‘(m)=uy'(m)cos(y,Y) cos(y ,Y )=B22
ug,(m)=ux‘(m)cos(x,2) cos(x,Z )= P,
uzy'(m)=uy'(m)cos(y,2) cos(y ,Z )=f,,

(3.57)

Now one can obtain the velocity forces in the member reference system along the

w and v axes:
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|

~

]

o=

Q

O

T

===

y
[(u;,(m)+ Uy ’(m))cos(w,X )

im)
+(uyx,(m)+uyy’(m))cos(w,Y )
+(uz"'(m)+uzy,(m))cos(w,z )]
I[(u;,(m)+uxy’(m y)cosév, X )
+(uy"‘(m)+uyy'(m))cos(w,Y )

+ WS oy T UG () COSW . Z )]ldue, (3.58)

where
O Drag coefficient
D Diameter of the members

or substituting Eq.(3.57) into Eq.(3.58) the drag force alohg w axes on each member

may also be written as follows

FV, =3C,pD (0.5H,0)

i (m)

¢ 2%E ([cosk F — (gz‘)ﬁll +sinkF —ow1)f,la,,
0

o

u

+ [cos(k F —wt)ﬁ12+ sin ¢ F -cot)ﬁn]oc23
+[cos(k F -wr)ﬁl3+sin *kF —a)t)ﬁ23]a33}
I{[coskF — ot )/311+ sin(k F — ot )ﬁ21]oz13

+[cos(kF —wt)B,+sinkF - ot )B,,10,,

+[cos(kF —ot )[313+ sinkF — ot )ﬁ23]a33}ldue 3

(3.59)

76



Similarly the velocity force along the v axis will be

FV,

i
Ny B
o
P!

[(u}?'(m)+ qu my)COst , X )
0 ,

o
fo—

i(m) u
+ O Gy T peosv,Y )
+ U oy T U ()OS, Z )]
l[(u;,(m)+ qu’(m))cos(v,X )
+(uy",(m)+uyy'(m Jeos,Y )

+ (u )cos(v,Z)]Ia'ue2

x Yy
Z,m) T4z m) (3.60)

By substituting Eq.(3.57) into Eq.(3.60) the drag force along v axes on each

member may also be written as follows:

1 2
FV, =3pC,D (0.5H,0)

e 2kE {[cosk F —ot)f, +snkF —or)f,]Jo,,
0

| e

u

+[cos(kF —wt)B,+sinkF -a)t),Bn]oz22
+[cos(kF —wt)f,;+sinkF —a)t)[}23]a32}
{lcoskF — wt)B, +sin«F — wt)B,)a,,

+[cos(kF —wt ), +sinkF —wt)f,,)a,,

+[cos(kF — 1), +sin K F — 1)l due,

(3.61)
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3.2.6 CALCULATION OF CURRENT FORCES

Currents have a velocity profile which decays very slowly with depth if a pure tidal
current arises from the propagation of very long tidal waves. In such a wave, the water
particle motion is nearly horizontal and the decay with depth may be given by a factor of
exp(ky) where the wave number k=27/A and, y is the negative downward. For long
waves k is very small, thus the decay is very slow. Therefore, the current can be

expected to have an influence over the whole immersed part of the structure.

Brebbia and Walker (1979) reported that the presence of the current implies four

main effects in the force calculation as follows:

1)  The water particle velocities of the surface waves are affected by the current.
A moderately small current may have a significant effect because the drag

force is proportional the square of the velocity.

ii)  Some modification may also be necessary to theﬁ surface field. For example,
surface wave amplitude may be changed and wave steepening may occur as
given by Longuet-Higgins and Stewart, (1961). The velocity of propagation
and length of the waves can be altered. Taylor (1955) showed that a
potentially dangerous concentration of wave energy may be cancelled due to
currents which can stop the waves. Waves travelling obliquely over a current

will also be refracted (Muir Wood (1969)).

iii) A current acting on a fixed body gives a rise to a standing wave pattern behind
the body which is analogous to the waves generated by a ship travelling in
calm water. Methods using Green's function are available to solve for this
type of problems but they are very complex and the effort required for the

calculation would not be justified except for large diameter members.

iv)  Vortex shedding is the fourth effect of a current for slender members. A lift

force perpendicular to the current direction is created due to vortex shedding.
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The cquations for velocity forces given in Section 3.2.5. are modified to take into
account the effect of steady current forces. The current is assumed to have a constant
velocity with depth. In the calculation procedure only the first two effects mentioned
above are taken into account. However, no modification is made to the surface wave

amplitude.

Wave Modification

In order to calculate the current forces, wave modifications given by Brebbia and
Walker (1979) are adopted in the drag force calculations. When the current velocity is
incorporated into the water particle velocity equation, only the component of water particle

velocity in the wave propagation direction is assumed to be effected.

Is'.niomrv ) Moving
e
1 1
z 2’
L Lo
= s "
—

Uniform current V.

(a)

Wavenumber vector x*

- Wavenumber vector x Celerity ¢*
Celerity ¢ v
1 4 r
x x

b

Fig.3.3 Wave modification a) coordinate systems; b) wave crest; ¢) wave and

current speeds (Brebbia and Walker, 1979)
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. . . . . . ’ 2 . . .
The dispersion relation in the moving coordinate system K = @'/ g is given in

the following form:

’ 1 2
k =7 (w-V_ k) (3.62)

Modified wave frequency can be expressed after some manipulations to the equation

above as follows:

o'=w0-V_ k
=w-V,kcos a

or the above equation can be written in terms of the x component of the current velocity
V.
o'=w-kV,
If similar manipulations are done to Eq.(3.62), the following expression is

obtained:

k=g @=-kv)®

In order to include the effect of current forces in the drag force calculations, the
component of the current in the wave propagation direction is added to the water particle
velocity expression in the member reference system which is given in Chapter 3,
Eq.(3.55).

u

- KE _
i my =0-5H,, @e*E cos(k F — 1)+ V.

Hence, the velocity force in direction w given in Chapter 3 may be re-written in

terms of both wave and current velocity:
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o
ho—

{[@x‘(m)"'vx)ﬁ]l'*' uy,(m )ﬂ21)]a13

i (m)
L0, oy TV IBytuy o \Bonlag,
L@,y H VB +uy o Br) ]}
W@, gy T VB U, (B ],
HL, gy TV IBytuy o Boylag,

LUy oyt VaIBistuy ,\Br)lags)ldue

Similarly the velocity force in direction v can be given as follows:

1
_L
v, .,=2PCpD {0{[@x,(m)+vx)ﬁll+uy,(m)ﬁ21)]a12

+[@ +V B, tu

x,(m) y.(m )ﬁ22]a22-

LU,y ¥ Ve )Bya+uy 1 \Br)]las,)
L@, gy + VB + U, oy Bop]o,
LU, T VaIBtuy o \Banlay,
+lu

)+Vx )[3’13+u )ﬂzs)]an}lduez

x,(m y,.(m

3.2.7 CALCULATION OF THE TOTAL WAVE FORCE
The total wave force which consists of the dynamic pressure force, acceleration

force and velocity force can be written in the structure's reference system in the following

form:
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FT

" M3

[FT, o .+ FT o, +FT o i
1 i) 13 Vi my 12 “m) 1

V]
—~—

i,(s)=i

surgeforce component

L

m
+ T [FT, @y, +FT, o, +FT, o,]lj
i=1,_ idm) i\ (m) (m) “17

v

heave force component

m
+ 2 [FT, O+ FI o, +FT o, lk
i21 Wimy 33 Vigmy 32 “imy 31

—

v

sway force component (3.63)

When Eq.(3.63) is transferred to the wave reference system the following equation

is obtained to calculate the total wave force acting on a floating structure.

FT,, \=(FT i")i"+(FT  j")j’+(FT ) "k
| N— v — | — v - A ]

heave Sway (3.64)

surge

or the total force can be written in the wave reference system in the following form:

FTi.(/V)=i

0 M8

(FT,, oy +FT, o+ FT, o)) By

+ [FT, a,,+FT a,,+FT .. ] surge
FT, | GostFLy  Ogp+FT, O B2 8

+ [FT,, a33+FTv a32+FTui (m)a31]ﬂ13}i’J

i,(m) i (m)

+{[FTw.( )al3+FTv'( )0512+FT,‘H >ocll] B,,

+ [FT,, )(123+ FT, « +FT"i_(,.>(X21] B,,

i,(m i (m) 22 heave

+ [FT. a..+FT. a..+FT o, 1B, 177
! Wi my 33 Vimy 32 Uy my 30723

+ {[FTW ( )al3+FTvi (m)alz+FTui (m)all] ﬁ31
sway

+[FT, @y +FT, 0, +FT, 0] B,

i,(m) i (m)

+IFT, @43 +FT, ag,+FT, (m,‘"sﬂﬁss}k')}

(m) i (m)

(3.65)
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where

FT. = FP + F. + FV
Wim) Yigm) Awi.(m) i(m)

FT, =FP, +FA, +FV,
i qm) i m) i (m) i (m)

FT, =FP _ +FP ,  +FA -0 +FA -1
i(m) “Vim) Tlim) T Vi (m) T m)

(3.66)

The terms in the last expression in Eq.(3.66) are to be determined according to the
ends of the cylindrical members exposed to the wave loading, i.e. if the member is inter-
costal these terms will vanish.

3.2.8 CALCULATION OF THE TOTAL WAVE MOMENT

If an individual member is considered in a member reference system, the moments

due to the wave forces about the member reference system's origin, A, can be written as

follows:
} d
m, = e, A —FT, e ,+FT e.)Hu
A uzo DT i3 e 2 (3.67)
€, € €3
u 0 , 0 ='"(:TFTW,( ))uez
0 O dT(FTW b
iqm) (3.68)
1 ) €3
U 0 Ol=c@Grr, u e,
0 4-¢T 0 Fdm)
du Vim) (3.69)
Eq.(3.67) becomes:
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0 §km) (3.70)

The total moment about the structure reference system's origin can easily be

obtained by using the moment transformation rule as follows:

m. =m, +r AFT,, e,+FT, e, +FT,

G, A, E i(m) 3 Viim) 2 “i.(m)el) (3.71)
where
r=GA=Xi+Yj +Zk (3.72)

and, e, and e, are defined in Eq.(3.9).

The total moment acting on the structure:

i=1 s (3.73)

The total moment vector can also be expressed in terms of principal components as

follows:
= j j k
M ai _+ bj +__ck |
rollmoment  yaw moment  pitchmoment (3.74)

If the second term of Eq.(3.71) is calculated as follows:

i J ' k
X, Y, zZ,
r AFT = FTwi.(m 13 T, )23 L., am) 33
+ FTvi n )am + FTv‘_ n )azz +FTv., n )a32
+FT, @, tFL 0 +FL, o, 575
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Each component of the roll moment can be written as follows:

Roll moment component:

d
ral - u du
o @Ity mad, )

+FT“,-‘(,,,)(Y P31~ Z &)

TFT, = Z )

+ FT,

w

i o & F33= Z 3]

(3.76)
Yaw moment component:
m { 4
b=2% L .‘ d‘_(azﬂv, _azszw, M du
i=1u=0 i{m) i,(m)
+FTu,.,(m)(Zlau_X1a31)

+FT, @0, =X )
+FT,, @0y X 05)] 377

Pitch moment component:

c=§',[
i=1

I —

d
027(“33”\',. oy 03 FT,

Yim)

u

W du

+FT, X, =Y )

+FT, | &Py Y )

+FT, &Y 3]

(3.78)

85



CHAPTER 4

MOTION RESPONSE SIMULATION
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4.1 INTRODUCTION

In this chapter, hydrodynamic and restoring forces due to the motions of a floatin g
structure composed of circular cylindrical members are discussed. A general method to
calculate the hydrodynamic loading on the circular cylindrical members of offshore
structures is derived. A general calculation procedure for rigid-body induced inertia
forces are presented. The motion equations are obtained using Newton's second law and
the numerical solution technique of non-linear motion equations is explained for intact and
damaged cases. The computer program developed for the time-domain simulation is

introduced.

4.2 DERIVATION OF A .GENERAL METHOD TO
CALCULATE HYDRODYNAMIC LOADING ON THE
CIRCULAR CYLINDRICAL MEMBERS OF OFFSHORE
STRUCTURES

In this section, a general method is described to calculate the hydrodynamic loading
due to-the rigid body motions of a platform with circular cylindrical members. The
general method used in deriving the formulations given in this section is based on the
theory given by Incecik (1982). The hydrodynamic loading is calculated on each
individual member of the structure in terms of the velocities and accelerations of the
structure in its translational and rotational modes. The total hydrodynamic loading is
obtained by summing up these forces along the members and then transferring them to
the principal axes of the structure reference system (G,X,Y,Z). The velocities and the
accelerations of the structure are determined from the numerical solutions of the motion

equations in the time-domain.

During derivation of the equations, it is assumed that the centre of rotation is at the
origin of the structure reference system of the floating platform. Therefore, velocity and
acceleration at any point on an individual member can be defined in terms of the

structure's velocities and accelerations in translational and in rotational modes as follows
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(see Fig.(4.1)).

ql

Y
Yn&’ v 5 - B(X,,Y,,2)
N 2 Y
A g s
Heave r €.
¢ -+ ! ° A’(X1 ’ Y1 ’ Zi)
A B
Sway Gl /“_R;on
/i -1° S %
Z Surge
Pitch

Fig.4.1 Co-ordinate system used in hydrodynamic force calculation

The expressions of velocities and accelerations of a point on an individual member in

this member's reference system will be as follows:

U =U, +Ug; AR =Ug +Ug A +AC)

MT .S T R T R
where
Uy Velocity of point C relative to structural reference
T,S
system
U Translational velocity of point C relative to
T
member reference system,
Ug Rotational or angular velocity of point C relative to

member reference system

In the following equation the Coriolis acceleration is neglected.
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U =U, +U, AU, AR)+ U, AR
MT , S ST ik SR ‘) N SR .
centripetalacceleration  linear acceleration (4'2)
where
UM Acceleration of point C relative to structural
T,S
reference system
U S Translational acceleration of point C relative to
T
member reference system
US Rotational or angular acceleration of point C
R
relative to member reference system
or
U =U, +U, AU, Alr +AC)]I+ U, A(r +AC)
MT .8 ST SR Sk SR" 4.3)
where
u. =U, i+U, j+U, k
51 Les) 255 ) 4.4)
Uu. =U, i+U, j+U;, &k
Sk 4s) 39 8e) 4.5)
U. =U. i+U, j+U, k&
S Tl 2655 3) (4.6)
U. =U, i+U, j+U, k
Sg 4) 59 8e) @4.7)
AC =uel=u[(el.i).i +e,J ).J +,. k). k]
[ ] A v J [ § v —
o a21 %3 (48)
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AC =u(og i+ o, j + 04,k ) 4.9)

o is the transformation matrix to transfer the co-ordinates from (G,X,Y,Z)
structure's reference system to (A,u,v,w) member's reference system. The second term in
Eqs.(4.2-3) can be omitted since the centripetal acceleration of the structure due to the

rigid body motion is of a small magnitude.

Egs.(4.1-3) define vectors in the member reference system whose principal
components are along lines parallel to the structure's reference system. These velocity and
acceleration vectors can also be written with reference to lines parallel to the member

reference system's axes using the following transformation matrix:

Uy =F f Un
T.M T.s 4.10)
Uy =T ]TUM
T,M T.s ) “.11)
where
&, O 05
TT =| %y % %
&3 Gy3 O3 (4.12)
U LU U LU vectors can be written explicitly with
Thc MT iy MT , S MT M MT M

reference to the chosen axes system of a member. The rigid body velocities of the

structure and the member co-ordinate u are as follows:

r=Xi+Yj+Zk (4.13)
i J k
U, =Uj+Uyj+Ugk+| Ua Us Us
T.§ X tuo, Y +ue, Z, +uo,, (4.14)
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UMT,s =U,+UsZ,+ua,)- U +uo,)li
+U,+U (X, + ua, )= U(Z, +uocy)]j
+U,+ U, (Y +uo,) -UyX, +uo, )]k

UMr,s =U,+UsZ, +uoy)) -U QX +ua,)]i
+U,+U X, +ua, )-U,Z, +uay)lj
+U,+U,0 +ue,)-U X, +uax )k

UM =AQ4)e1+B(u)e2+C(u)e3

where

T,S§

A() = Al@w)oy, + Blwa, + Cl@)oy,
B(u)=Al(u)a,+ B1u)ay, + C 1)a,,

C )= Al@)oy,+ B1(u)ay,, + C 1),

Alw)=U + Us(z1+ ua, ) - U, + uo, )
Bl(u)= U2+ U6(X1+ ua“)— U4(Zl+ uogl)

Cl) = Uy + U(Y, + uoy,) = Ug(X, + ug )

Similarly,

U

where

M, =AW)e, +B e, +C @)e,
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v

(4.15)

(4.16)

4.17)

(4.18)

(4.19)

(4.20)



and

Au) = Alw)ey,+ Bl1w)ay, + Clu)oy,
B )= Alw)ay,+ B1(w)oy, + C 1(u)ey,
C )= Alu)ay,+ Bl(u)oy, + C 1(u)ay,
Al) = U, + UyZ, + uay) — U¥, + uct,)
Bl(u)= U, + U(X, + ue) - U(Z, + uay))

Clu)= U, + U, + ue,) — Us(X, + uey )

(4.21)

(4.22)

The total hydrodynamic forces and moments on an individual member can be

written in this member's reference system as follows:

where

Fi,(m)={[a1f4‘(u)+blf4@)lA(u)l]u=0
+la Aw)+b AwA@]l, e,

I .
+ | [a,B@)+b,Bu)B @)|ldue,
u=90

1
+ JO[a33C@¢)+b33C @) @)|ldue,

4 3 1

a,=3PR b, =2PCpAp
1

@, =1 by =3P CpAp
1

a3 =1 by3=3PCpAp

92

(4.23)

4.24)



A1p gy Q33 Added mass coefficients in heave, surge and sway
modes respectively

by b,y by, Damping force coefficients in heave, surge and

17 722

sway modes respectively

where

Water density

Uﬁb

Drag coefficient

Projection area of the member

h]

Radius of the member
Member length

~ x>

l .
M, = io{elA[(a2zB(II)+bzzB @)B @))e,

u

+@33C @) +b3,C @)IC @)]elu du (4.25)

The first component of the force vector given in Eq.(4.23) is to be determined
according to the cylindrical member's ends exposed to wave loading, i.e. if the member is

inter-costal this component will vanish.

The moment due to the hydrodynamic loading about the origin of the structure's

reference system can be expressed as follows:

M. =M. +r AF.
bs ‘m ‘M (4.26)

The total hydrodynamic forces and moments are calculated to obtain the principal

components as follows:

F=-(ai +bj +ck)

SUrge  hegve WY (4.27)
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—@itei+[k)

roll

yaw  pitch (4.28)
where
a= ? o, F, o f, +ofy 1]
= i (m) i,(m) i,(m) (429)
b = 2_: Zfl +a22F2_ +a23F3. ]
= m) i ) . i,(m) (4.30)
c = 2 [a +
31F1; (m) 2F2i.(m) a33F3i,(m)] (4.31)
where
Py S @ 5 40RO, oA @b @R,
(4.32)
| |
F = [[a,Bu)+b,B@)|B @)|ldu
iim) w=zo 22 22 | (4.33)
1
F, = £ [

0 33C.Q‘)+b33c Q‘)lc Ql)l]du

(4.34)

Using Eqgs.(4.25-26) the principal components of the hydrodynamic moment vector
can be written as follows:

l ) i
M; y= | [@B @) +b,B @)B @)es =@ L @)+b,L @)IC @)k, ludu
u=0l v rf [ v £
i M
2

i, (m)

M
iy(m)

(4.35)
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i=1 i(m) ikm) 4.36)
m
e = 2[05231\/12 o, M, +Za’, -X ]
i=1 i(m) i(m) ! ! 4.37)
m ’
f=2xXlM, -aM;, +Xp -Yail
1 i, (m) i(m) (438)

where

i (m) i(m) i(m) (4.39)

i(m) iy(m) i(m) (4.40)

c; =03, togf, + 05,

i(m) i(m) iv(m) (4.41)
l .
M = @ @w)+b @ ))udu
2y w0 2P 2 (4.42)
II ]
M = @ @w))+b W))udu
3imy o 3 3 (4.43)

4.3 CALCULATION OF NON-LINEAR RESTORING FORCES
AND MOMENTS

In this section, the restoring forces and moments which are introduced by an
excursion of the platform from its equilibrium position are discussed. The main
components of restoring forces can be classified as buoyancy forces due to change in the
structure's undérwater geometry and mooring forces due to the weight of its mooring

lines. In addition to these main components, restoring force can also be generated by
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dynamic positioning systems.

In the following, only restoring forces due to hydrostatic and mooring effects will

be discussed only.

For floating structures, the hydrostatic restoring forces and moments can be related
to the translational and/or rotational displacements with the following equation by making

use of standard naval architectural formulae (see Rawson and Tupper (1968)).

6
Y K., X)+R. (X))x, =F. 1 =1,2,.,6
A ™ ! (4.44)
where
K f () Mooring stiffness coefficient
R (R)  :Hydrostatic Restoring coefficient

F. : Total restoring force
"HYD

R i «(X) can be given in the following equations:

R (®)=p g Ayp (%) j =k =3
R, (®)=pgV ¢)GZ, (®) j=k=4 ,
R, ®)=pgV@e)GZ () Jj=k=6 (4.45)
where
Ayp Total water plane area of surface piercing members
4 Displacement of the floating structure

GZ. (X), GZ, (X) Transverse and longitudinal righting lever respectively

The calculation procedure for restoring forces due to heave, roll and pitch motions

and a flow chart of computer subroutines to calculate these forces are given in
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Appendix C. The calculation of mooring forces for surge, sway and yaw motions is

presented in Appendix B.

The non-linear stiffness characteristics are taken into account by calculating the
GZ (X) value corresponding to an instantaneous displacement and the heel or list angle
at every time step from a data block generated from the cross curves of stability. The
details of the program for the calculation of stability curves and the interpolation and
extrapolation programs are explained in Appendix C. The non-linear restoring moment

can be given in the following form for roll and pitch motions.

F.=pgGZ®V () 446
where

P Water density

g Gravitational constant

GZ (X) Instantaneous righting moment lever

V) Instantaneous displacement of the structure.

REST and PREST are the subroutines which calculate the non-linear restoring
moment for roll and pitch motions respectively by using the GZ (R) value calculated by

subroutines SINT and PSINT.

The non-linear heave restoring force is calculated in subroutine HSTIFF. The
heave restoring force formulation was carried out taking into account the pitch and roll

motions in calculating the water plane areas of the columns. Heave restoring force is

formulated as follows:
Fy=p 8 AwX, (4.47)

where

1 S 1R2
= T KX,
Awp cos X ,cos X ¢ ;"2 ig
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where

R

Radius of surface piercing members

4.4 CALCULATION OF BODY FORCES

The inertia forces and moments defined from Newton's second law as the

multiplication of actual mass of a cylinder element p,,dV and the absolute body

acceleration of the structure can be calculated as follows (see Fig.4.2.):

F =

G

M = pMIJJ'rA AU, av

where

Pum

Total mass of the floating structure

Acceleration vector at the gravity centre of the

platform

Acceleration vector at the centre of the mass
element i

=r G
Position vector of the centre of rotation from the

+r.
i

centre of gravity
Position vector of the mass element i from the

centre of rotation

Mass density
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=
4

Fig.4.2 Co-ordinate systems used in inertia force calculations

The total force vector can be calculated in terms of translational and rotational

acceleration and the total mass as follows.

U,=U, + U, AT
G s, Ys, MG @.50)

where

Uy = Ui +UyJj+ Uk

Sy (4.51)
U. =Ui +U.j+ Uk

S, 4l 5" 6 (4.52)
re=Xgi+Ysj+Zgk | (4.53)

If Eq.(4.50) is substituted in Eq.(4.48) the total force vector becomes:
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F=MU+UZ,-UY,)i
+M U, + UX, - U, Z,) j

+M (U, + UY, - UXg )k 4.54)

If we replace T, with g + r; and U‘. with Uy + Us A r; in Eq.(4.49), the
following equation is obtained to calculate moments due to the structure's rigid body

acceleration:
. . . 2 2 . . .
M = pgj{[— ZoUy+ Yo U+ U0+ Z) - XY U~ X, Z, U]

. . . . 2 2 . .
+[Z U - X Uy - XY, U+ UgX; + ZH- Y, Z,U.1j

. . . . . 2 2
+[-Y U +X, U, -X,ZU,-Y,Z,Us + U (X, + Y )]k }adV

(4.55)

The basic definitions to find the mass and mass moments of inertia can be written as

follows:

M = py [llav (4.56)
Iyx = Py 1€ {+zhav (4.57)
by = Py Il X [+ Z0av (4.58)
= u 5 YD 4
Ly = by == Py [lIX,Y; 0V (4.60)
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I

XZ

IY Z

Ly == Py ¥, 2, av

Izx == Py {,”Xi Z;av

(4.61)

(4.62)

Egs.(4.54-55) can be summarised with the following matrix equation using

Eqgs.(4.56-62):

(F) [ M 0
F, 0 M
|F3 0 0
\ =
F, 0 - Mz
F, MZ, 0
F] | -MY, Mx,

Mz
0
- MX,,

- MY,
MX
0

XZ

~

YZ
zz

(4.63)

For structures having cylindrical members, the mass moment of inertia values can

be predicted for each member. It will be assumed that the mass of each volume element

can be concentrated at the centre of this volume. Since the diameter over length ratio is

generally small this assumption may be acceptable and can be formulated as follows:

py lliav = p,,
\4

!
in R’du

(4.64)

Following the above statement the X;,Y;, Z; co-ordinates can be written in the

individual member's reference system as:

X.
i

V.

i

- Z

i

uoz“+X1

uo, + Y1

uoc“+Zl
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If we substitute Eq.(4.65) into Egs.(4.57-62) the following mass moment of inertia

values are obtained for an individual member:

. _ 1,2, 2 2 2 2
’Xxi‘mi[?l (a21+a31)+l ()’10521+Zloz31)+Y1 +Zl ] (4.66)

_ 1,2, 2 2 2 2
‘m;['3'l (a11+a31)+l(Xla +7Z.«x )+X1 +Zl]

i

. 1,2, 2 2 2 2
Iy =m; [l @+, )+ X0 +Y @, )+X, " +Y, ]

i (4.68)
o A2 L +X 0, )+ XY ]

,XYi =m, (5 o0, +50 0, +X 0, ¥ (4.69)
. 1,2 !

'xz T [# "a05 720+ X ja3) +X 2] (4.70)
= 120, 0, +5(Z 0, +Y 0 )+Y Z ]

bz, =m,; [5]l 0,0, +5(Z 0, +Y 04 1”1 4.71)

The total moment of inertia of mass can be calculated by summing Egs.(4.66-71) as

follows:

m

Iyy = X i

XX T, o XX, 4.72)
z

L,= % i

vy = & v, (4.73)
b

I, =21 ‘

z "~ 2 'z, . (4.74)
b

Iyy =2 i '

> ¢ S XY, 4.75)
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1 (4.76)

1 4.77)

4.5 SOLUTION OF NON-LINEAR MOTION EQUATIONS IN THE
TIME-DOMAIN

In this section, a method to solve the motion equations which take into account the

non-linearities in wave and motion induced forces is discussed.

The wave excitation, hydrodynamic, steady wind and current and restoring forces
on the floating structure are calculated at each time step taking into account the exact

instantaneous position of the floating structure in the waves.

The following non-linear differential equation system is solved to obtain the motion

responses in six degrees of freedom.

M+ A1 {R}+B1{k &[]} + [R + K1{R}={F} 4.78)
where
[M] Mass and mass moment of inertia matrix of the
structure
[A] Added mass and added mass moment of inertia

matrix of the structure

[B] Damping coefficient matrix -
[R] Hydrostatic restoring coefficient matrix
[K] Mooring stiffness coefficient matrix

{F) Total external force
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{N} ) {N} {X} Acceleration, velocity and displacement

vectors respectively in six degrees of freedom

(X Xl Xl
! X;Z X.2
X
2 . X, | X,
{N}=<X3> {x}=<X. | {N}:JX |
X4 4 4
X5 XS X5
| Xs) &3 [ X) 4.79)

This system of second order non-linear differential equations in six degrees of
freedom is solved using a numerical step-by-step integration technique. The NAG
Library Routines (1978) provide several different numerical methods for solving non-
linear differential equations. In order to solve a non-linear second order (or higher order)
ordinary differential equation system, a system of ordinary differential equations has to be

written in first-order form as follows:

Y= 1000 Y Yy Yy)
Yo =10 ¥ Yy Yy)

........

}’;V =fN(xa }’1, }’2»---, yN) (480)

The N dependent variables which are the solutions of the system of differential
equations y,, y,,..., Yy are functions of the independent variable x. The above
differential equations written in first-order form give the expressions for the first

derivatives y’i = dyi / dx in terms of an independent x and dependent variables

Yy Yoo+ s ¥y - For a system of N first-order differential equations, N associated

boundary conditions are required to obtain the solutions.
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Using the general mathematical methodology given above, Eq.(4.78) can be written

as a system of first order non-linear differential equations. Hence the number of equations -

is doubled. If one writes {%,} ={X} and {SR 2} ={k}, then Eq.(4.78) can be

expressed in the form of a first order non-linear differential equation system:

{9{1} ={%,} (4.81)
{R,}= [M T a7 (FY=BI{ R, [R,[} - (R + K1{%}) @82

Hence, a system of first order noﬁ—linear differential equations is obtained and the
number of boundary conditions required in order to define the solution is equal to the
number of equations in the system of first order non-linear differential equations. This is
so called an initial value problem because these boundary conditions are specified values

at certain points given below:

{9(1}=0 a t=0

{R,}=0 a t=0 (4.83)

These conditions would enable the solution technique to integrate the equations

numerically from the point t=0 to some specified end-point.
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4.6 DEVELOPMENT OF THE TIME-DOMAIN SIMULATION

In linear theory, it is assumed that the motions of the platform are small and member
configurations are symmetrical. Based on these assumptions, the motion equations can
be written in terms of constant hydrodynamic and hydrostatic coefficients, and the wave

excitation forces are calculated at the mean draft level of the vessel.

In order to simulate the damaged behaviour of a platform in extreme conditions, one
has to consider that the mass of the platform will increase due to flooding. The
hydrodynamic, hydrostatic and wave excitation forces will vary either linearly or non-
linearly as the platform experiences large amplitude oscillations. Since all hydrodynamic
and hydrostatic coefficients tend to be non-linear as well as time-dependant, it is almost
impossible to find a closed-form solution. In order to avoid the risk of obtaining
inaccurate results associated with a simplified non-linear mathematical model for which a
closed form solution can be found, it becomes necessary to use a numerical technique
based on the integration of differential equations in a step-wise manner as described in

the previous section.
The non-linear large amplitude motion equations in six degrees of freedom as a
function of time and position are given in the following to show the three stages of motion

simulation of a semi-submersible platform:

1) When the platform is in intact condition:
i+ Al {&Y+B1{R R} + (R + K1} ={F} (4.84)
2) When the platform is in progressive flooding condition:

M)+ a1 {R}Y+ Bk |k} + (R + K1{x}={F} (4.85)

106



where

M(@)=M+R: for lgp <1 <t (4.86)

* R flooding rate and is given in the following expression by Moncarz et al. (1985):

R=cA-~f2gh

(4.87)
where
c Coefficient of contraction for flow through an opening
A Contraction area
g Acceleration of gravity
h Average water head
3) When the platform is in the post-flooding condition:
M, + A7 1R+ BI{& &} + (R + K1{K}={F} (4.88)
where
Mpp = M + R (tgp = i) (4.89)

The non-linear motion equations given above are solved in the time-domain using
the Runge-Kutta-Merson numerical integration technique. The right hand side of the
equations is re-calculated at each time step following the procedure described in Chapter 3
as a function of both time and the structure's location with respect to the wave reference
system. The non-linear stiffness co-efficients are obtained at each time step from pre-
calculated stiffness values as a function of the instantaneous displacement and the
position of the floating structure. A method to calculate A and B given in Eqs.(4.84)-

(4.88) is described at the beginning of this chapter. This method is utilised in the

numerical calculations.
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In order to achieve fast steady-state solutions of the non-linear motion equations,
and thereby to save computing time various types of ramp functions are introduced to the
excitation forces. In the solution of the motion equations variable integration steps are
selected to improve the accuracy of the solutions. The integration steps are varied

automatically by the NAG routine for a fast stable convergence.

4.7 DEVELOPMENT STAGES FOR THE TIME-DOMAIN
SIMULATION PROGRAMS

In this section a brief summary of the development stages for the time-domain
motion simulation programs is given to highlight the problems such as slow convergence,

large CPU time, etc. encountered during the study.

Development of the time domain simulation programs was started by solving a non-
linear second order differential equation which represents uncoupled heave motions of the
semi-submersible platform. Having obtained the heave displacements in the time-
domain, the amplitudes of heave oscillations were verified with those obtained from the
frequency-domain analysis (see Soylemez (1986)). In solving the heave motion equation,

NAG routines based on the Runge-Kutta-Merson method were employed.

During the development of the time-domain programs for the simulation of large
amplitude uncoupled roll motions, a large CPU time was required due to slow
convergence of non-linear roll motion equations. In order to overcome this problem the
following steps were taken: Firstly, different differential equation solvers within the NAG
library were tried. This attempt did not yield any improvement on CPU time. Secondly,
the parametric studies involving the variation of different damping co-efficients were
tested. However, a typical computer run on VAX 11/730 for a converged solution
required 1 hr 30 min 3.34 sec CPU time. Thirdly, it was decided to introduce ramp
functions to the excitation moment. Two different types of ramp function i.e. sinusoidal
and exponential were tested. It was found that the introduction of exponential ramp

function yielded a significant reduction in CPU time. A typical CPU time required for the
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solution of uncoupled roll motion equation reduced to 40.15 sec. Details of ramp

functions are given in Section 4.8.3.

Having improved the computational time, the non-linear roll restoring co-efficient
was included in the large amplitude roll equation and it was found that this increased the
required CPU time by a factor of 2. At this stage the programs were transferred from
VAX 11/730 to ICL 3980. The CPU time was reduced by a factor of about 7 when the
programs were mounted and run on ICL 3980 for solving the motion equations
representing a 3 degrees of freedom system (heave, roll and pitch). However, it was
anticipated that solutions of the coupled motion equations to simulate large amplitude
oscillations of an intact or a damaged platform would require a considerably faster
computer for the efficient development of the time-domain simulation package.
Fortunately, the arrival of an IBM 3090 computer at the University was very timely for

the smooth progress of this study.

The remaining major development work was carried out on IBM 3090 utilising the

vectorisation and optimisation features of the machine.

The following figures are given as a typical example to indicate the CPU time
efficiency achieved when the IBM 3090 was used. For the same input conditions,
coupled large amplitude motion simulations of the semi-submersible in three degrees of
freedom required 2!/, hours CPU time on VAX 11/730 whereas they required about 11/,
minutes on IBM 3090. Morover this figure could further be improved with the
introduction of new vectorised NAG routines. The CPU time required on IBM 3090 to
simulate large amplitude non-linear motions of an intact and damaged platform in six
degrees of freedom is about 4 minutes for a 120 second real time simulation on model

scale which corresponds to 20 minutes in full scale.

Another important aspect in using the differential equation solvers in the NAG
library is the correct choice of tolerance. Tolerance must be set to a positive value to
control the error in the integration. The user of NAG routines is recommended to call the

time-solver routine with more than one value of TOL and to compare the results obtained
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to estimate their accuracy.

In order to decide on the tolerance range, a few tests were carried out. The highest
3oL . . .
tolerance range was taken as 10 ~ which yielded converging solutions over a long period
. o -6,
of simulation time whereas when the tolerance range was decreased to 10 it was found

. -6 . .
that convergence was quicker and therefore 10 ~ was chosen which also gave appropriate

simulation period for comparing the physical simulation with numerical ones.
4.8 BRIEF DESCRIPTION OF THE COMPUTER PROGRAM

In this section, a brief description of the computer program MOTION which was
developed for the motion simulation of a semi-submersible in the time-domain is given.
The program MOTION has twenty one subroutines which were written to implement
different types of calculation required to simulate non-linear, large motions of a floating
structure in intact and damaged conditions. A flow chart of the program MOTION is

shown in Fig.4.3.

4.8.1 NON-LINEAR FORCING FUNCTION

The general method described in Chapter 3 to calculate wave loading on the circular
cylindrical members of floating structures forms the basis for the subroutine FORCE.
Three components of the wave exciting force are calculated on each member of the
structure every time step by taking into account the position of each member and the
instantaneous wave profile. In order to take into account the instantaneous position of the
structure in the wave reference system subroutine BETDIR was written. This subroutine
calculates the direction cosines which relate the co-ordinates defined in the wave reference
system to those in the structure reference system. Subroutine DIRCOS was written to

relate the co-ordinates defined in the member reference system to those in the structure

reference system (see also Chapter 3).
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4.8.2 POSITION DEFINITION OF THE STRUCTURE

In order to calculate the wetted length of surface piercing members by either
assuming that the surface piercing members intersect with calm water or with waves, a
number of subroutines were written. Subroutines POSW and TRANS calculate the co-
ordinates of an intersecting point between a surface piercing member and water level by
allowing rigid-body motions of the structure. The co-ordinates of the intersecting point
between the surface piercing member and the water level together with the co-ordinates of
the starting point of the member are used to determine the wetted length of the member.
The wetted length which is calculated at each time step determines the integration limits

during the calculation of wave forces and moments on surface piercing members.

Subroutine ITRW which is called by POSW was written to calculate the co-
ordinates of the intersecting point berween the surface piercing member and the wave

profile.

Derivation of the function to calculate the intersection point of a surface piercing
member with a propagating wave profile is based on the assumption that the cylindrical
member of the structure is represented as a straight line in space. The calculation of the
intersection points of the straight line with a sinusoidal surface representing wave

elevation is carried out in following (see Sommerville (1939)).
The Equati traight Li
If let the straight line is allowed to pass through the point A=[x, y, z] and to

have direction-cosines (or ratios) [/, m, n], thenif P =[x, y, z] is any point on the

line, and AP = r , we have

x=x1+lr
y=y1+mr >
z = 21+ nr J (4.90)

114



Eliminating r, the following equation is obtained,

X=X, y-y z-z,
I~ m T n 77 4.91)

Eq.(4.91) is adopted as the standard form for the equations of a straight line.

Eq.(4.90) is called the freedom-equation of the line in terms of the parameter r.

[x; ¥, z,] which are the beginning co-ordinates of the surface piercing members. The
co-ordinates of any point on the joint of [X}, ¥}, 2] and [x,, ¥, 2,] which are the end

co-ordinates of the member can be written as follows:

x =x,+r (xz—xl)

y =y, +r(y,-y) )

z=z,4r@y—z,) ) ' 4.92)

These are the freedom equations in terms of the parameter .

Intersection of a Column and Water Surface

Instantaneous water surface is defined as a function of y and ¢ along x direction

as it does not vary along the z axis.

y =acosk x —@t) (4.93)

Substituting for x, y, z in the Eq.(4.93) of the plane the following equation is

obtained.

y,+mr —acosk ¢, +1r)-0t]=0 (4.94)
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where

X5 ¥y Beginning co-ordinates of the member
m, | Direction cosines of the member

r Wetted length

k Wave number

W Wave frequency

t Time

If r is obtained by iterating the above equation, the co-ordinates of the intersection
point can be calculated. However, direction-cosines of the straight line are needed in
order to start iteration. In order to calculate the direction-cosines the co-ordinates of two
points (which are the beginning and the end co-ordinates of the member) on the straight

line are provided by subroutine TRANS.

Eq.(4.94) is solved by the Newton-Raphson iteration method, thus the wetted
length of the member is calculated taking into account the relative wave elevation at each

time step.
4.8.3 RAMP FUNCTIONS

In order to avoid slowly decaying transient motions of the structure due to wave
excitation forces an exponantial ramp function is used. A ramp function is multiplied with
the external force for a certain period at the beginning of the simulation. By means of this
ramp function, the external force is increased gradually for a certain period to avoid
slowly decaying transient motions due to suddenly applied environmental forces. The
application of a ramp function enables a quick convergance in the time-domain solution of

motion equations.
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Fig.4.4 Sinusoidal and Exponential ramp functions
The ramp(slope) function can be any function which increase gradually and reaches

1 after a certain period. Two of the ramp functions which are shown in Fig.(4.4) are -

given in the following expressions:

Sinusoidal Ramp Function:

[—%cos(%—n)t +% tS%
RAMP =1
T
[ 1 >3 (4.95)

This ramp function reaches 1 at the half period. However, this function can be set

to reach at time segment to be 1. An exponential ramp function which is given in the

following is more flexible than Eq.(4.95).

Exponential R F jon.

2

RAMP =1-¢ ~ % (4.96)
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where

2
a was calculated in the following form so that e ~ ¢* approaches zero as ¢

approaches f,, , .

a =1In (1000 ) —
4 .
hend 4.97)
where
p =iy
hend — N “end (4.98)
where
L End of simulation
n An integer to divide %4
ond A certain beginning part of simulation in

which the ramp function is applied

One important point in applying a ramp function to a numerical solution is that the
derivative of the function should be zero at time =0 and at the end of the application of
the function in order to avoid any discontinuity in the function on which the ramp function

is applied. Thus, numerical instability during a solution procedure is avoided.

The results of a sample run are shown in Figs.4.5-6 to demonstrate the effect of a
ramp function on the numerical solution. Fig.4.5(a.b.c) and Fig.4.6(a-b) show the last
20 second time intervals of 1000, 1500, 3000, 4000 and 6000 cyle of roll simulation. As
shown in these figures, if no ramp function is employed, the more the number of cyles
for the simulation the better the convergence obtained for the solution. During the study,
various ramp functions were applied in order to achieve quicker convergence of solutions
of non-linear differential equations. The ramp functions used were various forms of
sinusoidal and hyperbolic function. It was concluded the exponential function given in

Eq.4.96) was the most effective one in yielding the quickest convergence. As can be seen
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from Fig.4.6.c when the exponential function was applied to the roll motion equation.

The steady solution was reached in 10 seconds.

Finally it should also be noted that when a ramp function is not applied to a function
describing the wave excitation on a platform at the initial stages of simulation, the rigid
body oscillations of the platform comprise slowly varying oscillations at the rigid-body
natural frequencies and oscillations at the frequency of wave excitation. As the simulation
proceeds the slowly varying oscillations disappear. This phenomenon is illustrated in
Figs.4.7 and 4.8. Fig.4.8 was obtained by applying a Fast Fourier Transform to the

time-series data shown in Fig.4.7.
It was also noted that increased damping in the transient region yields quick

convergence in the solution of motion equations. However, the application of a ramp

function yields a much faster convergence.
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CHAPTER 5

NUMERICAL AND PHYSICAL SIMULATION STUDIES
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5.1 INTRODUCTION

This chapter presents the results of model tests carried out to measure the motions
of the model platform under intact, progressive flooding and post flooding conditions and

the results of numerical simulation studies representing the model test conditions.
There have been two main objectives in carrying out this test series:

1)  To study the motions of the model semi-submersible in a range of wave
frequencies and heights varying from 2.5 to 8.8 rad/s (0.3 to 1.05 rad/s in full
scale) and 6.7 to 12.3 cm (4.69 m to 8.61 m in full scale) respectively during

intact, progressive flooding and post flooding conditions.

2)  To verify the computer generated simulations obtained by means of the
method developed in the previous chapters with the experimental

measurements.

A twin-hulled 1:70 scale semi-submersible model shown in Fig.2.1 was tested for
one draught (36 cm), two heading angles (head and beam seas) and two different GMs
(7.8 cm and 2.29 cm) in the 77 m x4.6 m x2.4 m towing tank of Glasgow University.

The results of the motion response analyses for six degrees of freedom and the

wave elevation are given in the form of time histories at the end of this chapter.

Intact, progressive flooding and post-flooding conditions were simulated during
each experiment. The progressive flooding condition was initiated by filling one or two
of the inner columns (symmetrical or asymmetrical damage) on seaward side and a variety
of flooding time and flooding mass (or the size of the compartment) were adopted in
simulating the progressive flooding condition. About 110 individual experimental runs
were carried out, including inclining tests and natural frequency tests to determine the
dynamic particulars of the model. Tests were performed in order to measure heave,
sway, surge, roll, pitch and yaw motions as well as the flooding mass versus ﬂoodi_ng

time.
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5.2 NUMERICAL SIMULATION

As the second objective of the experimental study was to verify the theoretical
formulation and the computer software developed, numerical simulations were carried out

for the model test conditions.

The non-linear, large amplitude coupled motion equations introduced in Section 4.5
were applied to the semi-submersible geometry shown in Fig. 2.1. The results of surge,
sway, heave, roll, pitch and yaw motion simulations in intact, progressive flooding and
post-flooding conditions are presented in this chapter in order to make comparisons

between experimental measurements and numerical simulations.

The initial conditions for each simulation run were set to zero for initial velocity and
displacement of the model. The ramp function was applied to the external forces for one
fifth of the total simulation time. This time-scale was long enough for the wave form to
develop to its required amplitude at a point where the model semi-submersible was

moored.

In simulating the test conditions, the flooding mass measured and the flooding time

during experiments were used as input in the numerical motion simulation program.

In order to reduce the computation time, constant added mass and non-linear
damping force for the entire structure rather than those for each segment of each member

of the structure were taken into account in the motion equations.

5.3 PHYSICAL SIMULATION

5.3.1 DESCRIPTION OF THE MODEL

A twin hulled semi-submersible model was built to the scale of 1:70 in accordance
with the drawings shown in Fig.2.1. The semi-submersible model consists of two
circular pontoons each with four circular columns (see Figs.5.1-5.2). The reason for

choosing this particular geometry for the semi-submersible model was because it was

already available in the department's hydrodynamics laboratory.
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5.3.2 MODEL PARTICULARS
The principal dimensions for the prototype and the model are given in Table 5.1.

The twin circular hulled semi-submersible model consists of members which are
made of P.V.C., aluminium sheets and bolts. P.V.C. welding was the means of
connecting the P.V.C. parts. Special ballast containers were placed in the corner columns
to ballast the model to the desired draught level. These ballast containers could be moved
vertically so as to adjust the centre of gravity of the model for the desired GMs. The
ballast material was made of leadshot and arrangements were made so that any movement

of the ballast due to model motion was prevented.

Harnesses were used as soft moorings in order to stop the model from drifting
along the tank.

The mass distribution and geometrical properties of the model are given in Table
5.2a-2b. The mass moment of inertia of each member of the model is calculated in Table
5.2a-2b according to the formulation given in Section 4.4 for roll, pitch and yaw
motions. The total mass moments of inertia of the semi-submersible are listed in
Table 5-3.
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Fig.5.1 Disassembled view of the semi-submersible model

Fig.5.2 Side view of the semi-submersible model
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Particulars of the Model 1/70 Model Prototype
Length of Pontoon 1.446 m 101.22 m
Breadth of Pontoons 0.834 m 58.38 m
Radius of Pontoon 0.070 m 490 m
Radius of Small Column 0.0415m 2905 m
Radius of Large Column 0.057 m 399 m
Draught 0.360 m 2520 m
Displacement 58.400 kg 20031.2 t
KB 0.1134 m 7935 m
BM 0.1867 m 13.069 m
BM 0.1814 m 12.698 m
GM Test Series 1 0.0781 m 5467 m
Test Series 2 0.0229 m 1.603 m
GM Test Series 1 0.0712 m 4,984 m
Test Series 2 0.0154 m 1.078 m
KG Test Series 1 0.2224 m 15.568 m
Test Series 2 0.2781 m 19.467 m
k (roll radius of gyration) Test Series 1 0463 m 3241 m
Test Series 2 0.454 m 31.78 m
k (pitch radius of gyration) Test Series 1 0.489 m 3423 m
Test Series 2 0.481 m 33.67m
k (yaw radius of gyration from calculation) Test Series 1 0.617 m 43.19m
Test Series 2 0.614 m 42.98 m
Natural (Period-Charac. Freq.-Radian Freq.) S Hz {rad/s| S Hz |rad/s
Heave 244 1 0411 2.57 120.45[0.049| 0.31
Surge (calc.) 29.8 10.034 | 0.21 |249.3]10.004 | 0.025
Sway (calc.) 36 [0.028(0.174]301.210.00310.021
Roll Test Series 1} 4.19 1 024 | 1.5 |35.05[0.029| 0.18
Test Series2| 9 0.11 | 0.69 | 75.3 10.013| 0.08
Pitch Test Series 1| 4.3 | 0.23 | 1.46 {36.01| 0.03 { 0.17
Test Series 2 | 8.56 10.11710.734171.62]0.014 ] 0.088
Yaw (calc.) 206 ]0.005]10.031] 1723 } 6E-040.004

Table 5.1 Main particulars of the semi-submersible model
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Figures in brackets indicate the number of members.

M Mass of the member

L Length of the member

All

A2l Direction cosines of members defined in Chapter 3.

A3l

X1,Y1,Z1 Beginning co-ordinates of members

Ixx Rolling mass moment of inertia

Iyy Yawing mass moment of inertia

Izz Pitching mass moment of inertia

GM (cm) KG (cm) | Ixx (kgm2) | Iyy (kegm?2) | Izz (kgm?2)

2.29 27.81 13.601 22.216 12.162
7.81 22.43 13.974 22.216 12.535

Table 5-3 Total mass moment of inertia for roll, yaw and pitch

5.3.3 INCLINATION TESTS

The basic purpose of the inclination tests was to identify the actual GM of the model
before the each test series was carried out. The instrumentation of the inclination test was
the same as for motion tests (see Section 5.3.5). An analysis method for these test series
is given by Atlar (1986), therefore the method is not included in this section. Briefly,
during the inclination test procedure, a group of known test weights was placed at the
longitudinal or transverse symmetry of the deck in a row and symmetrical to both the
longitudinal and transverse axes of the model for pitch and roll inclination tests
respectively. Therefore, no heel or trim was recorded. The deflection corresponding to
zero level due to the addition of test weights was marked on the chart recorder.
Progressively the weights on the centre line were removed to an equal distance and the
resultant heel or trim angle was recorded. Then the weights were returned to their original
position at the centre. The same procedure was repeated by transferring the weights to the

other side of the model. The results of these tests are given in Table 5.4a-4d.
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i w, d; Y, &, m; GM; |[B:=58400 gr
¥ w;=600 gr
(grs)| (cms) | (cms) | (deg) | (gr*ecm) | (cms) | & =59000 grs
GM=7.85cm
KB=11.60cm
1 200 41.75 1.56 | 1.07| 8350 7.63 |BM=18.51cm
2 400 | 41.75 3.04 |2.09f 16700 | 7.80 [KG=22.26cm
3 600 | 41.75 | 4.75 | 3.26] 25050 | 7.46 |KG.=22.24 cm
4 200 | 4175 142 [0.97| -8350 8.38 |KB.=11.34 cm
5 400 | -41.75 3 2.06 | -16700 791 |BM~=18.71 cm
6 600 | 41751 4.49 |3.08{ -25050 7.90 |GM,=7.81 cm
Table 5-4a Inclination test data for bigger GM in Roll
i w; d; Y; b, m; GM; | A =58400 gr
Z w; =600 gr
(grs)| (cms) | (cms) | (deg) | (er*cm) | (cms) | 4 =59000 grs
GM=6.72 cm
KB=11.60cm
1 200 49.5 2.07 | 140 9900 6.94 |BM=18.03cm
2 4001 49.5 429 |12.891 19800 | 6.67 |KG=22.91cm
3 600 49.5 63 424 29700 | 6.79 |KG=22.43 cm
4 200 495 2.18 1147 9900 6.59 [KB.=11.34 cm
5 400 -49.5 4.16 |[2.80| 19800 [ 6.88 |BM=18.21cm
6 6001 -49.5 6.64 | 447 29700 | 6.44 [GM.=7.12cm
Table 5-4b Inclination test data for bigger GM in Pitch
i W d; Y; &; m; GM; | A.=58900 gr
T w;=345gr
(grs) | (cms) | (cms) | (deg) | (gr*ecm) | (cms) | & =59245 grs
GM=2.16 cm
KB=11.70cm
1 111 41.75 | 4.48 | 3.07| 4634 1.46 |BM=18.53cm
2 234 { 41.75 | 6.03 |4.13| 9770 2.29 |KG=28.07cm
3 3451 4175 | 9.12 | 6.23 14404 | 2.23 |KG=27.81cm
4 111 | 4175 2.6 1.78 | 4634 2.52 |KB~=11.55cm
5 2344 4175 629 [431] 9770 2.19 |BM=18.55¢cm
6 3451 41.75| 893 [6.10| 14404 | 2.27 |GM.=2.29 cm
Table 5-4c¢ Inclination test data for smaller GM in Roll
i w; d, Y, b, m, GM, |A=58900 gr
2w, =345 gr
(grs)| (cms) | (cms) | (deg) | (er¥cm) | (cms) | A=59245 grs
GM=1.20cm
KB=11.70 cm
1 111 | 49.5 6.9 |4.64| 5495 1.15 [|BM=18.10cm
2 2341 495 149 994 | 11583 | 1.12 |KG=28.60 cm
3 3451 49.5 | 17.58 |11.69] 17078 | 1.39 |KG=28.22 cm
4 111 49.5 7.68 | 5.16| 5495 1.03 |KB=11.55 cm
5 2341 -49.5 | 14.21 | 949 11583 | 1.17 |BM~=18.21cm
6 3451 -49.5 | 17.97 [11.94] 17078 | 1.36 |GM=1.54 cm

Table 5-4d Inclination test data for smaller GM in Pitch
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i Number of shifts carried out.

The sum of the weights transferred each time.

d. Horizontal shift of the weights. A plus sign (+) indicates a
shift from the centre line to leeward, a negative sign (-)
indicates a shift from the centre line to seaward.

Y. Total heel on the model

d; Total heel angle calculated by:
¢, =arctan (Y /1)
where [ is the distance between the vertical axes of the
transducers and its value is 83.5 cm for roll and 99 cm for

pitch tests

m, static moments of the test weights calculated by:
m.=w.d.
1 1 1
GM; Metacentric height, which includes the effect of test

weights, after each shift calculated by:
GM.=m. /(A +w,)tan ¢,
where A is model displacement
GM Mean metacentric height calculated by:
GM = g GM,/N
i=1
where GM includes the effect of test weights which should
be corrected to have the model's actual GM.
Subscript ¢ indicates the actual values of the geometrical properties.

5.3.4 NATURAL PERIOD TEST

Free motion tests were carried out in order to measure the natural heave, roll and
pitch periods of the model. The yaw period was not measured because the model was not
moored by catenary moorings. However, the calculated value of the yaw period is given
in Table 5.1. |

The model was pushed down symmetrically at a certain draught and then released to
perform the free oscillations. Therefore, the heave free oscillations were recorded on the
chart recorder. The natural heave period was determined by taking the average period

over a number of cycles.
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For the natural roll and pitch periods, the model was heeled or listed to one side
symmetrically by applying a moment and then released to perform free oscillations in roll
or pitch mode. Recordings were taken as for the free heave oscillation test. The same
calculation method was applied to determine the natural periods of roll and pitch as

explained for heave.

The measured and calculated natural periods and frequencies for each mode are
presented in Table 5.1. Figs.5.3-5 show the recordings of natural pitch period test, the
numerical simulation of free pitch oscillation test and the results of FFT analysis of the
numerical simulation in order to obtain the natural pitch frequency. The natural pitch
frequency obtained from the model test is 1.46 rad/s whereas it was calculated by FFT

analysis of numerical simulation as 1.2 rad/s.

5.3.5 INSTRUMENTATION FOR MOTION RESPONSE

EXPERIMENTS

The instrumentation was organised so that the amplitudes of the regular wave trains,
heave, surge, sway, roll, pitch and yaw motions of the model and also the amount of
flooding water could be measured. Tests were carried out for two different GMs. The
model was moored beam and head onto waves on the centre line of the tank. The
mooring lines were attached at the level of the CG of the model and to the walls of the
tank in order to give a soft spring effect (see Fig.5.6).

Regular waves were created by a plunger type wave-maker driven by an

electronically controlled hydraulic pump.

Three resistance type wave probes were installed across the tank width. These
probes induce electrical signals whose strength is changed by the varying wave height.
These electrical signals were amplified and recorded by the chart recorder and on the

computer as well.
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The heave, roll and pitch motions of the model platform were recorded with two
pairs of gravity type Linear Vertical Displacement Transducers (LVDT). They were
connected to a sub-carriage and attached to the deck of the model with piano wires
suspended over a pair of pulleys. The weight of the LVDTs were balanced in order to
avoid any possible acceleration being induced on the transducers during the motion of the

model.

Electronic signals were sent to the chart recorder via an amplifier to record the

vertical displacements of LVDTs versus real time.

The surge, sway and yaw motions of the model were recorded with two Light
Emitting Diodes (LEDs or selspots) and two cameras. The displacements of LEDs were
also recorded on the pen recorder chart. Program DATAGRAPHMOD was written to
analyse the experimental data stored in digital form on the computer the experimental data

were analysed and converted to real physical magnitudes.

In order to flood one or two of the inner columns, a water container was placed on
the carriage. Fig.5.7 shows the set up of the water container and the pﬁpe connections
and stop valves which were used to flood the compartments through the pipes. Either or
both of the two inner columns on the seaward side were flooded in order to simulate
symmetrical or asymmetrical damage conditions. Flooded compartments were emptied by

sucking the water from the compartments using a water pump.
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Fig.5.7 Experimental setup for the water container and the stop-valves to flood the

compartments of the model
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5.3.6 DESCRIPTION OF CALIBRATION PROCEDURES

All wave probes were calibrated when they were submerged 5 cm into the tank
while the water was calm and zero readings on the wave probe amplifiers were taken by
marking the pens' positions on the chart corresponding to the zero wave elevation. Then
the calibration procedure was continued by lifting the probes 5 cm up and the new
positions of pens were marked on the recorder. A linear relationship was found from the
calibration records between the displacements of the wave probes and the displacements

of pens on the recorder.

The slope of the calibration curves or the calibration factor for the wave height was

given as follows:

_ Wave probe displacement ( = wave elevation )
- Pen displacement (or voltage ) (5.1)

The calibration of the LVDTs was similar to that of the wave probes. While the
model was floated in calm water, zero deflections were recorded by the pen recorder from
four transducers attached to the upper corners of the model. Then each transducer was
displaced 5 cm downward using a vertical vernier attached to the piano wires which
connected to the model and transducers. At that moment, the pen deflection on the chart

recorder was marked. The calibration factor was evaluated using Eq.(5.1).

Calibration of LEDs was done by moving the cameras 5 cms towards the wave
maker. Calibration factors of LEDs were also calculated by Eq.(5.1).

5.3.7 DESCRIPTION OF MOTION RECORDS

Typical time history records of the motion responses drawn by the multi-channel

pen recorder are shown in Fig.5.8.

As shown in Fig.5.8, the records indicate the displacements versus real time which
was scaled by the chart feeder speed. Four records at the centre of the chart show the
displacements received from LVDTs due to the vertical motion of the corner columns.

The other three records at the top of the chart show the wave displacements while the
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record at the bottom of the chart shows the amount of water flooding into the column.

Time history records of the motion test were produced from the stored data on the
computer and each run was also simulated on the computer in order to make comparisons
between theoretical results and experimental measurements which are given at the end of

this chapter.

As evidenced by some of the test recordings, at the beginning of the test a large
steady displacement developed following the first impact of the wave on the model and
then the displacements settled down to steady values. In order to avoid this, the
wavemaker was operated in such a way that regular wave trains gradually reached their
required amplitudes. Therefore, the motion of the model semi-submersible was also built

up gradually as seen in Fig.5.8.

5.3.8 MOTION TEST PROCEDURE

During the motion experiments, signals from 14 channels (4 from wave probes, 4
from LVDTs, 6 from, LEDs) were recorded and stored by the multi-channel pen recorder

and the computer simultaneously.

Each test was preceded and followed by zero measurements in calm water. Before
recording of the test signals started, the wavemaker was started and a period of time was
allowed for the waves to arrive at the wave probes. The duration of tests varied from 55 s
to 120 s (9 m to 17 m in full scale) depending on the wave frequency and duration of
flooding. In the first stage of each run, the model was tested in the intact condition and
then one or two of the compartments were flooded for 10 or 5 seconds. For the

remaining time of the run, the model test was continued for the post-damage simulation.
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ac-twM

Fig 5.9 Motion response experiment (Beam sea condition-asymmetrical flooding)
\WH=9.8 cm Flooding Mass=0.9 kg Flooding Time=20 s

GM=2.29 cm c0=6.3 1/s (1.0 hertz)

Fig 5.10 Motion response experiment (Beam sea condition-asymmetrical flooding)
WH=9.8 cm Flooding Mass=0.5 kg Flooding Time=10 s

GM=2.29 cm ¢0=6.3 r/s (1.0 hertz)
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Fig 5.11 Motion response experiment (Head sea condition-asymmetrical flooding)
WH=9.8 cm Flooding Mass=0.5 kg Flooding Time=10 s

GM=2.29 cm c0=6.3 1/s (1.0 hertz)

Fig 5.12 Motion response experiment (Head sea condition-asymmetrical flooding)
WH=7.3 cm Flooding Mass=0.5 kg Flooding Time=10 s

GM=2.29 cm co=7.5 r/s (1.2 hertz)
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5.4 PRESENTATION AND DISCUSSION OF RESULTS

Results of motion experiments and their numerical simulations are presented in
Figs.5.13-101. Experimental results were obtained in head and beam sea conditions for
two different GMs.

For the head sea condition, measurements of surge, heave, roll, yaw, pitch
motions and wave height are presented as time series data. Sway motion is not included
in the presentation of numerical and physical simulations carried out for head sea
condition. Similarly, surge motion response is not presented for the beam sea condition.
Roll motion responses in head sea condition or pitch motion responses in beam sea
condition are presented because they are affected by asymmetrical damage to the platform.
Although the test was initiated in an intact condition in each experiment, changes in model
configuration gave rise to roll or pitch motion response in head and beam sea conditions

respectively.
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Fig.5.13 Motion response experiment (Head sea condition-asymmetrical flooding)
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Fig.5.14 Motion response simulation (Head sea condition-asymmetrical flooding)
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Fig.5.15 Motion response experiment (Head sea condition-asymmetrical flooding)
WH=6.7 cm Flooding Mass=1.4 kg Flooding Time=20 s
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Fig.5.19 Motion response experiment (Head sea condition-asymmetrical flooding)
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Fig.5.21 Motion response experiment (Head sea condition-asymmetrical flooding)
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Fig.5.23 Motion response experiment (Head sea condition-asymmetrical flooding)
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Fig.5.24 Motion response simulation (Head sea condition-asymmetrical flooding)
WH=11.5cm  Flooding Mass=1.7 kg Flooding Time=20 s
GM=7.81 cm ®=3.8 1/s (0.6 hertz)

156



g 7.47
-374 /JV\/V\

%ooo 20!
SECONDS
5 7t MMM AARA DA A 8 pr o ” "
w % ""'!"l'!"'l'l'l’”””"
§-1.77

§ s
g 2.48
-3 - el -
0.00 1 hnd "30' 401 [ UM 60l 70! 80!

BECONDS
_ .68 SECONDS
1 20! BOl
g o.09 Aol
= -:.sﬁ‘l
s

§ 'l | HHHHH Hl WAL AL HHIHHHHHH MR AN
ooV Y YTy TR UV Y R VUV L LU Ve R

® -4.75

Fig.5.25 Motion response experiment (Head sea condition-asymmetrical flooding)
WH=12.0cm  Flooding Mass=1.6 kg Flooding Time=20 s
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Fig.5.26 Motion response simulation (Head sea condition-asymmetrical flooding)
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Fig.5.27 Motion response experiment (Head sea condition-asymmetrical flooding)
WH=11.7cm  Flooding Mass=1.5 kg Flooding Time=20 s
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Fig.5.28 Motion response simulation (Head sea condition-asymmetrical flooding)
WH=11.7cm  Flooding Mass=1.6 kg Flooding Time=20 s
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Fig.5.29 Motion response experiment (Head sea condition-asymmetrical flooding)
WH=11.2cm  Flooding Mass=1.5 kg Flooding Time=20 s
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Fig.5.30 Motion response simulation (Head sea condition-asymmetrical flooding)
WH=11.2cm  Flooding Mass=1.5 kg Flooding Time=20 s
GM=781cm  w=7.51/s (1.2 hertz)
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Fig.5.31 Motion response experiment (Head sea condition-asymmetrical flooding)
WH=8.8 cm Flooding Mass=1.7 kg Flooding Time=20 s
GM=7.81cm  w=8.81/s (1.4 hertz) TS2927S.DAT
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Fig.5.32 Motion response simulation (Head sea condition-asymmetrical flooding)
WH=8.8 cm Flooding Mass=1.7kg  Flooding Time=20s
GM=7.81 cm 0=8.8 1/s (1.4 hertz)
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Fig.5.33 Motion response experiment (Head sea condition-symmetrical flooding)
WH=11.6 cm  Flooding Mass=2.2 kg Flooding Time=20s
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Fig.5.34 Motion response simulation (Head sea condition-symmetrical flooding)
WH=11.6 cm  Flooding Mass=2.2 kg Flooding Time=20s

GM=7.81 cm ®=5.01/s (0.8 hertz)
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Fig.5.35 Motion response experiment (Head sea condition-symmetrical flooding)
WH=11.7cm  Flooding Mass=2.1 kg Flooding Time=20 s
GM=7.81 cm ®=6.3 r/s (1.0 hertz) TS2929S.DAT
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Fig.5.36 Motion response simulation (Head sea condition-symmetrical flooding)
WH=11.7cm  Flooding Mass=2.1 kg Flooding Time=20 s

GM=781cm  ®=6.31/s (1.0 hertz)
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Fig.5.37 Motion response experiment (Beam sea condition-asymmetrical flooding)
WH=9.6 cm Flooding Mass=1.2 kg Flooding Time=20 s

GM=781cm  ®w=3.81/s (0.6 hertz) TS2931S.DAT
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Fig.5.38 Motion response simulation (Beam sea condition-asymmetrical flooding)
WH=9.6 cm Flooding Mass=1.2 kg Flooding Time=20s
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Fig.5.39 Motion response experiment (Beam sea condition-asymmetrical flooding)
WH=10.1cm  Flooding Mass=1.2 kg Flooding Time=20 s
GM=7.81cm  ®=5.01/s (0.8 hertz) TS2932S.DAT
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Fig.5.40 Motion response simulation (Beam sea condition-asymmetrical flooding)
WH=10.1cm  Flooding Mass=1.2 kg Flooding Time=20s
GM=7.81cm  ®=5.01/s (0.8 hertz)
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Fig.5.41 Motion response experiment (Beam sea condition-asymmetrical flooding)
WH=11.4cm  Flooding Mass=1.2 kg Flooding Time=20 s
GM=7.81cm  ®=6.31/s (1.0 hertz) TS2933S.DAT
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Fig.5.42 Motion response simulation (Beam sea condition-asymmetrical flooding)
WH=11.4cm  Flooding Mass=1.2 kg Flooding Time=20 s
GM=7.81 cm ®=6.3 r/s (1.0 hertz)
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Fig.5.43 Motion response experiment (Beam sea condition-asymmetrical flooding)
WH=8.8 cm Flooding Mass=1.3 kg Flooding Time=20 s
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Fig.5.44 Motion response simulation (Beam sea condition-asymmetrical flooding)
WH=8.8 cm Flooding Mass=1.3 kg Flooding Time=20 s
GM=7.81cm  w=7.51/s (1.2 hertz)
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Fig.5.45 Motion response experiment (Beam sea condition-asymmetrical flooding)
WH=8.1 cm Flooding Mass=1.4kg  Flooding Time=20 s
GM=781cm  ®=8.81/s (1.4 hertz) TS2935S.DAT
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Fig.5.46 Motion response simulation (Beam sea condition-asymmetrical flooding)
WH=8.1 cm Flooding Mass=1.4 kg Flooding Time=20 s

GM=7.81 cm ®=38.8 /s (1.4 hertz)

178



g

SWAY |

g
¥
g

5.86
2.98
0.00™ 10 207 30T 407 50! 60! 707 8ol
SECONDS
SECONDS
1
0

0.
-0.8
~-1.6

&01 707 80/
SECONDS
g t 20! a0l
g 0.07
8 -1.58
% -3.13
Ex.oz‘:’{ W
e
5 0.513
:’::_o.oool 107 WAW' Rl (Ao VI 1 2 e v 1) L 607
) SECONDS
8 468
£ ....unHHHHHhmmnmHHHHmmnnmmmmnnnh,mn1Hm|
g °-00 VU R Y IRPI VT VT VU R 'H'HH' "l"! R0 T FUVU LR YU vy
£ -4.65

Fig.5.47 Motion response experiment (Beam sea condition-symmetrical flooding)
WH=9.8 cm Flooding Mass=0.9 kg Flooding Time=10 s
GM=781cm  w=6.31/s (1.0 hertz) TS2939S.DAT

179



SWAY (M)
s 92
® Ny

0.0f 20T aor &0 5ol

HEAVE (CM)
1 1

~ 5.0

8 A

= i s A wor
AR LAARA A At AAAAMMMLIAL LA AR A A

YAW (DES)
© o ©
©
=

iy uu”n 'mml”” ””H”!'”H!H

e At

% 0.000! T g o o

ot
TR

g_l]ag
-
-
-
—
—
—
———
B
—
—

1
@ o
M oo

WAVE H. (CM

Fig.5.48 Motion response simulation (Beam sea condition-symmetrical flooding)
WH=9.8 cm Flooding Mass=0.9 kg Flooding Time=10's
GM=7.81cm  w=6.31/s (1.0 hertz)

180



ol ‘AMNNNWNMM/NMANWM\ANWWWWWWWVWWWNMNVWVWWW

SWAY (CM)

0. 00 ._—_-ﬁ—_"’w\pu v 307 407 507 807 707 BOT
. SECONDS

-3.36

HEAVE (CM)

B 2.92 )
e 4.96]
j A AAn.AAAAnAA ANAAAAANA

2 9.00[" 0 "WEOVVV WV Y Qb"" """ T 5Ol eol 70! BOT
SECONDS

.00}

54
&> N
o] o)

YAW (DEB)

]
a
E 0.000
o

-0. 1467

3.24)

\ lHnHHlHlH HHH IHIIHHhHHHHIHHII mlnHlIleHmllnHmnilm.unm
0. 00 H”; |[||; i |”v e TV |]v-| "."w” s YU BRI YUY Y b RS UU YV ERI U

WAVE H. (CM

~3.24

Fig.5.49 Motion response experiment (Beam sea condition-symmetrical flooding)
WH=8.2 cm Flooding Mass=0.9 kg Flooding Time=10s
GM=7.81 cm w=7.5 /s (1.2 hertz) TS2940S.DAT
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Fig.5.50 Motion response simulation (Beam sea condition-symmetrical flooding)
WH=8.2 cm Flooding Mass=0.9 kg Flooding Time=10 s
GM=7.81 cm w=7.51/s (1.2 hertz)
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Fig.5.51 Motion response experiment (Beam sea condition-symmetrical flooding)
WH=7.0 cm Flooding Mass=0.9 kg Flooding Time=10 s
GM=7.81cm  ©=8.81/s (1.4 hertz) TS2941S.DAT
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Fig.5.52 Motion response simulation (Beam sea condition-symmetrical flooding)
WH=7.0 cm Flooding Mass=0.9 kg Flooding Time=10 s
GM=7.81 cm m;8.8 1/s (1.4 hertz)
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Fig.5.53 Motion response experiment (Head sea condition-asymmetrical flooding)
WH=8.2 cm Flooding Mass=0.6 kg Flooding Time=10 s
GM=229cm  ®=3.81/s (0.6 hertz) TS2957S.DAT
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Fig.5.54 Motion response simulation (Head sea condition-asymmetrical flooding)
© WH=8.2 cm Flooding Mass=0.6 kg Flooding Time=10 s
GM=2.29 cm w=3.8 1/s (0.6 hertz)
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Fig.5.55 Motion response experiment (Head sea condition-asymmetrical flooding)
WH=10.1cm  Flooding Mass=0.6 kg Flooding Time=10 s
GM=2.29 cm =5.0 r/s (0.8 hertz) TS2958S.DAT
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. Fig.5.56 Motion response simulation (Head sea condition-asymmetrical flooding)
WH=10.1cm  Flooding Mass=0.6 kg Flooding Time=10s -
GM=229cm  w=5.01/s (0.8 hertz)
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Fig.5.57 Motion response experiment (Head sea condition-asymmetrical flooding)
WH=4.7 cm Flooding Mass=0.4 kg Flooding Time=10s -
GM=22%9cm  ®=2.51/s (0.4 hertz) TS2959S.DAT
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Fig.5.58 Motion response simulation (Head sea condition-asymmetrical flooding)
WH=4.7 cm Flooding Mass=0.4 kg Flooding Time=10 s
GM=2.29 cm w=2.51/s (0.4 hertz)
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Fig.5.59 Motion response experiment (Head sea condition-asymmetrical flooding)
WH=7.8 cm Flooding Mass=0.6 kg Flooding Time=10s
GM=229cm  ®=3.81/s (0.6 hertz) TS2960S.DAT
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Fig.5.60 Motion response simulation (Head sea condition-asymmetrical flooding)
WH=7.8 cm Flooding Mass=0.6 kg Flooding Time=10 s
GM=229cm  ®=3.81/s (0.6 hertz)
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Fig.5.61 Motion response experiment (Head sea condition-asymmetrical flooding)
WH=8.8 cm Flooding Mass=0.5 kg Flooding Time=10 s
GM=229cm  ®=5.01/s (0.8 hertz) TS2961S.DAT
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Fig.5.62 Motion response simualtion (Head sea condition-asymmetrical flooding)
WH=8.8 cm Flooding Mass=0.5 kg Flooding Time=10 s
GM=2.29 cm ®=5.0 1/s (0.8 hertz)
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Fig.5.63 Motion response experiment (Head sea condition-asymmetrical flooding)
WH=9.6 cm Flooding Mass=0.4 kg Flooding Time=5 s
GM=229cm  ®=6.3 1/s (1.0 hertz) TS2962S.DAT
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Fig.5.64 Motion response simulation (Head sea condition-asymmetrical flooding)
WH=9.6 cm Flooding Mass=0.4 kg Flooding Time=5 s
GM=2.29 cm ®=6.3 r/s (1.0 hertz)
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Fig.5.65 Motion response experiment (Head sea condition-asymmetrical flooding)
WH=7.3 cm Flooding Mass=0.5 kg Flooding Time=10s
GM=229cm  ®=7.51/s (1.2 hertz) TS2963S.DAT
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Fig.5.66 Motion response simulation (Head sea condition-asymmetrical flooding)
WH=7.3 cm Flooding Mass=0.5 kg Flooding Time=10 s

GM=2.29 cm w=7.51/s (1.2 hertz)
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Fig.5.67 Motion response experiment (Head sea condition-asymmetrical flooding)
WH=6.6 cm Flooding Mass=0.3 kg Flooding Time=5 s
GM=229cm  ®=8.8 r/s (1.4 hertz) TS2964S.DAT
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Fig.5.68 Motion response simulation (Head sea condition-asymmetrical flooding)
WH=6.6 cm Flooding Mass=0.3 kg Flooding Time=5 s
GM=2.29 cm ®=8.8 r/s (1.4 hertz)
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Fig.5.69 Motion response experiment (Head sea condition-asymmetrical flooding)
WH=6.8 cm Flooding Mass=0.4 kg Flooding Time=5 s
GM=229cm  ®=5.071/s (0.8 hertz) TS2967S.DAT
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Fig.5.70 Motion response simulation (Head sea condition-asymmetrical flooding)
WH=6.8 cm Flooding Mass=0.4 kg Flooding Time=5 s
GM=2.29 cm ®=5.0 1/s (0.8 hertz)
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Fig.5.71 Motion response experiment (Head sea condition-asymmetrical flooding)
WH=6.2 cm Flooding Mass=0.4 kg Flooding Time=5 s
GM=229cm  ®=2.51/s (0.4 hertz) TS2968S.DAT
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Fig.5.72 Motion response simulation (Head sea condition-asymmetrical flooding)
WH=6.2 cm Flooding Mass=0.4 kg Flooding Time=5 s
GM=2.29 cm w=2.51/s (0.4 hertz)
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Fig.5.73 Motion response experiment (Head sea condition-asymmetrical flooding)
WH=123cm  Flooding Mass=0.3 kg Flooding Time=5 s
GM=229cm  ®=3.8 1/s (0.6 hertz) TS2969S.DAT
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Fig.5.74 Motion response simulation (Head sea condition-asymmetrical flooding)
WH=12.3cm  Flooding Mass=0.3 kg Flooding Time=5 s
GM=229cm  ®=3.8 1/s (0.6 hertz)
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Fig.5.75 Motion response experiment (Head sea condition-asymmetrical flooding)
WH=129cm  Flooding Mass=0.4 kg Flooding Time=5 s
GM=229cm  ®=5.071/s (0.8 hertz) TS2970S.DAT
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Fig.5.76 Motion response simulation (Head sea condition-asymmetrical flooding)
WH=129cm  Flooding Mass=0.4 kg Flooding Time=5 s
GM=2.29 cm ®=5.0 r/s (0.8 hertz)
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Fig.5.77 Motion response experiment (Head sea condition-asymmetrical flooding)
WH=123cm  Flooding Mass=0.3 kg Flooding Time=5 s
GM=2.29 cm ©=6.3 1/s (1.0 hertz) TS2971S.DAT
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Fig.5.78 Motion response simulation (Head sea condition-asymmetrical flooding)
WH=123cm  Flooding Mass=0.3 kg Flooding Time=5 s
GM=2.29 cm ®=6.3 1/s (1.0 hertz)
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Fig.5.79 Motion response experiment (Beam sea condition-asymmetrical flooding)
WH=5.3 cm Flooding Mass=0.5 kg Flooding Time=10 s
GM=229cm  ®=2.51/s (0.4 hertz) TS2972S.DAT
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Fig.5.80 Motion response simulation (Beam sea condition-asymmetrical flooding)
WH=5.3 cm Flooding Mass=0.5 kg Flooding Time=10s
GM=229cm  w=2.51/s (0.4 hertz)
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Fig.5.81 Motion response experiment (Beam sea condition-asymmetrical flooding)
WH=10.2cm  Flooding Mass=0.2 kg Flooding Time=5 s
GM=229cm  ®=3.81/s (0.6 hertz) TS2974S.DAT
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Fig.5.82 Motion response simulation (Beam sea condition-asymmetrical flooding)
WH=10.2cm  Flooding Mass=0.2 kg Flooding Time=5 s

GM=2.29 cm ®=3.8 1/s (0.6 hertz)
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Fig.5.83 Motion response experiment (Beam sea condition-asymmetrical flooding)
WH=9.4 cm Flooding Mass=0.2 kg Flooding Time=5 s
GM=229cm  ®=5.01/s (0.8 hertz) TS2975S.DAT
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Fig.5.84 Motion response simulation (Beam sea condition-asymmetrical flooding)
WH=9.4 cm Flooding Mass=0.2 kg Flooding Time=35 s
GM=2.29 cm ®=5.0 /s (0.8 hertz)
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Fig.5.85 Motion response experiment (Beam sea condition-asymmetrical flooding)
WH=7.4 cm Flooding Mass=0.2 kg Flooding Time=5 s
GM=229cm  ®=6.31/s (1.0 hertz) TS2976S.DAT
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Fig.5.86 Motion response simulation (Beam sea condition-asymmetrical flooding)
WH=7.4 cm Flooding Mass=0.2 kg Flooding Time=5 s
GM=2.29 cm =6.3 /s (1.0 hertz)
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Fig.5.87 Motion response experiment (Beam sea condition-asymmetrical flooding)
WH=8.6 cm Flooding Mass=0.2 kg Flooding Time=5 s
GM=229cm  w=7.5r1/s (1.2 hertz) TS2977S.DAT
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Fig.5.88 Motion response simulation (Beam sea condition-asymmetrical flooding)
WH=8.6 cm Flooding Mass=0.2 kg Flooding Time=5 s

GM=2.29 cm w=7.51/s (1.2 hertz)
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Fig.5.89 Motion response experiment (Beam sea condition-asymmetrical flooding)
WH=7.0 cm Flooding Mass=0.2 kg Flooding Time=5 s
GM=2.29 cm ®=8.8 1/s (1.4 hertz) TS2978S.DAT
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Fig.5.91 Motion response experiment (Beam sea condition-symmetrical flooding)
WH=5.5 cm Flooding Mass=0.3 kg Flooding Time=5 s
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Fig.5.92 Motion response simulation (Beam sea condition-symmetrical flooding)
WH=5.5 cm Flooding Mass=0.3 kg Flooding Time=5 s

GM=2.29 cm w=2.5 1/s (0.4 hertz)
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Fig.5.93 Motion response experiment (Beam sea condition-symmetrical flooding)
WH=10.1cm  Flooding Mass=0.3 kg Flooding Time=5 s
GM=229cm  ®=3.8 1/s (0.6 hertz) TS2980S.DAT
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Fig.5.94 Motion response simulation (Beam sea condition-symmetrical flooding)
WH=10.1cm  Flooding Mass=0.3 kg Flooding Time=35 s
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Fig.5.95 Motion response experiment (Beam sea condition-symmetrical flooding)
WH=8.9 cm Flooding Mass=0.3 kg Flooding Time=5 s
GM=229cm  ®=5.01/s (0.8 hertz) TS2981S.DAT
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Fig.5.96 Motion response simulation (Beam sea condition-symmetrical flooding)
WH=8.9 cm Flooding Mass=0.3 kg Flooding Time=5 s
GM=2.29 cm ®=5.0r/s (0.8 hertz)
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Fig.5.97 Motion response experiment (Beam sea condition-symmetrical flooding)
WH=8.9 cm Flooding Mass=0.3 kg Flooding Time=5 s
GM=229cm  ®=6.31/s (1.0 hertz) TS2982S.DAT
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Fig.5.98 Motion response simulation (Beam sea condition-symmetrical flooding)
WH=8.9 cm Flooding Mass=0.3 kg Flooding Time=5 s
GM=229cm  ®=6.31/s (1.0 hertz)
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CHAPTER 6

PARAMETRIC STUDIES
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6.1 INTRODUCTION

This chapter presents the results of an extensive parametric study to investigate
various non-linear aspects of the prediction of the large amplitude motion responses of a
semi-submersible. The investigations were carried out for the particular semi-
submersible geometry using a numerical simulation technique in the time-domain. The
simulations were performed for the model during intact, progressive and post-flooding
conditions under the combined loading of regular waves, steady wind and current for two

different heading angles.

The main objectives of the parametric studies were to investigate the following
aspects, which can non-linearly influence the motion responses and which can not be
studied by linear frequency-domain prediction techniques. These aspects are the effects
of flooding time and mass, non-linear wave-exciting and rigid-body induced motion (i.e.
added mass and damping) forces, non-linear restoring forces, steady wind and current,

variation of GM, initial position of the semi-submersible on motion responses.

Thus, this chapter is intended to provide some insight into the physical effects of

the non-linear terms in the motion equations which are associated with the wave-
~excitation forces, rigid-body induced motion forces and restoring forces. Since the
resulting motion responses could have a steady component as well as the oscillatory one,
the force and motion phenomenon were also highlighted through the computation of these

components.

6.2 PRESENTATION OF PARAMETRIC STUDIES

This section provides general information on the parametric studies. The aspects
mentioned as the objectives of this chapter in the previous section were investigated under

the following subtitles:

i)  Effects of flooding time and mass on the roll response
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ii)  Effects of non-linear wave excitation and restoring forces on the
motion behaviour
iii)  Effects of coupling between heave and roll modes of motion
iv)  Effects of steady wind and current on the motion behaviour
v)  Effects of second-order forces
- First-order relative wave elevation
- Non-linear drag force
vi)  Effects of non-linear added mass and damping force on motion
behaviour
vii)  Effect of different GM in steady and oscillatory motion behaviour

viii)  Effect of initial condition on motion behaviour

Among the effects listed above, v is associated with the second-order phenomenon.
Therefore, a brief definition of the second-order steady forces and their components is
presented prior to considering the effects of second-order forces. Parametric studies were
carried out for the semi-submersible model which was described in more detail in

Chapter 5. A general arrangement of the model is shown in Fig.2.2.

Head and beam sea conditions were considered in the parametric studies. In most
of the computations, the wave frequency range varied from 1 to 10 rad/s (0.12to 1.191/s
in full scale). The wave heights varied from 5 to 30 cm (3.5 to 21 min full scale).

When the effects of steady wind and current were taken into account, it was
assumed that they acted as in the same direction as the waves. Based on some full scale
measurements, a typical value of 6.16 m/s (51.5 m/s in full scale) for the steady wind

velocity and 0.1 m/s (0.8 m/s in full scale) for the steady current velocity were selected.
In damaged conditions, the model was assumed to be damaged at one or two of the

inner columns. The flooding time varied from 5 to 15 s (41 to 125 s in full scale) while

the flooding mass was varied from 1.5 to 5 kg (514 to 1715 tin full scale).
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For the investigation of varying GMs, three different loading condition were tested.
These conditions yielded corresponding GM values of 1.9, 3.8 and 7.9 cm in model
scale. The highest GM value was used in the parametric studies presented in the other

sections of the chapter.

6.2.1 THE EFFECT OF FLOODING TIME AND MASS ON THE ROLL

RESPONSE

The non-linear motion equations given in Section 4.5 were applied to a semi-
submersible model in the presence of no wind or current. As defined in more detail by
Soylemez (1988), 110 computer simulations were carried out. The objective of this
investigation was to determine the effect of size of flooded compartment and flooding

time on motion response amplitudes.

Tabulated results of the computations for the above defined damaged condition (i.e.
semi-submersible was assumed to be damaged at the inner columns) are given in Tables
6.1 and 6.2 and Figs.6.1-3 for the roll motion response. Although it is not very
significant in the tables but quite clear in Figs.6.1-3, the general trend of the findings is
that as the flooding time increases, the motion amplitudes in the transient region decrease.
This group of studies also indicated that the transient motion displacement during
progressive flooding can be significantly higher than that during post-flooding

(Figs.6.1-3).
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Fig.6.1  Motion response simulation of roll
WH=10 cm Flooding Mass=5 kg Flooding Time=5s
GM=7.9 cm =7 rad/s
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Fig.6.3  Motion response simulation of roll .
WH=10 cm Flooding Mass=5 kg Flooding Time=15 s
GM=7.9 cm =7 rad/s
Roll Displacements in
Freq |Roll Displacements Post _Flooding Condition (deg)
(rad/s) |In Intact Condlition Flooding Flooding Flooding
(deg) Time=5 s Time=10 s Time=15 s
1 0.325 8.300 8.300 8.021 ’
2 2.120 9.983 10.225 9.834
3 1.948 10.070 9.774 9.940
4 2.120 10.385 10.137 9.983
5 2.005 10.225 9.920 9.877
6 1.490 9.822 9.483 9.167
7 0.802' 9.167 - 8.855 8.820
8 0.218 8.905 8.626 8.251
9 0.097 8.709 8.709 8.467
10 0.160 8.840 8.467 8.403
Wave Height = 10 cm
Water Mass in Flooded Compartment = 1.5 kg

Table 6.1- The Effect of Flooding Time on Roll Response Predictions
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6.2.2. EFFECTS OF NON-LINEAR WAVE EXCITATION AND

RESTORING FORCES ON MOTION BEHAVIOUR

In order to show these two effects, the results of the computations for the heave and
roll motion responses are provided in Tables 6.3 and 6.4 for two different wave heights
(10 and 30 cm). In these computations, the model was in intact condition and no effect of

wind or current was taken into account.

In table 6.3, linear displacements were obtained from the solution of the linear small
amplitude motion equations in the frequency-domain whereas non-linear displacements
were obtained from the solution of the large amplitude non-linear motion equations in the
time-domain. In the latter solution, the two force terms were obtained through an actual

non-linear modelling while in the former solution the non-linear effects were neglected.

In general, the heave and roll response values obtained from the non-linear model
are higher than the response values obtained from the linear model. This trend becomes
strong in the resonance regions. For instance, in the heave resonance region (2.5 rad/s)
the non-linear formulation yields response values which are about 45% higher than the
linear formulation for the extreme wave height of 30 cm in model scale. In the roll
resonance region (1.5 rad/s), the non-linear formulation gives roll response displacement

about 14% higher than does linear theory.

Table 6.4 shows the effects of non-linearities in wave excitation forces and
stiffness terms independently. Since the heave stiffness remains constant during lérge
amplitude oscillations in single degree of freedom due to the geometrical configuration of
the semi-submersible, heave displacements compared in the Table 6.4, show the effect of

non-linear heave excitation forces only.
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Roll Displacements In
Freq | Roll Displacements Post Flooding Condition (deg)
(rad/s) | in Intact CondIition Flooding Flooding Flooding
(deg) Time = 5 s Time = 10 s Time = 15 s
1 1.328 27.622 27.542 27.067
2 6.767 28.098 28.109 28.109
3 6.043 28.762 28.648 28.648 .
4 6.446 29.817 29.794 27.892
5 6.043 28.648 28.086 28.000
6 5.605 29.209 29.089 27.399
7 2.380 29.885 29.863 27.622
8 0.724 29.404 29.284 27.267
9 0.371 28.648 28.545 27.301
10 0.498 29.404 29.284 27.267
Wave Height = 30 cm 7
Water Mass in Flooded Compartment = 5 kg

Table 6.2- The Effect of Flooding Time on Roll Response Predictions

Freq Linear Heave | Non-Linear Heave Linear Roll Non-Linear Roll
(1adfs) [Displacements (m) |Displacements (m) {Displacements (deg) |Displacements (deg)
Hw=10 cm [Hw=30cm| Hw=10cm- JHw=30cm| Hw=10cm | Hw=30cm | Hw=10cm | Hw=30 cm
1 0.050 0.149 0.050 0.151 0.390 1.170 0.325 1.328
2 0.056 0.166 0.058 0.159 1.972 5.917 2.120 6.767
3 0.016 0.049 0.018 0.071 1.904 5.711 1.948° 6.043
4 0.017 0.052 0.017 0.053 2.064 6.193 2.120 6.446
5 0.009 0.026 0.009 0.026 1.927 5.780 2.005 6.043
6 0.001 0.002 0.001 0.002 1.422 4.266 1.490 5.605
7 0.004 0.013 0.004 0.013 0.688 2.064 0.802 2.380
8 0.006 0.016 0.005 0.016 0.115 0.344 0.218 0.724
9 0.003 0.010 0.003 0.010 0.183 0.550 0.097 0.371
10 0.001 0.003 0.001 0.003 0.206 0.619 0.160 0.498
Table 6.3- Comparison of Linear and Non-linecar Motion Response Predictions
Heave Displacements (m) [Roll Displacements (deg) |[Roll Displacements (deg)
Freq {Linear Heave| Non-Linear | Linear Roll{ Non-Linear ‘Linear Non-Linear
(rad/s) | Excitation {Heave Excit.] Excitation | Roll Excit. Stiffness Stiffness
Forces Forces Forces Forces
1 0.149 0.151 1.170 1.585 1.170 1.516
2 0.166 0.159 5917 5.925 5.917 8.595
3 0.049 0.071 5.711 5.882 5711 6.505
4 0.052 0.053 6.193 6.47 6.193 6.606
5 0.026 0.026 5.780 5.994 5.780 5.884
6 0.002 0.002 4.266 4.484 4.266 4.216
7 0.013 0.013 2.064 2.36 2.064 2.078
8 0.016 0.016 0.344 0.722 0.344 0.336
9 0.010 0.010 0.550 0.394 0.550 0.539
10 0.003 0.003 0.619 0.502 0.619 0.596
Heave Stiffness Constant Roll Stiffness Constant Linear Roll Excit. Moment
Wave Height = 30 cm

Table 6.4- The Effect of Non-linear Wave Excitation forces and of Non-linear Stiffness on Motion Responses

6.2.3 EFFECT OF COUPLING BETWEEN THE HEAVE AND ROLL

MODE OF MOTION

The hydrodynamic coupling between heave and roll motions is one of the most
important aspects in simulating large amplitude motions. In Table 6.5, the results of the
computations for the coupled and uncoupled cases are provided for the intact condition.
As shown in the table the inclusion of the coupling indicates the higher motion responses

for both modes of the motions.
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Freq Uncoupled Coupled Uncoupled Coupled
(rad/s) Heave (cm) | Heave (cm) | Roll (deg) Roll (deg)
1 5.00 5.13 0.33 0.44
2 5.80 6.31 2.12 3.30
3 1.80 2.69 1.95 2.06
4 1.70 1.94 2.12 2.21
5 0.90 0.99 2.01 2.17
6 0.05 0.06 1.49 1.58
7 0.40 0.48 0.80 0.82
8 0.50 0.58 0.22 0.24
9 0.30 0.37 0.10 0.10
10 0.09 0.11 0.16 0.18

Wave Height = 10 cm

Table 6.5- Effect of Coupling Between Different Mode of Motions

6.2.4 EFFECTS OF STEADY WIND AND CURRENT

The environmental effects caused by wind and current influence the motion
responses. When the effects are combined with the effect of the waves, large amplitude

motions could occur and this aspect can be investigated through time-domain analysis.

In order to explore the effects, the steady wind and current were formulated and
combined with the wave effects in the program. The method for the wind force
calculation is given in Appendix A while that for the current is represented in Section

3.2.6.

The results of the computations for the intact model's motion responses in surge
heave and pitch motions are presented in Figs.6.4., 6.6 and 6.7. The results presented in

Figs.6.4 and 6.7 excluding wind and current effects do not include drag forces.
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Fig.6.4 Effect of wind and current and current loading on surge response

predictions (GM=7.9 cm)
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Fig.6.5 Effect of wind and current loading on surge drift predictions
(GM=7.9 cm)
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Fig.6.6 Effect of wind and current loading on heave response predictions

(GM=7.9 cm)
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Fig.6.7 Effect of wind and current loading on pitch response predictions

(GM=7.9 cm)

The effect of steady wind and current on first order oscillatory and steady drift
motions was also investigated. This investigation showed that steady wind and current
forces alter the mooring stiffness characteristics and this in turn causes significant

changes in motion response characteristics, except for heave motions (see Figs.6.4-6.7).
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6.2.5 EFFECTS OF SECOND-ORDER STEADY FORCES

When a floating structure is subjected to the surface waves, hydrodynamic forces
and moments are exerted on its body. These forces and moments will have first-
order,oscillatory components as well as small second-order, steady (mean) or low

frequency components due to various non-linear effects (Pinkster 1980).

The first-order forces (or moments) are linearly proportional to wave height and
cause the oscillatory motions of the structure with frequencies equal to the frequencies in
the wave spectrum. The second-order forces (or moments) are linearly proportional to
the square of the wave height and can cause large amplitude resonant behaviour of
motions with very low damping. In a general definition, the term of second-order
contains the product of two first-order terms which can be wave height, particle

velocity,pressure, current velocity or vessel's motion response.

In spite of their small magnitudes, the second-order forces may have important
effects on semi-submersibles. Depending on the mode of excitation, the motion response
of the vessel can be magnified resulting in large excursions from the mean position when

the vessel's has a long natural period.

Semi-submersibles experience relatively large second order forces in the vertical
direction as well as large drift forces in the horizontal direction because of their small
waterplane area and large submerged hulls. These forces are thought to be responsible
for the long period roll or steady tilt behaviour and heave phenomena of semi-

submersibles (Numata et al. 1976, Martin and Kuo 1979, Atlar 1986).

In the most general case, the second-order forces can be grouped into two main

categories based on the flow characteristics as follows:

i)  Potential flow forces

ii) Viscous flow forces
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The most comprehensive discussion of the second-order potential forces is given by

Pinkster (1980) who presented five contributions involved in these forces as follows:

i) Relative wave elevation

ii) Pressure drop

iii) Product of first-order translational motion and pres‘sure
iv) Product of first-order rotational motion and inertia forces

v) Second-order potential

Later Standing et al. (1981a,1981b) introduced a 6th component to the steady
forces due to the non-linear restoring effects. On the other hand, Morison's equation has
the advantage of taking account of the viscous effect. By using this approach, several
researchers introduced a 7th component to the steady forces associated with the viscous

effects (Pijfers 1977, Ferretti 1980, Lundgreen 1982, Chakrabarti 1983).

In the following, these seven components are briefly defined based on the above
references. By referring to these components, the components incorporated in the time-

domain simulation program developed in the thesis are identified.

i) First component of the Second-Order Steady Forces due to First
Order Relative Wave Elevation

First order relative wave elevation between the mean waterline of the structure and

instantaneous free surface gives rise to the first component of the second-order steady

forces.
1 2
-3pP & I Cr ndl
WL (6.1)
where
g, Relative wave elevation
dl Line element of the waterline
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This second-order force component was also introduced as wave elevation drift
force by Chakrabarti (1984b). Chakrabarti (1984a) gave a broad theoretical explanation

of the steady drift forces on vertical cylinders.

il) Second Component of the Second-Order Steady Forces due to
Pressure Dr

The quadratic term in Bernoulli's equation gives rise to a steady second-order
component when the first-order potential is used to calculate the pressure acting on the

surface of the structure

_Sjj_ =p |V ¢ @ |2n ds
o

(6.2)

where

v Vector operator

[ Velocity potential

n Unit normal vector to surface (positive outward)

as Surface element of S,
Chakrabarti (1984b) named this component the velocity head drift force.

Pr radi First-Order Pr r
First-Order Motion

This component represents the change in the force due to first order motions

through the pressure field (see Standing et al. 1981b).

- p(xP v 8"y nds
So  (6.3)
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where
1

A Derivation of the first-order velocity potential with
respect to time
1) ) .
X First-order motion vector of surface element ds

relative to the fixed co-ordinate system

iv) Fourth Component of the Second-Order Steady Forces due to

Products of First-Order Angular Motions and Inertia Forces

The first-order rotation on the direction of the fluid pressures acting at right angles
to the structure's instantaneous surface gives rise to the fourth component of the second-
order steady forces (See Standing 1981a). Therefore, this term takes the structure's
rotational oscillations into account in the calculation of first-order wave exciting forces

acting on a floating vessel.

(1

aVaM X, ~ : 6.4)
where

Ot(l) First-order angular motion vector

.(1)

Xg First-order acceleration vector of the centre of

gravity relative to the fixed co-ordinate system

Contribution from the products of first-order angular motions and inertia forces is

defined by Chakrabarti (1984b) as rotational inertia drift force.

v) Fifth Component of the Second-Order Steady Forces due to
Second-Order Potential

This component arises due to the second-order velocity potentials and is expressed

as.
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- 11-p @, +8, ynds
o

!

(6.5)
where
(2) .. L. .
®, Derivative of second-order potential of undisturbed
t
incoming waves with respect to time
(2) .. . . .
9, Derivative of second-order diffraction potential
t
incoming waves with respect to time
vi) Sixth Component of the Second-Order Steady Forces due to
Non-linear Hydrostatic Sti

This component of the second order steady forces was defined by Standing et al.
(1981a-1981b) in the following form: '

—3P 82 AM}+n) (0,0, 1) 6.6)
where

Z, Heave motion

A Water plane area

U Roll motion response

7 Pitch motion response

(0,0,1) Normal vector components

The equation given above by Standing et al. (1981b) represents the changes in the

buoyancy force due to second-order motions.
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vii) Seventh Component of the Second-Order Steady Forces due to
Non-linear Vi, Drift For

Morison's formula has the advantage of taking into account the viscous effect of the
flow. In this formula, the flow velocity in the viscous drag term may have a constant part
and a harmonic part. The constant part is induced by the mass transport of the waves
(Stokes drift) and a possible current, whereas the harmonic part is induced by the wave

particle motions (Pijfers and Brink 1977).

The constant velocity components induce steady "wave-current drag” forces at a
submerged location in terms of the form and friction factor (Ludgren et al. 1982, Ferretti

et al. 1980). The latter is a very small part of the form drag.

Since the wave particle velocity is harmonic, the drag forces induced by this
velocity at a submerged location have a zero-mean over one period. However, because of
the changing surface elevation along the splash zone of a vertical cylinder, a mean "wave-
drag" force in the horizontal direction arises due to the horiiontal wave particle velocities
(Pijfers and Brink 1977). This component is obtained when the drag forces acting on
vertical cylinders are calculated by integrating the forces up to the splash (instantaneous

water) zone.

When Morison's formula is used in the frequency-domain analysis, it is necessary
to linearise the viscous drag term (Naess and Hoff 1984). However, this linearisation
process removes the mechanism which induced the steady component associated with the
viscous effect. Whereas in the time-domain calculations, this non-linear drag term can be
taken into account without linearisation since the numerical methods are employed to

solve the motion response equations.

Chakrabarti 1984 calculated this force component for a fixed vertical cylinder and

presented it in the following form:
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F _(kH)3[ 1

pgC,p/ k> 12n Lsinh 2&d +C,(kH ) coth 2kd |

(6.7)

where
H Wave height
d Water depth
C A coefficient function of kH

Among the seven above defined steady force components, the first component was
taken in the time-domain solution by taking the upper limit of the wave-induced force and
moment integrations up to the instantaneous free surface. The second component due to
pressure drop was not taken into account since the Morison approach is used. The third
and fourth components were automatically taken into account in the time-domain
simulations since the translational and rotational oscillatory motions of the structure were
considered in the calculations of the wave-exciting forces and moments at every time step.
Since the fifth component is derived from the second-order potentials, the calculations
presented in this thesis ignore this component. The contributions of the sixth component

due to non-linear stiffness were taken into account in the simulation.

The seventh component due to viscous effect was also incorporated in the motion

equation through the non-linear drag term in the Morison approach.

In addition to the above components, centripetal forces arising from rotational
motions as explained in the formulation of non-linear added mass calculations given in
Section 4.2 were taken into account in the time-domain formulations. These forces also

contribute to the second-order steady forces acting on the structure.
Having highlighted the physics of the second-order force components, in the

following sections a set of computations is presented for the semi-submersible model

under consideration to investigate the effects of these forces.
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In these computations particular emphasis is placed on the prediction of steady tilt
behaviour of the model. This phenomenon has been reported by several investigators
(Numata et al. 1976, De Souza 1976, Martin and Kuo 1979, Atlar 1986) during several
model experiments. In these tests, it was noted that especially at low values of GM, the
models developed a "steady tilt" in regular waves which could be as high as 10%-15% and
that the médel made roll oscillations about this tilt angle. It was conjectured that the main
forces responsible for this behaviour were the steady potential vertical forces (Ogilvie
1963, Lee and Newman 1971) (i.e. due to pressure drop component) on the lower hulls
and steady horizontal forces on the columns induced by both the viscous and potential
effects. These phenomena was observ‘ed in both directions (i.e. bi-stable tilt) or in one

direction (preferred tilt).

In none of the above mentioned investigations has this non-linear steady behaviour
been looked at in the time-domain. Therefore, it would be most appropriate to explore
various aspects of this behaviour by the simulation program developed in this thesis.
However, steady vertical forces on the lower hulls are neglected in the formulation of the

simulation program.

6.2.6 THE EFFECT OF NON-LINEAR DRAG FORCE AND FIRST-

ORDER RELATIVE WAVE ELEVATION

Figs.6.8 and 6.9 shows the results of the first groups of computations for the
model in intact condition under the effect of beam waves for two different wave heights
(10 and 30 cm). In these computations, the forces acting on the vessel were evaluated by
integrating them up to still water level. In the figures a minus sign indicates the steady tilt
in the leeward direction while a positive sign indicates the seaward tilt. As shown in both
Figs.6.8 and Fig.6.9 the steady tilt could develop in both directions over the frequency

range tested and its magnitude increases with increasing wave height.
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The results of the second group of computations for the same wave conditions were
presented in Figs.6.10 and 6.11. In this case, the forces were integrated up to the
instantaneous water level which allowed the effect of relative wave elevation (i.e. first
component) and non-linear viscous drag (i.e. seventh component) as well as others as

indicated earlier in the chapter.
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Comparison of Figs.6.10 and 6.11 with Figs.6.8 and 6.9 indicates that the
inclusion of the first and seventh components increases the magnitude of the steady tilt as
well as changing its bi-stable character. As shown in Figs.6.10 and 6.11, steady tilt
occurred always in the leeward direction over the entire frequency range with the same

model as reported by Atlar (1986).
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Fig.6.12 compares the steady tilt predictions obtained from non-linear time-domain
analysis with the test measurements for the semi-submersible configuration given in
Chapter 5. As noticed in this figure the predicted steady tilt values were underestimated
for the frequency range from 4.5 to 6.5 rad/s. This underestimation is attributed to the
vertical component of the second-order force acting on the lower hulls which we‘rc not

considered in the formulation of the simulation program.
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Fig.6.12 Comparison of steady tilt angle predictions with measurements

6.2.7 THE EFFECT OF NON-LINEAR ADDED MASS AND DAMPING

FORCE

The parametric studies described in the preceding sections took into account the
non-linearities due to the time and position dependent wave forces, non-linear restoring

forces, and also non-linear damping forces in a simplified form.

Subroutine AMAS was written to calculate the non-linear added mass and damping
forces which were formulated in Section.4.2. Having included the AMAS into the
simulation program, computations in every time step increased the CPU time
significantly. Therefore, only a few wave frequencies were tested in order to investigate
the effect of non-linear added mass and damping. Table 6.6 shows the effect of non-

linear added mass and the damping force on roll response amplitudes for 1,5 and 8 rad/s.
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Roll Response (deg) Roll Response (deg)
Frequency Linear Added Mass  [Non-Linear Added Mass
(rad/s) and Damping and Damping
1 0.32 0.16
5 1.95 1.96
8 0.23 0.30

Wave Height =10 cm

Table 6.6 Effect of Non-linear Added Mass and Damping

Comparisons between the results obtained both for the linear and the non-linear
case show that there is no significant change in the motion response amplitudes results by
including non-linear added mass and damping forces for the intact condition especially for
the frequency of 5 rad/s. The roll response amplitude significantly decreased at 1 rad/sec

both for intact and damage cases whereas the roll response increased at § rad/s.

The significant decrease in roll magnitude shown in Table 6.6 for frequency of
1 rad/s which coincides with the natural roll frequency of the platform is due to the effect

of an increase in non-linear damping forces.
6.2.8 THE EFFECT OF DIFFERENT GMs ON MOTION BEHAVIOUR

In order to investigate the effects of different GM values on roll and pitch motions,
cross-curves of stability for roll and pitch motions are generated for different KG values.
Figs.C.3-8 show the cross curves of stability for three different KGs for roll and pitch

oscillations.

The application of different GMs in the solution of the roll motion equation resulted
in changes in the oscillation amplitudes and increased the steady tilt. At 1 rad/s reduction

in GM value increased the response amplitude significantly as shown in Figs.6.14-15.
The response amplitudes obtained from the differential equations with linear and

non-linear hard and soft spring characteristics are discussed in theoretical detail by Stoker

(1950). Wilson (1984) gives some insight concerning the physical response of inherently
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non-linear cable-stayed systems such as moored ship or moored landing ship tank. The
effect of non-linear pitch restoring moment on the motion response amplitude of the semi-
submersible at the resonant frequency is shown in Fig.6.16. As seen in Fig.6.16, the
pitch restoring moment has soft spring characteristics for small amplitude motions and
hard spring characteristics for large amplitude motions. This figure is also an example of
incipient jumps or erratic changes in the response amplitudes of non-linear equations.
More theoretical background on this subject is given by Bishop et al. (1986). Theoretical
investigations into the non-linear stiffness or restoring force of an offshore structure was
carried out by Virgin and Bishop (1988). Bishop and Virgin (1987) described a
combined numerical and geometric appfoach to study the dynamic behaviour of a moored
semi-submersible based on solutions of the differential equations which are non-linear in
stiffness term only. Data presented in Fig.6.16 was obtained from the numerical time-

domain simulations.

Fig.6.17 shows the importance of the initial conditions on the motion response

amplitude. As can be seen from Fig.6.17, the pitch response of a semi-submersible with

0 . . .p 0
15 initial list angle is about three times larger than that of a semi-submersible with 0

initial list angle.

Investigations into the effect of GM on the pitch motion response values and the
steady list angle under wave loading only, and under wave,wind and current loading
were presented in Figs.6.18-21. It was found that the effect of different metacentric
heights is not significant for higher frequencies so far as the magnitude of the motion

amplitudes are concerned.

Table 6.7 shows the effects of variation of GM on steady tilt and oscillatory roll

motions.
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GM =79 cm GM =38 cm GM =19 cm
Freq Wave Height = 10.cm Wave Height = 10 cm Wave Height = 10 cm
(rad/s) Roll Resp. (deg) Roll Resp. (deg) Roll Resp. (deg)
Oscillatory Steady Osclllatory Steady Osclliatory Steady
1 0.44 0.00 1.59 0.00 2.99 -0.08
2 3.30 -0.07 1.36 -0.10 1.19 -0.16
3 2.06 -0.11 1.76 -0.20 1.69 -0.34
4 2.21 -0.20 2.13 -0.35 2.15 -0.60
5 2.17 -0.22 2.08 -0.48 2.13 -0.69
6 1.58 -0.28 1.70 -0.63 1.78 -1.04
7 0.82 -0.50 0.99 -1.30 1.07 -2.46
8 0.24 -0.69 0.31 -2.39 0.44 -6.34
9 0.10 -0.90 0.15 -3.51 0.40 -12.93
10 0.18 -1.22 0.55 -7.70 1.16 -15.51

B
i 3
E

V”V

Table 6.7- Effect of Variations of GM in Steady and Oscillatory Motions
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6.3 DISCUSSION OF RESULTS

The parametric studies were performed to determine the effect of the size of the
flooded compartment and the flooding time in motion amplitudes. Tables 6.1 and 6.2
show that as the flooding time decreases the motion amplitudes increase. The parametric
calculations carried out in this study revealed that transient motion displacements during

progressive flooding can be significantly higher than those during post-flooding.

The effects of various non-linear terms in the motion equations were studied
systematically. Table 6.3 shows comparisons between the solutions of linear small
amplitude motion equations and the solutions of large amplitude non-linear equations of
the semi-submersible geometry in intact condition. As can be seen from Table 6.3, heave
and roll response values obtained from non-linear large amplitude motion equations are
higher than the response values obtained with linear motion equations, except when wave
frequencies are 9 and 10 rad/sec. In the heave resonance region, non-linear formulations
yield response which is about 45% higher than does small amplitude linear theory for the
extreme wave height of 30 cm in model scale. In the roll resonance region, non-linear
formulations give a roll displacement about 14% higher than does linear theory. The
effects of non-linearities in wave excitation forces and in stiffness terms are also
illustrated in Table 6.3. Table 6.4 shows that non-linear wave force and non-linear

stiffness terms equally affect the response values.

The heave and roll amplitudes obtained from the solutions of uncoupled and coupled
non-linear equations are compared in Table 6.5. The motion amplitudes given in this
table were obtained for a wave height of 10 cm. Table 6.5 shows that solutions obtained
from uncoupled motion equations are significantly less than those obtained from coupled
equations. Table 6.7 shows the effect of variation of GM on steady tilt and oscillating

roll motions.
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The effect of non-linear pitch restoring moment on the motion response amplitude is
shown in Fig.6.16. Fig.6.17 shows the importance of the initial conditions on the
motion response amplitude. As can be seen from Fig.17, pitch response of a semi-
submersible with 15° initial list an gle is about three times larger than that of a semi-

submersible with 0° initial list angle.

The effect of steady wind and current on first order oscillatory and steady drift
motions was also investigated. This investigation showed that steady wind and current
forces alter the mooring stiffness characteristics and this, in turn, causes significant
changes in motion response characteristics, except in heave motions (see Figs.6.4-7 and

Figs.6.18-21).

The effect of GM on the pitch motion response values and on steady list angle was
also investigated under wave and wave,wind and current loading (see Figs.6.18-21).
These figures suggest that the effect of small GM was amplified with the inclusion of
drag forces into the wave force calculations particularly for the steady motions. For
oscillatory motions, responses in the resonance region are mostly affected by increasing

the GM.
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CHAPTER 7

CONCLUSIONS
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7.1 GENERAL

The general aim of the study reported in this thesis was to develop a prediction
technique to simulate the motion response of a damaged platform under wave, wind and
current forces. This objective was achieved through the development of a computer
program based on the technique presented in Chapter 3 and 4. This program was
successfully validated through the simulation of test measurements. Some parametric
studies were conducted in order to investigate the effects of various non-linearities in

motion response predictions.

It is expected that designers and certifying bodies will benefit from this study in
their motion simulation work on the determination of several aspects of dynamic stability

including the assessment of adequacy of watertight openings.

Conclusions of the study are presented and discussed below. Recommendations

for the future work on the subject are given at the end of this chapter.
7.2 CONCLUSIONS OF CHAPTER TWO

Since the purpose of the study was to develop a prediction technique in order to
determine the motion response of a damaged platform in waves utilising a time-domain
solution technique one has to choose an accurate as well as computationally efficient

method of calculating hydrodynamic forces.

At the beginning of the study, hydrodynamic forces were calculated using the
Morison approach. A number of computer routines were developed to calculate heave
motions for head and beam sea conditions, as well as sway and surge motions of the
semi-submersible platform. Following these calculations, the coupled heave-pitch and
heave-roll motions of the semi-submersible using the Morison approach were formulated
and calculated using a new set of computer programs. The motion response values
calculated using the Morison approach were also re-calculated utilising the computer

programs based on 2-D source-sink distribution method developed by another research
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student in the Department of Naval Architect and Ocean Engineering, Glasgow
University. Comparisons of the Morison approach with the 2D source-sink distribution
technique showed that there is reasonably good agreement between the two methods for
coupled heave-pitch and heave-roll motions. Comparisons of forces for head and beam
sea conditions were also conducted and it was shown that there is also good agreement
between the two methods. Additionally, the effect of columns on the hulls was

investigated using 2-D source-sink distribution method.

The step-by-step technique to solve the coupled motion equations in the time-
domain for the simulation of large amplitude motions of a semi-submersible in intact and
damaged conditions requires the calculation of the hydrodynamic, hydrostatic and wave
exciting forces many times over a given wave cycle. One has to select an appropriate

method to determine these values so that the computational task becomes feasible.

Although both methods have advantages and disadvantages (e.g. while Morison
equation considers viscous forces, the 2D source-sink does not; while the 2D approach
can take into account the interaction effect between members the Morison approach can
not; the application of strip theory is also questionable in the case of members which do
not have uniform cross-sections such as columns) the two methods produced results in

good agreement with each other for this particular semi-submersible geometry.

Having regard to the computing and storage requirements and limitations, the
Morison approach was chosen and implemened in the time-domain motion simulation of a

damaged platform in waves.

Since the Morison approach was found to correlate well with the 2-D source-sink
distribution technique and also to be considerably more efficient in terms of CPU time
than the 2-D source-sink method, the Morison's approach was chosen to derive wave and
motion induced forces to simulate the coupled non-linear motions of a semi-submersible

in intact, progressive and post-flooding conditions.
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7.3 CONCLUSIONS OF CHAPTER THREE

The formulations derived in the previous sections were used in developing a
computer program which predicts the non-linear large amplitude motions of a floating
platform in six degrees of freedom. This computer program is described in Section 4.8.
The calculation procedure derived in Chapter 3 provides a very efficient means of
calculating wave forces and moments during the time-domain simulations of a floating
platform experiencing large amplitude motion in intact, progressive flooding and damaged

conditions.

7.4 CONCLUSIONS OF CHAPTER FOUR

In this chapter, a general method to obtain the loading on the circular cylindrical
members of offshore structures due to rigid body motion was presented. Rigid body
induced motions and total external forces were combined to obtain motion equations.
Non-linear, coupled six degrees of freedom equations were reduced to a first order
differential equation system so that a numerical solution using the Runge-Kutta method

could be employed to obtain the motion responses in the time-domain.

Some examples from simulation studies were presented to illustrate various aspects
during the development of the motion program. The results of parametric studies
obtained using these equations were presented in Chapter 6. Several difficulties
encountered during the development of the time-domain simualtion program were
explained. Particular emphasis was given to the application of ramp functions which are

necessary to obtain quick convergence in the time-domain simulation.

The formulations and the computational procedures given in this chapter provide
useful tools for the investigataion of the non-linear dynamic stability characteristics of
floating structures in waves for intact, damaged and post-flooding conditions in six

degrees of freedom.
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7.5 CONCLUSIONS OF CHAPTER FIVE

The experimental setup for intact and damaged simulation tests of a twin—hulled
semi-submersible model and the measurements carried out during inclination, natural

period and motion tests were described in Chapter 5.

The primary objectives of these tests were to compare the calculated motion
responses with the measurements in order to verify the computer simulation method, and
to study the motions of the model semi-submersible under intact, progressive flooding

and post-flooding conditions.

Comparison of the test results with the numerical simulations shows good
agreement for heave, roll and pitch motions. The measured first-order oscillatory motion
responses for surge and sway modes correlated well with those obtained numerically but
second-order steady displacements for surge and sway motions predicted using the
stiffness characteristics of a catenary mooring system are larger than experimental
measurements. This discrepancy was due to the fact that the model was moored to the
tank walls by means of harnesses which possessed high stiffness characteristics.
Similarly, the yaw motion simulation on the computer differed from experimental
measurements which showed first-order oscillatory response about a mean position. This
may be attributed to highly non-linear behaviour of the mooring lines or to the reflected
waves between tank walls. This first-order oscillatory response was not observed in the
numerical simulations during intact condition period since there was no yawing moment

acting on the platform due to its symmetrical geometry with respect to the wave direction.

During the post-flooding simulation, as can be seen in some of the figures, i.e.
Fig.5.13, there is an oscillatory roll motion in head sea condition. This could be due to
the effects of piping used to flood the model and/or green water on the deck, which would
have introduced assymmetry in the model and/or the reflected waves between tank walls.

The effect of free surface in the flooded compartment was also investigated and it

was found that it had a negligible effect on the GM.

It was noticed that the smaller the GM, the higher the probability of capsize of a

platform under post-flooding condition. During the experiments in which a maximum
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roll angle was measured as 10° and the maximum pitch angle was measured as 15% (see
Fig.5.85), green water on the decks was observed. These two typical experiments
suggest that a platform with a smaller GM (2.29 ¢cm in model scale or 1.6 m in full scale)
could be capsized even with a flooded compartment volume of 1% of the total

displacement.

Although GM is an important parameter in determining the capsize phenomenon in
waves, the effects of the downflooding angle and the green water in deck should also be

considered since they all contribute towards the occurrence of the capsize.

Although reasonable agreement. was found between theoretical predictions and
experimental measurements, further investigations into the time-domain simulation both
theoretically and experimentally is essential for a through understanding of the points

given in Section 7.7.

7.6 CONCLUSIONS OF CHAPTER SIX

The parametric studies carried out during the investigation reported in this chapter
show that non-linear coupled large amplitude motion equations yield higher responses
than those obtained from linear uncoupled motion equations as the wave excitation
frequencies approach the natural oscillation frequencies. For example, as seen in
Table 6.5, coupled heave and roll responses are 33% and 36% higher than the uncoupled

heave and roll responses respectively.

The integration of wave exciting forces acting on the columns up to the wave surface

makes a significant contribution to the steady motions (Figs.6.8-11).
It was concluded that in the resonance regions the non-linear heave and roll motion

equations yield 45% and 14% higher response values than those obtained by the linear

heave and roll motion equations respectively.
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The inclusion of static wind and current loading causes significant changes in

oscillatory and steady motion characteristics, except in heave motions, due to changes in

mooring stiffness. A large steady tilt angle occurs as the GM values decrease particularly

at high wave frequencies.

These parametric studies have also revealed that the non-linear drag force which

gives rise to steady motions does increase in the higher frequency range.

7.7 RECOMMENDATIONS FOR FUTURE WORK

With this recently completed work as a foundation, some extension of the study by

incorporating the following aspects is recommended.

ii)

Mooring Effects: The stiffness terms currently used in the motion response
equations take into account the effects of non-linear hydrostatic stiffness and
the non-linear mooring stiffness due to large steady and oscillatory
translational and oscillatory displacements of the platform. The effects of the
mooring line failure, its location and the configuration should be considered

during transient and post mooring damaged conditions.

Wind and Wave-Drift Effects: Effects of dynamic wind and gust, and
second-order steady wave forces due to pressure drop on the motions of the
platform should be investigated. The wind velocity variations obtained from
recent measurements carried out in various offshore locations should be

incorporated into the analysis.
Interference Effects: The effect of wave inertia, added-mass and damping

coefficients which take into account the interference between the members of

the structure should also be incorporated into the analysis.
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1v)  Effect of Upper Deck Buoyancy: An improved analytical technique needs to
be developed and incorporated into the analysis routines to take into account
the effects of both the buoyancy and the hydrodynamic loads of the deck on
the motion responses of a mobile platform experiencing large amplitude

oscillations during intact or damaged conditions.

v)  Effects of Multi-Directional Random Seas: An application of multi-

directional random seas in the motion response analysis should be considered.

vi)  Effects of Different Semi-Submersible Configurations: The non-linear time-
domain simulation programs developed during this study and the results given
in this thesis were based on the semi-submersible geometry shown in
Fig.2.2. However, it is also recommended that the non-linear motion
characteristics of different semi-submersible configurations be determined
systematically to arrive at general conclusions and recommendations for the

safety of mobile platforms.
7.8 CLOSURE

This thesis describes research which was aimed at providing an accurate tool to
predict the behaviour of a damaged platform under extreme environmental conditions. By
the use of this analytical tool, this study has made a contribution to the understanding of
some non-linear effects in the motion response simulation of platforms through time-

domain simulations.

It is hoped that the work presented in the thesis will enable designers and certifying
authorities to assess the safety of mobile platforms in extreme environmental and damaged

conditions.



APPENDIX A
CALCULATION OF WIND FORCES
In this appendix, a method of wind force prediction recommended by the American
Bureau of Shipping (ABS 1973) is summarised. This method is adopted in the

calculation of wind forces acting on the semi-submersible.

The total wind force on the object can be predicted using the following equation.

=1 2
F=5pccApy (A.1)
where

p Density of air (1.225 kg/m> for dry air)
Ch Height coefficient from Table A.1
Cs Shape coefficient from Table A.2
A, Characteristic area of the body
\ Wind velocity
Height (metres) [
0.0 - 15.3 1.00
15.3 - 30.5 1.10
30.5 - 46.0 1.20
46.0 - 61.0 1.30
61.0 - 76.0 1.37
76.0 - 91.5 1.43
91.5 -106.5 1.48
106.5 -122.0 1.52
122.0 -137.0 1.56
137.0 -152.5 1.60
152.5 -167.5 1.63
167.5 -183.0 - 1.67
183.0 -198.0 1.70
198.0 -213.5 1.72
213.5 -228.5 1.75
228.5 -244.0 1.77
244.0 -256.0 1.79
256.0 1.80

Table A.1 Height Coefficient
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Object Cs
Cylinders 0.5
Hull (surface type) 1.0
Deck house 1.0
Isolated structural shapes 1.5
(cranes, angles, channels, beams,etc.)

Under deck areas (smooth surfaces) 1.0
Under deck areas (exposed beams and girders) 1.3
Rig derrick (each face) 1.3

Table A.2 Shape Coefficient

If several members of an offshore structure are located in a plane normal to the wind
direction, as in the case of a plane truss or a series of columns, the solidification effect

must be taken into account. The wind force given in Eq.A.1 then becomes:

=1 2
F—2PCD59APEV' (A.2)
where

Cpp Effective force coefficient from Table A.3

6 Solidity ratio defined as the projected exposed
area of the frame normal to the direction of the
force divided by the area enclosed by the
boundary of the frame normal to the direction
of the force

App Projected area enclosed by the boundaries of
the frame

Solidity Ratio Effective Force Coefficient
Flat-side Members Circular Sections
Re<4.2x10 | Re>4.2x10

0.1 1.9 1.2 0.7

0.2 1.8 1.2 0.8

0.3 1.7 1.2 0.8

0.4 1.7 1.1 0.8

0.5 1.6 1.1 0.8

0.75 1.6 1.5 1.4

1.0 2.0 2.0 2.0

Table A.3 Effective Force Coefficient
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If two or more parallel frames or members are located behind each other in the wind

direction, the shielding effect must be taken into account.

The wind force on a shielded member can be calculated as:

F=3pCpAvin
or

1 2
F=73pCpp 0Apvn

where

Drag coefficient

n Shielding factor

(A.3)

If more than two members are located in line with the wind direction, the wind force

on the third and subsequent members should be taken to be equal to the wind load on the

second member.

Spacing ratio | Value of n for an aesodynamic solidity ratio f, of

a 0.1 0.2 03 04 [ 0.6 0.7 0.8 and over
uptol0 10 096 090 0.80 0.68 054 0.4 037

20 1.0 097 | 091 | 082 | 071 | 058 | 049 | 043

3.0 10 097 | 092 [ 084 | 074 | 053 | 054 | 048

4.0 10 098 | 093 | 0.86 | 0.77 | 0.67 | 0.59 | 0.54

5.0 1.0 098 | 094 | 088 | 080 [ 0.7! 0.64 | 0.60

6.0 and over | 1.0 099 | 095 [ 090 [ 083 | 075 | 069 | 066

Aerodynamic solidity ratio § = ¢-
where

¢ solidity ratio, see B1.
a constant

a

22

a = 1.6 for flat-sided members;

=1.2 for circular sections in subcritical range
and for flat-sided members in conjunction with
such circular sections;
=0.5 for circular sections in the supercritical
range and for flat-sided members in conjunction
with such circular sections.

Spacing ratio a: The distance, centre to centre, of the
frames, beams or girders divided by the least overall
dimension of the frame, beam or girder measured at right
angles to the direction of the wind. For triangular or
rectangular framed structures diagonal to the wind, the
spacing ratio should be calculated from the mean distance
between the frames in the direction of the wind.

Table A.4 The shielding factor n
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The wind load calculations were carried out for the semi-submersible structure for
heel and list angles of 0°, 5°, 10° and 15° in order to take into account the wind forces for
head and beam sea condition in the time-domain simulation. Lift force due to wind acting
on the vessel was not considered in the calculations. Fig.A.1 shows the general
arrangement of the superstructure which the wind load calculations are based on. Fig.A.6

shows perspective view of the superstructure and the dimensions of each element.

Results of the calculated head and beam wind force and moments are plotted in
Figs.A.2-5. Third order polynomial curves were fitted through the results in order to

define continuous functions to be used in the time-domain simulations.

B et | |

4[]] <4
I'“‘ il

Beam Wind Forces (N)

0 ' 5 10 15
Inclination Angle (deg)

Fig.A.2 Wind forces obtained for the beam sea condition
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Fig.A.3 Wind moments obtained for the beam sea condition
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Fig.A.4 Wind forces obtained for the head sea condition
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Fig.A.5 Wind moments obtained for the head sea condition
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APPENDIX B

CALCULATION OF YAW RESTORING MOMENT

In this appendix, a set of formulations to calculate the yaw restoring moments is
presented. In the time-domain simulations, the yaw restoring moments are calculated
from the non-linear mooring forces measured during the experiments of a similar semi-

submersible which was tested with catenary moorings at the Hydrodynamics Laboratory.

In calculating the yaw restoring moment, the semi-submersible is assumed to be
moored by four cables from the corner columns at an angle of 45° with respect to the
wave reference system axis. Fig.B.1 shows the mooring forces acting on the corner

columns in surge and sway directions.

Fsw

E
1

10

Fsw z

Fig.B.1 Mooring forces acting on the corner columns of the semi—submersible
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Anti-clockwise rotation is the positive yaw displacement and the mooring force

characteristics in sway and surge direction are assumed to be similar.

Restoring moments due to the mooring forces can be calculated using the following

equation:

b (B.1)

Since there are only four cables to moore the semi-submersible for this particular

case, Eq.(B.1) takes the following form:

R
l
"nMg

r. A Fi
7 (B.2)

.

where
r; Position vector of the ith node with respect to the
wave reference system

F, Mooring forces acting on the ith node

Mooring forces are taken from Fig.B.2 for instantaneous displacements of surge
and sway motions. Since the experimental measurements give the total mooring force in
one direction surge or sway forces used in the calculations are obtained by dividing the

mooring force values by two as follows:

1 .
Fgy= 2 Seux )i (B.3)
Fow =73 S00(2)J (B.4)
where
Seulx) Surge forces
Sew(z) Sway forces
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In general, r. position vector is given in the following form.
I3

ri=xii+yij+zik (B.5)

and

F,= Fsuii +stij (B.6)

If Eq.(B.6) is expressed in an explicit form for mooring forces acting on each node:

F,=F,i-F,, k

7 ] 7 (B.7)

Fy=F, i + Fy, k

(B.8)
F9=" su9i "stgk (B.9)
F10= - Fsulo t+ stlok (B.10)

Vertical forces due to mooring lines are ignored, therefore cross production in

Eq.(B.1) takes the following form:

0 1

&~

X.
i
7 Fsu

M=

i

M=

k
Z;
Fg, (B.11)

o

Yaw restoring moment due to mooring forces is the j th component of Eq.(B.2).

Mya, = (Fgy 2; — Fg, x.)

7 ! (B.12)

n.Mg

4
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Fig.B.2 Mooring force characteristics for sway and surge motions
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APPENDIX C

CALCULATION OF NON-LINEAR ROLL AND PITCH RESTORING
MOMENTS

In order to solve the large amplitude non-linear roll and pitch motion equations for a
semi-submersible, roll and pitch restoring coefficients are needed as well as the other
hydrodynamic properties for any given heel or list angle. For this purpose, program
ROSTP was written, which generates the data for restoring forces for a given semi-

submersible configuration.

Calculations of stability cross curves were based purely on geometric
considerations. In program ROSTP, the centre of gravity; G is supposed to be fixed and
the displacement is allowed to vary as the vessel inclines, hence both the displacement and
the righting arm values are calculated for each waterline. Basically, there are four main
sections in the program to calculate the volume of hulls and columns, the buoyancy centre
of the vessel and GZ values which are obtained by using the geometrical relationship
between the coordinates of the buoyancy centre and the centre of gravity. A flow-chart

given in Fig.C.1 shows the calculation steps in program ROSTP.

In order to use the stability data which was generated by program ROSTP at any
given time step, another subroutine called INT was written. This program interpolates
and extrapolates GZ values from the stability cross curves using instantaneous

displacement and heel (or list) angle of the vessel.

The linear interpolation technique is used in subroutine INT. When solving large
amplitude roll and pitch motions, restoring moments as a function of GZ values for a
given instantaneous displacement and heel (or list) angle, are calculated by calling
subroutine INT. However, different types of interpolation methods can be applied for
greater accuracy in obtaining GZ values which may have a very non-linear trend as a

function of angular motions. A flow-chart for subroutine INT is given in Fig.C.2.
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Figs.C.3-8 show cross curves of stability for angles increasing from 5% to 60° for
heel and from 5° to 20° for list. Stability cross curve data presented in Figs.C.3-7 were
prepared in block data form so that easy access to the data was possible during the
calculation of roll and pitch restoring moments in the time-domain simulations. At each
time step, the displacement of the vessel was calculated by taking into account the vessel's
instantaneous position. This information was then transferred to interpolation routine
INT. Using the instantaneous angular motion values and displacements, the
corresponding GZ value was obtained by iteration and returned to the subroutine which

calculates the roll and pitch restoring moments.

Since there were three different GMs chosen during this study, three different data
blocks were generated for each GM. Therefore, the time-domain simulation program
requires appropriate data for other GM values which are different than those three GM
values, viz. 7.9 cm, 3.8 cm and 1.9 cm (5.53 m, 2.66 m and 1.33 m in full scale). The
selected GM values include possible maximum and minimum metacentric heights for the
semi-submersible geometry chosen for the study. On the other hand, in order to avoid
this restriction for the GM values, program ROSTP can be used as a subroutine for the
main program and instead of interpolating or extrapolating instantaneous GZ values, they
can be calculated at every time-step for the corresponding underwater geometry of a given
semi-submersible configuration. However, this will require a longer CPU time to solve
the motion equations. Nevertheless, direct use of program ROSTP in the time-domain

simulations will provide more accurate GZ values.
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PROGRAM ROSTP

()
1

> INITIAL DATA

I

HEEL ANGLE=5,60
LIST ANGLE=5,20

l

VOLUME OF COLUMNS

l

CALCULATION OF
BUOYANCY CENTRE

Y
CALCULATION OF GZ

A 4
PRINT RESULTS

CONTINUE

)

Fig.C.1 Flow-Chart of Program ROSTP
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SUBROUTINE INT

DATA FOR CROSS CURVES OF
STABILITY
FROM MAIN PROGRAM

HEEL OR LIST ANGLE
AND DISPLACEMENT

NO

IF THE ANGLE <5
R V l
LINEAR INTERPOLATION
YES
A 4
LINEAR EXTROPOLATION
i 4
HEEL (OR LIST)
ANGLE, .
DISPLACEMENT AND
GZ VALUE
TO MAIN PROGRAM

Fig.C.2 Flow-Chart of Subroutine INT
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