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NOMENCLATURE

Symbols not included in the list below are only used at a specific place and are

explained when they occur.

Ay

Sectional area in still water.

a,,a;,a; Coefficients for conformal mapping of the ship section form up to 1/10

of the design draught.

Instantaneous submerged sectional area.
Width of deck.

Effective beam length.

Breadth of the bottom region at a draught.
Pressure concentration factor.

Damping coefficient per unit length.
Coefficient in Payne impact theory.

The ith mode damping coefficient.

The ith mode generalized damping.
Height of water when deck wetness occurs.
Bending rigidity.

External force per unit length.

Ship hull inertia force.

Bottom slamming force.

Bow flare slamming force.

Total hydrodynamic force.

Dynamic restoring force.

Wave damping force.

Fluid momentum force.

Function of coefficient in Payne impact theory.
Gravitational acceleration.

Mass moment of inertia of hull per unit length with respect to an axis normal
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Wave number.

Nondimensional pressure coefficient.

Shear rigidity.

Nondimensional pressure coefficient.

The ith mode generalized spring constant.

Pressure coefficient of the Karman impact theory.
Dimensional constant depending on section shape.
Nondimensional K, values.

Pressure coefficient of the Payne impact theory.

Pressure coefficient of the wave striking impact pressure.
Pressure coefficient of the Stavovy & Chuang’s method.
Pressure coefficient of the Wagner impact theory.

Ship length.

Distance between the longitudinal centre and AP.

Distance between the longitudinal centre and FP.

Global bending moment.

Bottom slamming bending moment.

Bow flare slamming bending moment.

The ith mode spatial weighting function of bending moment.
Sectional added mass in still water.

Sectional added mass of instantaneous submerged section.
Unit mass of ship hull.

Wave bending moment.

Half span of filter.

Sectional damping coefficient in still water.

Sectional damping coefficient of instantaneous submerged section.
Total bow flare impact pressure.

Impact pressure due to the normal component to wave surface of the

relative velocity between the impact surface and the wave.



P..  Water immersion impact pressure by the Karman impact theory.

P,y  Water immersion impact pressure by the momentum slamming theory.

P,  Water immersion impact pressure by the Stavovy & Chuang’s method.

P,  Water immersion impact pressure by the Wagner impact theory.

P Planing pressure due to the tangential component to wave surface of
the relative velocity between the impact surface and the wave.

| Wave striking impact pressure.

P, Total bottom impact pressure.

q. The ith mode generalized deflection.

q. The ith mode generalized velocity.

o} The ith mode generalized acceleration.

Q, The ith mode generalized forcing function.

r Relative motion between the ship and the wave.

r Relative velocity between the ship and the wave (%).
r Relative acceleration between the ship and the wave.

Relative velocity between the ship and the wave (%).

S,,S, Absolute motions measured forward and aft.

t Time variable.
T, Period of encounter.
T Instantaneous draught.

Horizontal water velocity.

c

U Forward speed.

\% Vertical water velocity.

\Y Global shear force.

V*  Threshold velocity for bottom slamming.

V,  Bottom slamming shear force.

V., Bow flare slamming shear force.

Horizontal velocity of vehicle.

e  Velocity component of impact body parallel to wave surface.

V..  Velocity component of V_ perpendicular to wave surface.
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w  Vvertical velocity of vehicle.
Velocity component of impact body perpendicular to wave surface.

w  Velocity component of V__ parallel to wave surface.

Horizontal velocity of wave particle.

v

\Y%

\Y%

V.,  Horizontal velocity of body at the impact point.

\%

\% The ith mode spatial weighting function of shear force.
\Y%

Normal component to the water surface of the relative velocity between
the impact body and waves.

Normal velocity to impact surface of vehicle.

Normal velocity component of wave to the water surface at a impact point.
Orbiting velocity of water particle.

Orbiting velocity component normal to wave surface.

Orbiting velocity component parallel to wave surface.

Tangential component to the water surface of the relative velocity
between the impact body and waves.

Tangential velocity component of wave surface at point A.
Vertical velocity of body at the impact point.

Vertical velocity of wave particle.

Wave celerity.

Wave shear force.

w Hamming window.

(x,y,z)Coordinate system moving with ship forward speed.

X' Longitudinal position along the ship.

(x,,Y,.Z,) Coordinate system fixed in ship.

X,  Dimensionless ith mode shape.

X, Input signal at m time step.

(X,,Y¥,.Z,) Coordinate system fixed in space.

y.  Output filtered signal at m time step.

y,  Half breadth of section in still water.

z Vertical elastic deflection, normal to x,.

e
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Heave motion.

Heave velocity.

Heave acceleration.

Water line angle.

Modified water line angle due to pitch motion.

Body plan angle.

Modified body plan angle due to pitch motion.

Angle on wave surface measured from forward longitudinal direction to a
plane normal to wave surface and impact surface on hull bottom at a point
of concern; see Fig.3.2.

Angle on transverse plane normal to wave surface and measured from
impact surface on hull bottom to wave surface; see Fig.3.2.

Original wave slope.

Effective wave slope.

Logarithmic decrement.

Maximum wave slope.

Deadrise angle of the bow flare slamming pressure.

Deadrise angle of the bottom slamming pressure.

Buttock line angle of the bow flare region.

Modified buttock line angle due to pitch motion.

Buttock angle of the bottom region.

Component of slope of z_due to bending only.

Angle between V, and V.

Wave length.

Ship’s mass per unit length plus added mass per unit length.

The ith mode generalized mass.

Phase of incident regular wave.

Density of fluid.

Wave frequency.

Cut-off frequency.
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Frequency of encounter.

Natural frequency of the ith mode.

Water contact angle.

Effective impact angle for bottom slamming.
Pitch motion.

Pitch velocity.

Pitch acceleration.

Wave elevation.

Vertical wave velocity.

Vertical wave acceleration.

Wave amplitude.

ix



CONTENTS

DECLARATION
DEDICATION
ACKNOWLEDGMENTS
NOMENCLATURE
CONTENTS

LIST OF FIGURES

LIST OF TABLES

LIST OF PHOTOGRAPHS

SUMMARY

CHAPTER 1
INTRODUCTION

1.1 Ship metions

1.2 Slamming Pressures

1.3 Shear forces and bending moments

CHAPTER 2
SHIP MOTIONS
2.1 General description
2.2 Coordinate systems and assumptions
2.2.1 Coordinate systems
2.2.2 Assumptions
2.3 Ship motion equations
2.3.1 Description of external forces
2.3.2 Derivation of motion equations

2.4 Solutions

Page

i

ii

iii

iv

X

xiv
xxviii
XXix

XXX

001
001
002
009

013
013
013
013
014
015
015
018
019



2.4.1 Numerical solutions

2.4.2 Added mass and damping coefficients
2.5 Correlation Studies

2.5.1 Motion response of a destroyer model in small wave heights

2.5.2 Motion response of a container ship model

in small wave heights

2.5.2 Summary of comparisions in small wave heights
2.6 Comparisions between the theoretical predictions

and experiments

2.6.1 Heave and pitch motions

2.6.2 Relative motions and accelerations

2.6.3 Time history analysis

2.7 Conclusions

CHAPTER 3
PRESSURES DUE TO BOTTOM AND BOW FLARE SLAMMING
3.1 General description
3.2 Pressures due to bottom slamming
3.2.1 Necessary Conditions
3.2.2 Bottom slamming phenomenon
3.2.3 Stavovy & Chuang’s method
3.2.4 Ochi & Motter’s method
3.2.5 Momentum theory
3.2.6 Payne impact theory
3.3 Pressures due to bow flare slamming
3.3.1 Impact force by the momentum slamming theory
3.3.2 Bow flare impact pressure
3.3.3 Impact pressure by the momentum slamming theory
3.3.4 Impact pressure by the Wagner impact theory
3.3.5 Impact pressures by

Xi

019
020
021
021

021
022

022
022
024
024
025

041
041
041
041
042
042
050
051
051
052
052
053
054
056



the Stavovy & Chuang’s and Karman’s methods
3.3.6 Wave striking impact pressure
3.3.7 V_,V, Calculation
3.4 Comparisions between the theoretical predictions
and experiments
3.4.1 Bottom slamming pressure

3.4.2 Bow flare slamming pressure

3.5 Conclusions
3.5.1 Bottom slamming pressure

3.5.2 Bow flare slamming pressure

CHAPTER 4
SHEAR FORCE AND BENDING MOMENT CALCULATIONS
4.1 General description
4.2 Wave shear force and bending moment calculations
4.2.1 Description of forces
4.2.2 Wave shear force and bending moment calculations
4.3 Global shear force and bending moment calculations
4.3.1 Description of forces
4.3.2 Global shear force and bending moment calculations
4.4 Comparisions between the theoretical predictions
and experiments
4.4.1 Wave shear forces and bending moments
4.4.2 Global shear forces and bending moments
4.4.3 Time history of wave and global bending moments
4.5 Conclusions
4.5.1 Wave bending moments

4.5.2 Global bending moments

xii

056
057
058

062
062
063
067
067
067

089
089
089
089
089
090
090
091

098
098
102
106
108
108
109



CHAPTER 5
EXPERIMENTS
5.1 General description
5.2 Experiment-1 Ship motions and pressures
5.2.1 Description of the model
5.2.2 Test Conditions
5.2.3 Facilities and Tests
5.3 Experiment-1I ship motions, shear forces
and bending moments
5.3.1 Description of the model
5.3.2 Test Conditions
5.3.3 Facilities and tests
5.4 Time history of experiments

5.5 Test result analysis

CHAPTER 6
CONCLUSIONS
6.1 Ship motions
6.2 Bottom slamming pressures
6.3 Bow flare slamming pressures
6.4 Wave shear forces and bending moments
6.5 Global shear forces and bending moments

6.6 Recommendation for the future work

REFERENCES

APPENDIX

Xiii

110
110
110
111
114

122
122
122
124
131
131

132
132
133
133
134
134
135

136

144



Fig. No.

Fig:2.1
Fig.2.2

Fig.2.3

Fig.2.4
Fig.2.5
Fig.2.6
Fig.2.7
Fig.2.8
Fig.2.9
Fig.2.10
Fig.2.11
Fig.2.12
Fig.2.13

Fig.2.14

Fig.2.15
Fig.2.16
Fig.2.17
Fig.2.18
Fig.2.19
Fig.2.20
Fig.2.21
Fig.2.22

LIST OF FIGURES

Title

Coordinate Systems

Heave and Pitch in Regular Head Seas, Fn=0.21 { =A/100
Destroyer model test

Heave and Pitch in Regular Head Seas Fn=0.21 { =A/100
Destroyer full scale trial

Heave and Pitch in Regular Head Seas Fn=0.20 {,=A/100

Page

14

26

27
28

Heave and Pitch in Regular Head Seas, Fn=0.15 {,=2.5, 4.0 and 7.5 cm 29

Heave and Pitch in Regular Head Seas, Fn=0.25 {,=2.5, 4.0 and 7.5 cm 29

Heave and Pitch in Regular Head Seas Fn=0.15 A /L=1.0

Heave and Pitch in Regular Head Seas Fn=0.15 A /L=1.2

Heave and Pitch in Regular Head Seas Fn=0.15 A /L=1.4

Heave and Pitch in Regular Head Seas Fn=0.25 A /L=1.0

Heave and Pitch in Regular Head Seas Fn=0.25 A /L=1.2

Heave and Pitch in Regular Head Seas Fn=0.25 A /L=1.4
Relative Motion and Acceleration in Regular Head Seas at FP
Fn=0.15 {,=1.0,4.0 and 7.5 cm

Relative Motion and Acceleration in Regular Head Seas at FP
Fn=0.25 {,=1.0,4.0 and 7.5 cm

Heave Time History in Theory Fn=0.15 A/L=1.0 {,=3.70 cm
Heave Time History in Experiment Fn=0.15 A/L=1.0 {,=3.70 cm
Pitch Time History in Theory Fn=0.15 A/L=1.0 { =3.70 cm
Pitch Time History in Experiment Fn=0.15 A/L=1.0 {,=3.70 cm
Heave Time History in Theory Fn=0.25 A /L=1.3 { =4.26 cm
Heave Time History in Experiment Fn=0.25 A /L=1.3 {,=4.26 cm
Pitch Time History in Theory Fn=0.25 A /L=1.3 {,=4.26 cm
Pitch Time History in Experiment Fn=0.25 A/L=1.3 { =4.26 cm

Xiv

30
30
31
31
32
32

33

33
34
34
35
35
36
36
37
37



Fig.2.23

Fig.2.24

Fig.2.25

Fig.2.26

Fig.2.27
Fig.2.28
Fig.3.1
Fig.3.2
Fig.3.3
Fig.3.4
Fig.3.5
Fig.3.6
Fig.3.7
Fig.3.8
Fig.3.9
Fig.3.10
Fig.3.11
Fig.3.12
Fig.3.13
Fig.3.14
Fig.3.15
Fig.3.16
Fig.3.17
Fig.3.18
Fig.3.19
Fig.3.20

Relative Motion Time History in Theory A/ L=1.0 { =3.775 cm
Fn=0.15

Relative Motion Time History in Experiment A /L=1.0 {,=3.775 cm
Fn=0.15

Relative Motion Time History in Theory A /L=1.3 {,=3.965 cm
Fn=0.25

Relative Motion Time History in Experiment A/ L=1.3 £ ,=3.965 cm
Fn=0.25

Acceleration Time History in Theory A/ L=1.0 { =3.775 cm Fn=0.15
Acceleration Time History in Theory A /L=1.3 { =3.965 cm Fn=0.25
Pressure Coefficients

Velocity Diagram for Impact Surface

Velocity Diagram for Wave Surface

Concentration Factor and Pressure Coefficients

Angles of Hull Surface

Vertical Normal Plane

Deadrise Angle in the Vertical Normal Plane

Relative Direction of Wave with Respect to Vertical Normal Plane
Bottom Slamming Pressure Fn=0.15 Sta.=2 { =7.5 cm

Bottom Slamming Pressure Fn=0.25 Sta.=2 {,=7.5 cm

Bottom Slamming Pressure Fn=0.15 Sta.=2 A/L=1.0

Bottom Slamming Pressure Fn=0.15 Sta.=2 A/L=1.2

Bottom Slamming Pressure Fn=0.15 Sta.=2 A/L=14

Bottom Slamming Pressure Fn=0.25 Sta.=2 A/L=1.0

Bottom Slamming Pressure Fn=0.25 Sta.=2 A/ L=1.2

Bottom Slamming Pressure Fn=0.25 Sta.=2 A/L=1.4

Bow Flare Impact Pressure Draught 20 cm Fn=0.15 Sta.=2 { =4.0 cm
Bow Flare Impact Pressure Draught 20 cm Fn=0.15 Sta.=2 {,=7.5 cm
Bow Flare Impact Pressure Draught 20 cm Fn=0.15 Sta.=3 { =4.0 cm
Bow Flare Impact Pressure Draught 20 cm Fn=0.15 Sta.=3 £ =7.5 cm

Xv

38

38

39

49

40
44
46
49
55
58
59
60
60
68
68
69
69
70
70
71
71
72
72
73
73



Fig.3.21
Fig.3.22
Fig.3.23
Fig.3.24
Fig.3.25
Fig.3.26
Fig.3.27
Fig.3.28
Fig.3.29
Fig.3.30
Fig.3.31
Fig.3.32
Fig.3.33
Fig.3.34
Fig.3.35
Fig.3.36
Fig.3.37

Fig.3.38

Fig.3.39

Fig.3.40

Fig.3.41

Fig.3.42

Fig.3.43

Bow Flare Impact Pressure Draught 20 cm Fn=0.25 Sta.=2 { =4.0 cm
Bow Flare Impact Pressure Draught 20 cm Fn=0.25 Sta.=2 { =7.5 cm
Bow Flare Impact Pressure Draught 20 cm Fn=0.25 Sta.=3 { =4.0 cm
Bow Flare Impact Pressure Draught 20 cm Fn=0.25 Sta.=3 { =7.5 cm
Bow Flare Impact Pressure Draught 20 cm Fn=0.15 Sta.=2 A /L=1.0
Bow Flare Impact Pressure Draught 20 cm Fn=0.15 Sta.=3 A/ L=1.0
Bow Flare Impact Pressure Draught 20 cm Fn=0.15 Sta.=2 A/L=1.2
Bow Flare Impact Pressure Draught 20 cm Fn=0.15 Sta.=3 A /L=1.2
Bow Flare Impact Pressure Draught 20 cm Fn=0.15 Sta.=2 A/L=1.4
Bow Flare Impact Pressure Draught 20 cm Fn=0.15 Sta.=3 A/L=1.4
Bow Flare Impact Pressure Draught 20 cm Fn=0.25 Sta.=2 A/L=1.0
Bow Flare Impact Pressure Draught 20 cm Fn=0.25 Sta.=3 A/L=1.0
Bow Flare Impact Pressure Draught 20 cm Fn=0.25 Sta.=2 A/ L=1.2
Bow Flare Impact Pressure Draught 20 cm Fn=0.25 Sta.=3 A /L=1.2
Bow Flare Impact Pressure Draught 20 cm Fn=0.25 Sta.=2 A/L=1.4
Bow Flare Impact Pressure Draught 20 cm Fn=0.25 Sta.=3 A/L=1.4
Bow Flare Impact Pressure Draught 20 cm Fn=0.15, 0.25 and 0.35
Sta=2 A/L=1.0

Bow Flare Impact Pressure Draught 20 cm Fn=0.15, 0.25 and 0.35
Sta.=3 A/L=1.0

Bow Flare Impact Pressure Draught 20 cm Fn=0.15, 0.25 and 0.35
Sta.=2 A/L=1.2

Bow Flare Impact Pressure Draught 20 cm Fn=0.15, 0.25 and 0.35
Sta.=3 A/L=1.2

Bow Flare Impact Pressure Draught 20 cm Fn=0.15, 0.25 and 0.35
Sta.=2 A/L=1.4

Bow Flare Impact Pressure Draught 20 cm Fn=0.15, 0.25 and 0.35
Sta=3 A/L=14

Impact Pressure Variation due to Draught Fn=0.15 Sta.=2 A /L=1.2
£,=7.5cm

XVi

74
74
75
75
76
76
77
77
78
78
79
79
80
80
81
81

82

82

83

83

84

84

85



Fig.3.44

Fig.3.45

Fig.3.46

Fig.3.47

Fig.3.48

Fig.3.49

Fig.3.50

Fig.4.1
Fig.5.1
Fig.5.2
Fig.5.3
Fig.5.4
Fig.5.5
Fig.5.6
Fig.5.7
Fig.5.8
Fig.A.2.1
Fig.A.2.2
Fig.A.2.3
Fig.A.2.4
Fig.A.2.5
Fig.A.2.6

Impact Pressure Variation due to Draught Fn=0.15 Sta.=3 A /L=1.2
£,=7.5 cm

Impact Pressure Variation due to Draught Fn=0.15 Sta.=2 A/L=1.2
£,=4.0 cm

Impact Pressure Variation due to Draught Fn=0.15 Sta.=3 A /L=1.2
£,=4.0 cm

Impact Pressure Variation due to Draught Fn=0.25 Sta.=2 A /L=1.2
£,=7.5cm

Impact Pressure Variation due to Draught Fn=0.25 Sta.=3 A /L=1.2
£,=7.5cm

Impact Pressure Variation due to Draught Fn=0.25 Sta.=2 A/L=1.2
£,=4.0cm

Impact Pressure Variation due to Draught Fn=0.25 Sta.=3 A /L=1.2
{,=4.0 cm

Shear Force and Bending Moment Induced by Waves

Body Plan of Container Ship Model

Profile of Model (Experiment I)

General Arrangement of Towing Tank

A Flowchart of Experiment I

Measurement System on the Towing Carriage

Profile of Model (Experiment IT)

Dynamometer

A Flowchart of Experiment II

Heave and Pitch in Regular Head Seas Fn=0.15 {,=2.5 cm

Heave and Pitch in Regular Head Seas Fn=0.15 { =4.0 cm

Heave and Pitch in Regular Head Seas Fn=0.15 {,=7.5 cm

Heave and Pitch in Regular Head Seas Fn=0.25 {,=2.5 cm

Heave and Pitch in Regular Head Seas Fn=0.25 {,=4.0 cm

Heave and Pitch in Regular Head Seas Fn=0.25 {,=7.5 cm

Xvii

85

86

86

87

87

88

88

90

111
112
115
119
120
123
127
129
144
144
145
145
146
146



Fig.A.2.7

Fig.A.2.8

Fig.A.2.9

Fig.A.2.10

Fig.A.2.11

Fig.A.2.12

Fig.A.3.1
Fig.A.3.2
Fig.A.3.3
Fig.A.3.4
Fig.A.3.5
Fig.A.3.6
Fig.A.3.7
Fig.A.3.8
Fig.A.3.9
Fig.A.3.10
Fig.A.3.11
Fig.A.3.12
Fig.A.3.13
Fig.A.3.14
Fig.A.3.15
Fig.A.3.16
Fig.A.3.17
Fig.A.3.18

Relative Motion and Acceleration in Regular Head Seas at FP
Fn=0.15 {,=1.0 cm

Relative Motion and Acceleration in Regular Head Seas at FP
Fn=0.15 {,=4.0 cm

Relative Motion and Acceleration in Regular Head Seas at FP
Fn=0.15 {,=7.5 cm

Relative Motion and Acceleration in Regular Head Seas at FP
Fn=0.25 {,=1.0 cm

Relative Motion and Acceleration in Regular Head Seas at FP
Fn=0.25 {,=4.0 cm

Relative Motion and Acceleration in Regular Head Seas at FP
Fn=0.25 {,=7.5cm

Ship Motion in Regular Head Wave t=0.0 Te

Vertical Relative Velocity in Regular Head Wave t=0.0 Te
Ship Motion in Regular Head Wave t=0.1 Te

Vertical Relative Velocity in Regular Head Wave t=0.1 Te
Ship Motion in Regular Head Wave t=0.2 Te

Vertical Relative Velocity in Regular Head Wave t=0.2 Te
Ship Motion in Regular Head Wave t=0.3 Te

Vertical Relative Velocity in Regular Head Wave t=0.3 Te
Ship Motion in Regular Head Wave t=0.4 Te

Vertical Relative Velocity in Regular Head Wave t=0.4 Te
Ship Motion in Regular Head Wave t=0.5 Te

Vertical Relative Velocity in Regular Head Wave t=0.5 Te
Ship Motion in Regular Head Wave t=0.6 Te

Vertical Relative Velocity in Regular Head Wave t=0.6 Te
Ship Motion in Regular Head Wave t=0.7 Te

Vertical Relative Velocity in Regular Head Wave t=0.7 Te
Ship Motion in Regular Head Wave t=0.8 Te

Vertical Relative Velocity in Regular Head Wave t=0.8 Te

Xviii

147

147

148

148

149

149
150
150
151
151
152
152
153
153
154
154
155
155
156
156
157
157
158
158



Fig.A.3.19 Ship Motion in Regular Head Wave t=0.9 Te

Fig.A.3.20 Vertical Relative Velocity in Regular Head Wave t=0.9 Te

Fig.A.3.21 Bow Flare Impact Pressure Draught 20 cm Fn=0.15, Sta.=2, {,=4.0 cm

Fig.A.3.22 Bow Flare Impact Pressure Draught 20 cm Fn=0.15, Sta.=2, { =7.5 cm

Fig.A.3.23 Bow Flare Impact Pressure Draught 20 cm Fn=0.15, Sta.=2, {,=4.0 cm

Fig.A.3.24 Bow Flare Impact Pressure Draught 20 cm Fn=0.15, Sta.=2, {,=7.5 cm

Fig.A.4.1  Vertical Wave Shear Force and Bending Moment in Regular Head Seas
Fn=0.15 Sta.=10 { =4.0 cm (Average)

Fig.A.4.2  Vertical Wave Shear Force and Bending Moment in Regular Head Seas
Fn=0.15 Sta.=10 {,=4.0 cm (Hogging and Sagging)

Fig.A.4.3  Vertical Wave Shear Force and Bending Moment in Regular Head Seas
Fn=0.15 Sta.=7 { =4.0 cm (Average)

Fig.A.4.4  Vertical Wave Shear Force and Bending Moment in Regular Head Seas
Fn=0.15 Sta.=7 { =4.0 cm (Hogging and Sagging)

Fig.A.4.5 Vertical Wave Shear Force and Bending Moment in Regular Head Seas
Fn=0.15 Sta.=10 { =7.5 cm (Average)

Fig.A.4.6  Vertical Wave Shear Force and Bending Moment in Regular Head Seas
Fn=0.15 Sta.=10 {,=7.5 cm (Hogging and Sagging)

Fig.A.4.7  Vertical Wave Shear Force and Bending Moment in Regular Head Seas
Fn=0.15 Sta.=7 {,=7.5 cm (Average)

Fig.A.4.8  Vertical Wave Shear Force and Bending Moment in Regular Head Seas
Fn=0.15 Sta.=7 {,=7.5 cm (Hogging and Sagging)

Fig.A.4.9 Vertical Wave Shear Force and Bending Moment in Regular Head Seas
Fn=0.15 Sta.=10 {,=4.0 cm (Average)

Fig.A.4.10 Vertical Wave Shear Force and Bending Moment in Regular Head Seas
Fn=0.25 Sta.=10 {,=4.0 cm (Hogging and Sagging)

Fig.A.4.11 Vertical Wave Shear Force and Bending Moment in Regular Head Seas
Fn=0.25 Sta.=7 {,=4.0 cm (Average)

Fig.A.4.12 Vertical Wave Shear Force and Bending Moment in Regular Head Seas
Fn=0.25 Sta.=7 { =4.0 cm (Hogging and Sagging)

XX

159

159

160

160

161

161

162

163

164

165

166

167

168

169

170

171

172

173



Fig.A.4.13

Fig.A.4.14

Fig.A.4.15

Fig.A.4.16

Fig.A.4.17

Fig.A.4.18

Fig.A.4.19

Fig.A.4.20

Fig.A.4.21

Fig.A.4.22

Fig.A.4.23

Fig.A.4.24

Fig.A.4.25

Fig.A.4.26

Fig.A.4.27

Vertical Wave Shear Force and Bending Moment in Regular Head Seas
Fn=0.25 Sta.=10 { ,=7.5 cm (Average)

Vertical Wave Shear Force and Bending Moment in Regular Head Seas
Fn=0.25 Sta.=10 {,=7.5 cm (Hogging and Sagging)

Vertical Wave Shear Force and Bending Moment in Regular Head Seas
Fn=0.25 Sta.=7 {,=7.5 cm (Average)

Vertical Wave Shear Force and Bending Moment in Regular Head Seas
Fn=0.25 Sta.=7 { =7.5 cm (Hogging and Sagging)

Vertical Wave Shear Force and Bending Moment in Regular Head Seas
Fn=0.0 Sta.=10 A /L=1.0 (Hogging and Sagging)

Vertical Wave Shear Force and Bending Moment in Regular Head Seas
Fn=0.0 Sta.=10 A/L=1.0 (Average)

Vertical Wave Shear Force and Bending Moment in Regular Head Seas
Fn=0.0 Sta.=7 A/L=1.0 (Hogging and Sagging)

Vertical Wave Shear Force and Bending Moment in Regular Head Seas
Fn=0.0 Sta.=7 A/L=1.0 (Average)

Vertical Wave Shear Force and Bending Moment in Regular Head Seas
Fn=0.15 Sta.=10 A /L=1.0 (Hogging and Sagging)

Vertical Wave Shear Force and Bending Moment in Regular Head Seas
Fn=0.15 Sta.=10 A/L=1.0 (Average)

Vertical Wave Shear Force and Bending Moment in Regular Head Seas
Fn=0.15 Sta.=7 A/L=1.0 (Hogging and Sagging)

Vertical Wave Shear Force and Bending Moment in Regular Head Seas
Fn=0.15 Sta.=7 A/L=1.0 (Average)

Vertical Wave Shear Force and Bending Moment in Regular Head Seas
Fn=0.15 Sta.=10 A/L=1.2 (Hogging and Sagging)

Vertical Wave Shear Force and Bending Moment in Regular Head Seas
Fn=0.15 Sta.=10 A /L=1.2 (Average)

Vertical Wave Shear Force and Bending Moment in Regular Head Seas

Fn=0.15 Sta.=7 A /L=1.2 (Hogging and Sagging)

XX

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188



Fig.A.4.28

Fig.A.4.29

Fig.A.4.30

Fig.A.4.31

Fig.A.4.32

Fig.A.4.33

Fig.A.4.34

Fig.A.4.35

Fig.A.4.36

Fig.A.4.37

Fig.A.4.38

Fig.A.4.39

Fig.A.4.40

Fig.A.4.41

Fig.A.4.42

Vertical Wave Shear Force and Bending Moment in Regular Head Seas
Fn=0.15 Sta.=7 A/L=1.2 (Average)

Vertical Wave Shear Force and Bending Moment in Regular Head Seas
Fn=0.15 Sta.=10 A /L =1.4 (Hogging and Sagging)

Vertical Wave Shear Force and Bending Moment in Regular Head Seas
Fn=0.15 Sta.=10 A /L=1.4 (Average)

Vertical Wave Shear Force and Bending Moment in Regular Head Seas
Fn=0.15 Sta.=7 A /L=1.4 (Hogging and Sagging)

Vertical Wave Shear Force and Bending Moment in Regular Head Seas
Fn=0.15 Sta.=7 A/L=1.4 (Average)

Vertical Wave Shear Force and Bending Moment in Regular Head Seas
Fn=0.25 Sta.=10 A/L=1.0 (Hogging and Sagging)

Vertical Wave Shear Force and Bending Moment in Regular Head Seas
Fn=0.25 Sta.=10 A/L=1.0 (Average)

Vertical Wave Shear Force and Bending Moment in Regular Head Seas
Fn=0.25 Sta.=7 A /L=1.0 (Hogging and Sagging)

Vertical Wave Shear Force and Bending Moment in Regular Head Seas
Fn=0.25 Sta.=7 A/L=1.0 (Average)

Vertical Wave Shear Force and Bending Moment in Regular Head Seas
Fn=0.25 Sta.=10 A/L=1.2 (Hogging and Sagging)

Vertical Wave Shear Force and Bending Moment in Regular Head Seas
Fn=0.25 Sta.=10 A /L=1.2 (Average)

Vertical Wave Shear Force and Bending Moment in Regular Head Seas
Fn=0.25 Sta.=7 A /L=1.2 (Hogging and Sagging)

Vertical Wave Shear Force and Bending Moment in Regular Head Seas
Fn=0.25 Sta.=7 A/L=1.2 (Average)

Vertical Wave Shear Force and Bending Moment in Regular Head Seas
Fn=0.25 Sta.=10 A /L=1.4 (Hogging and Sagging)

Vertical Wave Shear Force and Bending Moment in Regular Head Seas

Fn=0.25 Sta.=10 A /L=1.4 (Average)

Xxi

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203



Fig.A.4.43

Fig.A.4.44

Fig.A.4.45

Fig.A.4.46

Fig.A.4.47

Fig.A.4.48

Fig.A.4.49

Fig.A.4.50

Fig.A.4.51

Fig.A.4.52

Fig.A.4.53

Fig.A.4.54

Fig.A.4.55

Fig.A.4.56

Fig.A.4.57

Vertical Wave Shear Force and Bending Moment in Regular Head Seas
Fn=0.25 Sta.=7 A/L=14 (Hogging and Sagging)

Vertical Wave Shear Force and Bending Moment in Regular Head Seas
Fn=0.25 Sta.=7 A/L=1.4 (Average)

Vertical Global Shear Force and Bending Moment in Regular Head Seas
Fn=0.15 Sta.=10 {,=4.0 cm (Average)

Vertical Global Shear Force and Bending Moment in Regular Head Seas
Fn=0.15 Sta.=10 { =4.0 cm (Hogging and Sagging)

Vertical Global Shear Force and Bending Moment in Regular Head Seas
Fn=0.15 Sta.=7 {,=4.0 cm (Average)

Vertical Global Shear Force and Bending Moment in Regular Head Seas
Fn=0.15 Sta.=7 {,=4.0 cm (Hogging and Sagging)

Vertical Global Shear Force and Bending Moment in Regular Head Seas
Fn=0.15 Sta.=10 £ =7.5 cm (Average)

Vertical Wave Shear Force and Bending Moment in Regular Head Seas
Fn=0.15 Sta.=10 £ =7.5 cm (Hogging and Sagging)

Vertical Global Shear Force and Bending Moment in Regular Head Seas
Fn=0.15 Sta.=7 {,=7.5 cm (Average)

Vertical Global Shear Force and Bending Moment in Regular Head Seas
Fn=0.15 Sta.=7 {_ =7.5 cm (Hogging and Sagging)

Vertical Global Shear Force and Bending Moment in Regular Head Seas
Fn=0.15 Sta.=10 { ,=4.0 cm (Average)

Vertical Global Shear Force and Bending Moment in Regular Head Seas
Fn=0.25 Sta.=10 {,=4.0 cm (Hogging and Sagging)

Vertical Global Shear Force and Bending Moment in Regular Head Seas
Fn=0.25 Sta.=7 {,=4.0 cm (Average)

Vertical Global Shear Force and Bending Moment in Regular Head Seas
Fn=0.25 Sta.=7 { =4.0 cm (Hogging and Sagging)

Vertical Global Shear Force and Bending Moment in Regular Head Seas
Fn=0.25 Sta.=10 { =7.5 cm (Average)

Xxii

204

205

206

207

208

209

210

211

212

213

214

215

216

217

218



Fig.A.4.58

Fig.A.4.59

Fig.A.4.60

Fig.A.4.61

Fig.A.4.62

Fig.A.4.63

Fig.A.4.64

Fig.A.4.65

Fig.A.4.66

Fig.A.4.67

Fig.A.4.68

Fig.A.4.69

Fig.A.4.70

Fig.A.4.71

Fig.A.4.72

Vertical Global Shear Force and Bending Moment in Regular Head Seas
Fn=0.25 Sta.=10 { =7.5 cm (Hogging and Sagging)

Vertical Global Shear Force and Bending Moment in Regular Head Seas
Fn=0.25 Sta.=7 £ =7.5 cm (Average)

Vertical Global Shear Force and Bending Moment in Regular Head Seas
Fn=0.25 Sta.=7 { =7.5 cm (Hogging and Sagging)

Vertical Global Shear Force and Bending Moment in Regular Head Seas
Fn=0.0 Sta.=10 A /L=1.0 (Hogging and Sagging)

Vertical Global Shear Force and Bending Moment in Regular Head Seas
Fn=0.0 Sta.=10 A /L=1.0 (Average)

Vertical Global Shear Force and Bending Moment in Regular Head Seas
Fn=0.0 Sta.=7 A/L=1.0 (Hogging and Sagging)

Vertical Global Shear Force and Bending Moment in Regular Head Seas
Fn=0.0 Sta.=7 A/L=1.0 (Average)

Vertical Wave Shear Force and Bending Moment in Regular Head Seas
Fn=0.15 Sta.=10 A /L=1.0 (Hogging and Sagging)

Vertical Global Shear Force and Bending Moment in Regular Head Seas
Fn=0.15 Sta.=10 A/L=1.0 (Average)

Vertical Global Shear Force and Bending Moment in Regular Head Seas
Fn=0.15 Sta.=7 A/L=1.0 (Hogging and Sagging)

Vertical Global Shear Force and Bending Moment in Regular Head Seas
Fn=0.15 Sta.=7 A /L=1.0 (Average)

Vertical Global Shear Force and Bending Moment in Regular Head Seas
Fn=0.15 Sta.=10 A/L=1.2 (Hogging and Sagging)

Vertical Global Shear Force and Bending Moment in Regular Head Seas
Fn=0.15 Sta.=10 A /L=1.2 (Average)

Vertical Global Shear Force and Bending Moment in Regular Head Seas
Fn=0.15 Sta.=7 XA /L=1.2 (Hogging and Sagging)

Vertical Global Shear Force and Bending Moment in Regular Head Seas
Fn=0.15 Sta.=7 A /L =1.2 (Average)

XXxiil

219

220

221

222

223

224

225

226

227

228

229

230

231

232

233



Fig.A.4.73

Fig.A.4.74

Fig.A.4.75

Fig.A.4.76

Fig.A.4.77

Fig.A.4.78

Fig.A.4.79

Fig.A.4.80

Fig.A.4.81

Fig.A.4.82

Fig.A.4.83

Fig.A.4.84

Fig.A.4.85

Fig.A.4.86

Fig.A.4.87

Vertical Global Shear Force and Bending Moment in Regular Head Seas
Fn=0.15 Sta.=10 A /L=1.4 (Hogging and Sagging)

Vertical Global Shear Force and Bending Moment in Regular Head Seas
Fn=0.15 Sta.=10 A /L=1.4 (Average)

Vertical Global Shear Force and Bending Moment in Regular Head Seas
Fn=0.15 Sta.=7 A /L=14 (Hogging and Sagging)

Vertical Global Shear Force and Bending Moment in Regular Head Seas
Fn=0.15 Sta.=7 A /L=1.4 (Average)

Vertical Global Shear Force and Bending Moment in Regular Head Seas
Fn=0.25 Sta.=10 A /L=1.0 (Hogging and Sagging)

Vertical Global Shear Force and Bending Moment in Regular Head Seas
Fn=0.25 Sta.=10 A /L=1.0 (Average)

Vertical Global Shear Force and Bending Moment in Regular Head Seas
Fn=0.25 Sta.=7 A/L=1.0 (Hogging and Sagging)

Vertical Global Shear Force and Bending Moment in Regular Head Seas
Fn=0.25 Sta.=7 A /L=1.0 (Average)

Vertical Global Shear Force and Bending Moment in Regular Head Seas
Fn=0.25 Sta.=10 A /L=1.2 (Hogging and Sagging)

Vertical Global Shear Force and Bending Moment in Regular Head Seas
Fn=0.25 Sta.=10 A /L=1.2 (Average)

Vertical Global Shear Force and Bending Moment in Regular Head Seas
Fn=0.25 Sta.=7 A /L=1.2 (Hogging and Sagging)

Vertical Global Shear Force and Bending Moment in Regular Head Seas
Fn=0.25 Sta.=7 A/L=1.2 (Average)

Vertical Global Shear Force and Bending Moment in Regular Head Seas
Fn=0.25 Sta.=10 A /L=1.4 (Hogging and Sagging)

Vertical Global Shear Force and Bending Moment in Regular Head Seas
Fn=0.25 Sta.=10 A /L=1.4 (Average)

Vertical Global Shear Force and Bending Moment in Regular Head Seas
Fn=0.25 Sta.=7 A /L=1.4 (Hogging and Sagging)

XXiv

234

235

236

237

238

239

240

241

242

243

244

245

246

247

248



Fig.A.4.88

Fig.A.4.89

Fig.A.4.90

Fig.A.4.91

Fig.A.4.92

Fig.A.4.93

Fig.A.4.94

Fig.A.4.95

Fig.A.4.96

Fig.A.4.97

Fig.A.4.98

Fig.A.4.99

Fig.A.4.100 Wave Bending Moment Time History in Theory and Experiment

Fig.A.4.101 Global Bending Moment Time History in Theory and Experiment

Fig.A.4.102 Global Bending Moment Time History in Theory and Experiment

Vertical Global Shear Force and Bending Moment in Regular Head Seas

Fn=0.25 Sta.=7 A /L=1.4 (Average)

Wave Bending Moment Time History in Theory and Experiment
Fn=0.15 Sta.=10 A/L=1.2 £ ,=4.083 cm

Wave Bending Moment Time History in Theory and Experiment
Fn=0.15 Sta.=7 A/L=1.2 {,=4.083 cm

Wave Bending Moment Time History in Theory and Experiment
Fn=0.15 Sta.=15 A/L=1.2 {,=4.083 cm

Wave Bending Moment Time History in Theory and Experiment
Fn=0.25 Sta.=10 A/L=1.4 {,=4.050 cm

Wave Bending Moment Time History in Theory and Experiment
Fn=0.25 Sta.=7 A/L=1.4 { =4.050 cm

Wave Bending Moment Time History in Theory and Experiment
Fn=0.25 Sta.=15 A/L=1.4 { =4.050 cm

Wave Bending Moment Time History in Theory and Experiment
Fn=0.15 Sta.=10 A/L=1.2 { ,=7.786 cm

Wave Bending Moment Time History in Theory and Experiment
Fn=0.15 Sta.=7 A/L=1.2 {,=7.786 cm

Wave Bending Moment Time History in Theory and Experiment
Fn=0.15 Sta.=15 A/L=1.2 { =7.786 cm

Wave Bending Moment Time History in Theory and Experiment
Fn=0.25 Sta.=10 A/L=14 { =7.720 cm

Wave Bending Moment Time History in Theory and Experiment
Fn=0.25 Sta.=7 A/L=1.4 {,=7.720 cm

Fn=0.25 Sta.=15 A/L=1.4 {,=7.720 cm

Fn=0.15 Sta.=10 A/L=1.2 {,=4.083 cm

Fn=0.15 Sta.=7 A/L=1.2 {,=4.083 cm

XXV

249

250

250

251

251

252

252

253

253

254

254

255

255

256

256



Fig.A.4.103

Fig.A.4.104

Fig.A.4.105

Fig.A.4.106

Fig.A.4.107

Fig.A.4.108

Fig.A5.1

Fig.A.5.2

Fig.A.5.3

Fig.A.5.4

Fig.A.5.5

Fig.A.5.6

Fig.A.5.7

Fig.A.5.8

Fig.A.5.9

Fig.A.5.10

Fig.A.5.11

Global Bending Moment Time History in Theory and Experiment
Fn=0.15 Sta.=15 A/L=1.2 {,=4.083 cm
Global Bending Moment Time History in Theory and Experiment
Fn=0.25 Sta.=10 A/L=1.4 {,=4.050 cm
Global Bending Moment Time History in Theory and Experiment
Fn=0.25 Sta.=7 A/L=1.4 { ,=4.050 cm
Global Bending Moment Time History in Theory and Experiment
Fn=0.25 Sta.=15 A/L=1.4 {,=4.050 cm
Global Bending Moment Time History in Theory and Experiment
Fn=0.15 Sta.=10 A/L=1.2 {,=7.786 cm
Global Bending Moment Time History in Theory and Experiment
Fn=0.25 Sta.=10 A/L=1.4 { =7.720 cm
Heave Time History in Experiment Fn=0.15 A /L=1.0 {,=3.775 cm
Pitch Time History in Experiment Fn=0.15 A /L=1.0 {,=3.775 cm
Heave Time History in Experiment Fn=0.25 A /L=1.3 {,=3.965 cm
Pitch Time History in Experiment Fn=0.25 L /L=1.3 {,=3.965 cm
Relative Motion Time History in Experiment
Fn=0.15 A/L=1.0 {,=3.775 cm
Relative Motion Time History in Experiment
Fn=0.25 A/L=1.3 {,=3.965 cm
Bow Flare Slamming Pressure Time History in Experiment
Fn=0.15 Sta.=2 A/L=0.9 { =4.22 cm
Bow Flare Slamming Pressure Time History in Experiment
Fn=0.15 Sta.=3 A/L=0.9 {,=4.22 cm
Bow Flare Slamming Pressure Time History in Experiment
Fn=0.25 Sta.=2 A/L=1.1 {,=3.82cm
Bow Flare Slamming Pressure Time History in Experiment
Fn=0.25 Sta.=3 A/L=1.1 {,=3.82cm
Wave Bending Moment Time History in Experiment
Fn=0.15 Sta.=10 A/L=1.2 {,=4.083 cm

XXVi

257

257

258

258

259

259

260

260

261

261

262

262

263

263

264

264

265



Fig.A.5.12

Fig.A.5.13

Fig.A.5.14

Fig.A.5.15

Fig.A.5.16

Fig.A.5.17

Fig.A.5.18

Fig.A.5.19

Fig.A.5.20

Fig.A.5.21

Fig.A.5.22

Global Bending Moment Time History in Experiment
Fn=0.15 Sta.=10 A/L=1.2 {,=4.083 cm

Wave Bending Moment Time History in Experiment
Fn=0.15 Sta.=7 A/L=1.2 {,=4.083 cm

Global Bending Moment Time History in Experiment
Fn=0.15 Sta.=7 A/L=1.2 { =4.083 cm

Wave Bending Moment Time History in Experiment
Fn=0.15 Sta.=15 A/L=1.2 {,=4.083 cm

Global Bending Moment Time History in Experiment
Fn=0.15 Sta.=15 A/L=1.2 {,=4.083 cm

Wave Bending Moment Time History in Experiment
Fn=0.25 Sta.=10 A/L=14 {,=4.050 cm

Global Bending Moment Time History in Experiment
Fn=0.25 Sta.=10 A/L=1.4 { =4.050 cm

Wave Bending Moment Time History in Experiment
Fn=0.25 Sta.=7 A/L=1.4 {,=4.050 cm

Global Bending Moment Time History in Experiment
Fn=0.25 Sta.=7 A/L=1.4 { =4.050 cm

Wave Bending Moment Time History in Experiment
Fn=0.25 Sta.=15 A/L=14 { =4.050 cm

Global Bending Moment Time History in Experiment
Fn=0.25 Sta.=15 A/L=1.4 £ =4.050 cm

XXvil

265

266

266

267

267

268

268

269

269

270

270



Table No.

Table 1
Table 2

Table 3

Table 4

LIST OF TABLES

Title

Natural Frequency, Logarithmic Decrement and Damping Coefficient
Principal Characteristics of S -- 175 Container Ship
for Model Test I

Principal Characteristics of S -- 175 Container Ship

for Model Test 11

Technical Specification of Strain Gauge

XXviii

Page

97

111

122
126



Photo No.

Photo 1
Photo 2
Photo 3
Photo 4
Photo 5
Photo 6

LIST OF PHOTOGRAPHS

Title

The Model Set up in the Carriage

The Model in the Wave -- out of Water (Bow)

The Model in the Wave -- Slamming

The Model in the Wave -- Deck Wetness

Radius of Gyration Measurement by Bifilar Suspension Method

Adjacent Segments of Model Sealed with a Flexible Tape

XXix

Page

271
271
272
272
273
273



SUMMARY

The aim of this research is to develop computational tools to predict the large
amplitude motions and loads on ship travelling with forward speed in waves. An
experimental research programme was completed to validate the nonlinear prediction
method. In this thesis, the results of theoretical and experimental investigations to predict
the nonlinear ship motions, slamming pressures and bending moments in regular head seas
are presented.

The practical nonlinear theoretical prediction method described in this research is
based on “relative motion hypothesis” in which nonlinear effects, i.e., nonlinear dynamic
restoring force, nonlinear damping force and nonlinear fluid momentum force are
considered. The motion equations are solved in the time domain by the numerical
integration technique, the three points predictor-corrector method (Hamming method). The
frequency dependent added mass and damping coefficients are computed at the
instantaneous submerged section using the close-fit conformal mapping method. The
results by the nonlinear method have very good agreement with the experimental test results
for heave and pitch motions, expect overprediction in the resonance region in large waves
for the heave motion.

The bottom slamming pressure is calculated by Stavovy & Chuang theory, Ochi &
Motter theory, the momentum theory and Payne impact theory. The Ochi & Motter theory
predicts a good agreement results with the new experimental data, while other methods
predict bigger values than the experimental results.

The momentum slamming theory and Wagner impact theory are used to predict bow
flare slamming pressures. The total impact pressure is expressed as the sum of water
immersion impact pressure and wave striking impact pressure. The momentum slamming
theory and Wagner impact theory can predict a good resuits of bow flare slamming. The
bow flare slamming pressure increases as the wave amplitude and the speed increase.

The wave shear forces and bending moments are calculated using the nonlinear
theoretical prediction method and the linear strip theory. Generally, the nonlinear prediction

method will give better results than the linear method.
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The ship hull is considered to be a Timoshenko beam, where the vibratory elastic
response of the ship is calculated by the modal superposition method with the solution
represented in terms of a series of normal modes. It is assumed that the mode shapes and
natural frequencies can be determined by a separate structural analysis where this modal
information is appropriate to the vessel in the equilibrium reference condition when floating
in calm water. The global dynamic shear force and bending moment values are predicted
using two different methods :

The first method developed is based on the elastic vibratory response due to the
total hydrodynamic force;

The other is based on the rigid body response due to the linear force superimposed
with the elastic response due to impact forces.

The results by the elastic vibratory response due to the total hydrodynamic force
(method 1) have a good agreement with the experimental results and these are much better
than the results by the rigid body response superimposed with the elastic response (method
2).

The nonlinear effects due to the change of the hydrodynamic coefficients and the
nonlinear restoring force should be considered in the ship motion and load predictions. The
nonlinearity of ship motions as well as a significant nonlinearity between the hogging and
sagging wave and global bending moments are shown in the results obtained from the
nonlinear theoretical predictions and the experimental data.

The nonlinear ship motions and sea loads predicted by the practical computational
tools, newly developed in this thesis, can be used to further ship structural strength

analysis and guide ship hull design.
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CHAPTER 1
INTRODUCTION

As fast ships such as destroyers, container ships and aircraftcarriers travel in rough
seas, these ships are subjected to large pitch and heave motions. Their local structures may
be damaged and their longitudinal strength may be weakened due to slamming and deck
wetness. Therefore, for their safety, a computational tools to estimate nonlinear ship

motions and sea loads due to slamming and deck wetness should be developed.

1.1  Ship motions

The linear strip theory has been successfully used to predict ship motions and loads

for many years. For example, Korvin Kroukovsky & Jacobs (K.K.J) and Salvesen, Tuck

& Faltinsen (S.T.F) methods(!-31.

Bishop et all4-3] developed a strip theory in which ship motion equations were
solved in the frequency domain. This work was based on linear theory. The ship motions
were determined by linear forces. The nonlinear instantaneous response of the ship was
calculated in the time domain using the convolution integral and then superimposed with the
linear response. Finally, the global structural response of the ship hull was obtained. In the
study, the ship hull was treated as a nonuniform Timoshenko beam.

Kaplan and Sargent!®] also developed a strip theory in which ship motion equations
were solved in the frequency domain. The ship motions were also determined by the linear
forces.

However, it should be kept in mind that these methods have limited application due
to basic assumptions in the theory. The most obvious limitation is that the theory is linear,
that is, both the wave steepness (the wave height divided by the wave length) and motions
of the ship (relative to the ship dimensions) are assumed to be small. In large amplitude
waves, nonlinear effects will cause the deviation between calculations and the experimental

data. In order to develop a more correct and reliable method of predicting wave-induced



motions and loads, nonlinear effects should be included in the simulations!7-16],

The nonlinear hydrodynamic problem of ship motions in regular waves, stated as a
mathematical problem with nonlinear boundary conditions, is a formidable task to handle.
It was found from investigation of the special important nonlinear effects that it is important
to study the nonlinearities arising from the hull section not being wall-sided at the water
line. In this investigation, nonlinear incoming waves were not considered.

Juncher Jensen and Terndrup Pedersenl”] calculated the nonlinear vertical bending
moment in irregular waves. Their equations of motion were also based on the “relative
motion hypothesis” and second-order contributions due to the buoyancy and hydrodynamic
forces were obtained by perturbation expansions around the hull’s still water position.
Their formulation was carried out for a flexible ship.

Results from their calculations for a container ship revealed a distinct difference
between the maximum sagging and hogging wave bending moments, the sagging moment
being the greater. This nonlinear effect was observed from full scale measurements and the
differences between the sagging and hogging bending moments were found to be the same
magnitude as those found on measurements. However, their method is limited to rather
moderate sea states, since, it is based on series expansions around the still water position.

In order to include the effects of the hull form on the vertical motions and loads in
large amplitude waves, it is necessary to solve the motion equations in the time domain.
Further, by introducing hydrodynamic coefficients varying with time, it would be possible
to include in the formulation rapid fluctuating momentum forces and moments. These are of
considerable importance for fast-going ships with large bow flare sections, e.g. container
ships.

Meyerhoff and Schlachter!®] developed a strip theory in which ship motion
equations are solved in the time domain. The external forces acting on the ship hull were
obtained from the instantaneous submerged section of different stations and slamming
forces were included. Ship motions and total response of the ship hull in head seas were
calculated in the time domain in regular or irregular waves.

Yamamoto et all®] investigated theoretically the motion and longitudinal strength of

a tanker in head seas taking account of the effects of nonlinearities such as the hull shape



nonlinearity, bottom emergence and hydrodynamic impact. A series of tests was carried out
in a basin, measuring the heave and pitch angles, the acceleration at the bow and the bottom
pressure along the base line. The experimental results were compared with calculations,
which showed good agreement. Conclusions obtained are as follows :

The heaving and pitching amplitudes themselves were effected only slightly by
slamming, the acceleration at the bow increases due to the effect of nonlinearity. The time
history of the calculated pressure and measured were similar in shape. The sagging bending
moments became very large in slamming conditions in the fore body in the case of large
ships.

Yamamoto et all!0] proposed a theory to predict the behaviour of a ship among
rough seas, taking account of impact forces due to slamming and a special version of the
theory can be used to determine the rigid-body motions. A series of experiments were
conducted with a model of a fast container ship of fine hull form with prominent bow flare,
the results obtained were in good accordance with the nonlinear theory even in case of
slamming. At A/ L=1.0, ship motions for five different wave heights were given.

Borresen et all!!] presented a method to predict the nonlinear response of coupled
heave and pitch motions and vertical wave loads in regular, head waves based on the strip
theory. The nonlinearities arose from the integration of the wave pressure over the wetted
part of the hull, and by including the effect of bow flare, bottom slamming and deck
wetness. The formulation was based on long waves of ship length order.

The equations were solved in the time domain, and results were presented and
compared with those obtained from linear theory and model tests. Generally, good
agreement was achieved between the time domain simulations and the model test results.

A nonlinear strip theory for predicting ship motions and loads in the time domain in
head seas was presented by J. B. Petersen et al(!2]. Hydrostatic, hydrodynamic and impact
forces were considered. The added mass and damping coefficients were obtained by
different methods, i.e. Lewis form transformation and Boundary Element methods. The
simulation results and experimental results of two different models were compared. The
results showed that there was a good agreement between the theoretical and experimental

results for the container ship model, however, the agreement between the theoretical and



experimental results was not so satisfactory for a fast survey model. There was a slight
effect of the hydrodynamic coefficients obtained from different methods on ship motions.
However, there was a some effect of the hydrodynamic coefficients obtained from different

methods on midship wave bending moment.

A technique of time domain numerical simulation to predict the occurrence of water
shipping on board in head waves was presented by Fang et all!3]. The nonlinear effects,
which include the effects of large wave amplitude, large ship motions and the change of
hull configuration below the free surface and nonlinear resultant wave were taken into
account. The instantaneous wave surface around the ship hull was obtained from the
complete incident, diffracted and radiated wave system rather than the incident wave only.

The above investigations showed that the results obtained from the nonlinear
theoretical prediction methods are more accurate than those obtained from the linear strip
theory.

Experimental investigations of ship motions and structural loads were carried out by
many researchers.

Two container ship models (2.0 and 3.0 m length models) were used to carry out
experiments in head, following and oblique waves by Takezawa et all!7). Ship motions as
well as shear forces and bending moments were measured at four speeds, five encounter
angles and ten wave frequencies to investigate different strip theories.

A different container ship model (4.5 m long model) was used to carry out
experiments in regular and irregular waves. Ship motions at two speeds, eight wave
frequencies were measured to compare experimental results with the results of predictions
obtained by theoretical calculations based on the “strip method” by Takaishi et all!8].

Lloyd et all19] used a destroyer model to carry out experiments in regular oblique
waves to measure ship motions and relative motions at two speeds, ten frequencies.

However, the effect of large amplitude ship motions were not investigated in the
experiments summarised above.

Only a few examples of two MARINER destroyer models were presented by
Borresen et alt!1l. The results of the heave, pitch motions and the wave bending moment in

the midship at one frequency, two speeds and several wave amplitudes were compared



between the simulations and the experiments.

Y. Yamamoto et all!0] also considered nonlinear effects in rough seas. In their
paper, nonlinear effects of heave and pitch motions were investigated at eleven frequencies,
two different wave heights (small and large wave heights) and one speed. Only at A /L
=1.0, ship motions for five different wave heights were shown. Generally speaking, the
response of heave and pitch motions decrease when wave height increases.

A 3.0 m long series 60 ship model was used by Fang et all13] for the tests to
confirm the theoretical predictions. Heave, pitch and relative motions were measured in the
tests. However, the experimental results were not given for the heave and pitch motions for
three different wave amplitudes (small, medium and large wave heights), only the

theoretical calculations were shown in their paper.

1.2 Slamming pressures

When a ship is travelling at high speed in rough sea, the phenomenon of the ship
impacting wave occurs. A typical encounter cycle is as follows: at first, the ship’s forward
bottom emerges from the water and re-enters the water after hitting its surface. This is
known as “bottom impact slamming”. Then, the bow flare of the ship impacts the wave
surface. This is called bow flare slamming. Finally, the ship bow immerses into water and
the water impacts the deck, this phenomenon is known as “deck wetness”.

The bottom slamming pressure have been investigated by many researchers, The
famous methods are the Wagner wedge impact theory[20], the Chuang cone impact theory
and the Ochi & Motter’s method.

Stavovy and Chuangl2!] proposed an analytical method for determining wave
impact “slamming” pressure on all types of ship hulls including advanced vehicles that may
travel at speeds up to 100 knots and even higher speeds. The method is based on the
Wagner wedge impact theory, the Chuang cone impact theory, and experiments were
performed at the David W. Taylor Naval Ship Research and Development Center. The
prediction of the impact pressure is based on the hypothesis that the impact velocity is equal

to the relative velocity normal to the impact surface of the moving body and the wave



surface. The proposed method has been verified by several model tests in waves and by
actual ship trials of the catamaran USNS Hayes. Computer programs were developed
included for the practical use of the method.

A method to estimate the bottom slamming pressure was developed by Ochi and
Motter(22-23], The bottom slamming pressure is approximately proportional to the square of
the relative velocity at the instant of impact. The pressure coefficient depended only on the
hull section shape, particularly the shape of the bottom portion below about one tenth of the
design draught.

The momentum slamming method[24] is also used to determine the bottom
slamming pressure which is defined as the momentum slamming force distributed over the
instantaneous breath in the bottom region.

A theoretical method of calculation of the keel pressure and the maximum pressure,
which agreed well with measurements developed by Paynel25-26], and this theoretical
method was used to predict the impact pressure for the small scale SWATH characteristic
model which was used for drop tests by Zhu and Faulkner{27-29],

Several cases of structural damage caused by the bow flare slamming were
reported(!031-32], In the North Pacific Ocean near Japan, such damage occurred frequently
for container ships which are generally characterized by the bow form with prominent flare.
It is well known that this particular sea area is usually subjected to heavy seas with high
waves in winter seasons due to the seasonal wind from the west. Most damages took place
during the voyages from the North and South American Continents to Japan, in heavy head
seas with high waves up to 20 m.

The research on the bow flare slamming problems was carried out by many
investigators(31-39],

A simplified model and procedure were developed to estimate hydrodynamic forces
on a bow with large flare, and the resulting vertical bending moment along a ship hull by
Gran et al(33]. The bow flare slamming force was obtained from the conservation law of
momentum and the hydrodynamic coefficients were obtained from Lewis’ transformations.
The dynamic response due to hull flexibility was considered and that was greatest when the

force duration matches the natural period of the hull. It was suggested that the short term



distribution of loads and stresses due to the bow flare impact can be described by Weibull
probability distributions. The influence of the ship speed and sea state on the loads and
responses were investigated to some extent, and it was concluded that the influence of ship
speed was relatively much stronger in severe sea states.

The bow flare damage of large full ships due to wave impact was described by
Suharal31]. The investigation of actual damages in full-scale vessels, fundamental concepts
regarding the bow flare damage problem, velocity of a ship relative to wave, the bow flare
slamming pressures computed using the method proposed by Chuang for impact with
water surface and a kind of Bagnold type impact theory for impact with a breaker, and
finally, a proposal of design standard of the bow flare were described in his paper.

Bow flare slamming was investigated by Yamamoto et al(34]. Bow flare slamming
may become very important for a fast container ship from the structural point of view,
because it may result in serious damage in the fore body. The longitudinal vertical bending
moment in a container ship was also investigated theoretically.

The problem of fast ships with large bow flare suffering from slamming and
damage in the bow region was discussed by Fukasawa et all33). The strength rule for the
bow longitudinals provided by the classification societies on the basis of their experiences
of structural damage to impact pressure was also described. A theory of slamming of ships
(Karman’s Theory) among regular waves was proposed in this paper. The critical wave
heights for collapse of side structure can be obtained for the respective classification
societies from the results, and collapsing probability of longitudinals in classification
society’s rules was also shown.

The structural damage of a fast ship due to bow flare slamming was analysed by
Yamamoto et all32] and the impact pressures were calculated by Karman’s theory. The
damage was investigated from the viewpoint of ship hydroelasticity with the aid of fracture
mechanics. The results obtained suggested the importance of ship handling as well as
structural design for preventing damages in large container ships.

Hwang et all36] described methods to calculate the bow flare impact force and
pressure by the momentum slamming theory and the Wagner type impact theory(2!l, when

a ship was travelling in sinusoidal waves with large amplitude. In Hwang’s method, the



linear strip theory was used for ship motion calculations and the frequency dependent
added mass and restoring forces were computed at the instantaneous submerged sections.
However, the damping forces were computed only at the mean position.

A numerical method was developed to simulate the bow flare slamming of fast
ships by Arai and Matsunagal37l. Curved ship body boundary was represented by the
Porocity method within the constraints of a rectangular grid system. A numerical simulation
was carried out using a cross section of a typical container ship with a large bow flare and
the simulations were compared with model experiments.

Faltinsen(38] described various methods (the boundary element method, similarity
solution, asymptotic solution and Arai & Matsunaga’s theory(37]) to calculate bow flare
impact pressure distribution during water entry of a wedge with constant vertical velocity
and compared these with drop test pressure measurements.

A theoretical method for determining slamming impact pressure distributions on
ship sections was described by Kaplan(39] which provides a means of obtaining average
panel slamming pressure distributions, in time history form, as an output associated with
vessel motions and loads in a seaway. The theoretical model is based upon using
information from a presently existing procedure providing the linear acceleration pressure
component, for high frequencies, which is then extended to obtain the total nonlinear
pressure distribution inclusive of slamming effects. Comparisons with known analytic
solutions, for fixed instantaneous positions of an immersed section (viz. for a circle and
semicircular sections) corresponding to the quasi-steady condition, provide a basic validity
for this procedure.

Experimental investigations into the bow flare slamming problem were also carried
out by various researchers.

Drop tests were conducted with a two-dimensional model which had the same cross
section shape of a container ship(32. Ten pressure gauges were used in the experiments.
The time history of slamming pressures was given.

A model test was conducted for models with two kinds of bow flare form in both
regular and irregular waves in order to study the effects of the bow flare to the deck

wetness and asymmetry of the vertical wave bending moments by Watanabe et all40],



Motions, impact pressures and vertical wave bending moments were measured. The bow
flare slamming pressures only at the stem above LWL for one speed, eleven frequencies
and one wave amplitude were given.

Full scale measurement of the bow flare slamming pressure was also carried out by

Takemoto et all41-42],

1.3 Shear forces and bending moments

Wave bending moment of the displacement type ship in waves can be estimated
satisfactorily by the linear strip theory [1-343],

Calculations were performed of wave induced vertical bending moments using a
linear theory of ship motions (S.T.F method(3]) by Soares(44! and the theoretical
predictions were compared with various sets of measurements on ship models which are
Series 60 C=0.7[43), Series 60 Cg=0.8[46], Cargo ship C=0.62[47], Dutch container ship
Cp=0.60148], SL-7 Container ship Cg=0.54(491 and a Destroyer model Cg=0.48(!%1.

The linear theory provided results of good engineering accuracy but perfect results
cannot be expected in most cases. The results depended on the block coefficient of the
model, heading and speed.

When the wave amplitude becomes large, however, nonlinear characteristics of
wave loads become significant. It is important to take account of such nonlinear
characteristics.

Some researchersl!!-12. 50-52] considered nonlinear effects when they formulated
the wave forces. They compared these predictions with the experimental data (as described
above).

The results obtained from the nonlinear theoretical predictions methods have better
agreement with experimental data than the linear theory.

Chiu and Fujinol33] calculated wave loads considering nonlinear effects, for
example, it was possible to calculate the behaviour of the ships in waves even in the case
where the submerged portion of the ship’s hull varied significantly with time and the

nonlinear hydrodynamic forces acting on the ship were considerable. The numerical



prediction values were compared with the model test carried out with two different kinds of
semi-displacement craft in head waves, the results were satisfactory.

The large sagging bending moment was illustrated in the theoretical and
experimental researches which cannot be obtained from the linear theory.

The vibratory ship response following a slamming impact occurs due to exciting the
basic ship structural modes of vibration, which is represented by a sequence of non-
continuous high frequency oscillations in accelerations, shears and bending moments for
vertical plane response. This type of response follows the occurrence of bow and stern
region impact forces, with the dominant response usually that of first - fifth structural
bending modes. These oscillations decay due to damping arising from combined structural
and hydrodynamic effects. The method of determining these structural response due to
slamming is by the use of a modal superposition(24], with the solution represented in terms
of a series of normal modes. It is assumed that the mode shapes, as well as the values of
the associated frequencies, are determined by a separate structural analysis where this
modal information is appropriate to the vessel in the equilibrium reference condition when
floating in calm water.

The global bending moment investigated by Kaplan & Sargentl6] and Dai &
Song!54] was the wave bending moment induced by linear forces superimposed on the
bottom and bow flare slamming bending moments induced by bottom and bow flare
slamming force, and these terms were independent among them.

The wave bending moment and slamming bending moment as well as global
bending moment of two experimental models in irregular waves were given by Dai &
Songl54l . They also found a satisfactory agreement with the theoretical predictions.

The global structural response was treated as the steady state response induced by
the linear force and the transient responses induced by the slamming force by Belik et
al[551, The strip theory was used to represent fluid actions and the ship was considered as a
nonuniform Timoshenko beam in their study.

The global bending moment consisting of the wave bending moment induced by the
linear force and the slamming bending moments induced by slamming forces, which was

composed of both a rigid body response and a vibratory response due to the elasticity of the
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ship structure, was also studied by Kaplan(56),

The heave, pitch and roll motions as well as vertical and lateral bending moments of
a model were measured in irregular waves at one forward speed, one heading angle of the
port bow and the same speed and heading in a storm sea condition. The results were also
compared with the theoretical predictions which showed a good agreement.

The combination of wave induced response and slamming induced response was
also investigated by Hasen(57). In his study, the non-Gaussian and non-stationary process,
Slepian model, was used to solve the combination problem of the low frequency wave
induced bending moment and high frequency slamming induced bending moment in ships.
He also suggested that the assumption that the time of occurrence and the intensity of a
slamming impact are independent of the corresponding quantities of the previous impact, as
embedded in the Poisson pulse model, was not valid due to the periodic character of the
ship motion.

From above descriptions of ship motions, slamming pressures and wave bending
moments as well as global bending moments, some nonlinear methods to predict the large
amplitude ship motions and sea loads have been developed by some researchers, however,
further investigations of these nonlinear methods and sufficient experimental researches to
validate them are needed.

The aim of this research is to develop computational tools to predict the large
amplitude motions and loads on ship travelling with forward speed in waves. An
experimental research programme was completed to validate the nonlinear prediction
method. In this thesis, the results of theoretical and experimental investigations to predict
the nonlinear ship motions, slamming pressures and bending moments in regular head seas
are presented.

In the chapter 2, the practical nonlinear theoretical prediction method described in
this research(58-391 is based on “relative motion hypothesis” in which nonlinear effects,
i.e., nonlinear dynamic restoring force, nonlinear damping force and nonlinear fluid
momentum force are considered. The motion equations are solved in the time domain by
the numerical integration technique, the three points predictor-corrector method (Hamming

method). The frequency dependent added mass and damping coefficients are computed at
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the instantaneous submerged section using the close-fit conformal mapping method. The
results by the nonlinear method have very good agreement with the experimental test results

for heave and pitch motions, expect overpredction in the resonance region in large waves

for the heave motion.

The bottom and bow flare slamming pressures are described in the Chapter 3.

The bottom slamming pressure is calculated by Stavovy & Chuang theory, Ochi &
Motter theory, the momentum theory and Payne impact theory. The Ochi & Motter theory
predicts a good agreement results with the experimental data, while other methods predict
bigger values than the experimental results.

The momentum slamming theory and Wagner impact theory are used to predict bow
flare slamming pressuresl61-621, The total impact pressure is expressed as the sum of water
immersion impact pressure and wave striking impact pressure. The momentum slamming
theory and Wagner impact theory can predict a good results of bow flare slamming. The
bow flare slamming pressure increases as the wave amplitude and the speed increase.

The wave shear forces and bending moments are calculated using the nonlinear
theoretical prediction method and the linear strip theory. Generally, the nonlinear prediction
method will predict more reasonable good results than the linear method.

The ship hull is considered to be a Timoshenko beam, where the vibratory elastic
response of the ship is calculated by the modal superposition method. The global dynamic
shear force and bending moment values are predicted using two different methods(63-641 :
One is based on the elastic vibratory response due to the total hydrodynamic force; The
other is based on the rigid body response due to the linear force superimposed with the
elastic response due to impact forces. The results by the elastic vibratory response due to
the total hydrodynamic force (method 1) have a good agreement with the experimental
results and these are much better than the results by the rigid body response superimposed
with the elastic response (method 2). The detailed description can be seen in the Chapter 4.

The experimental researches(59:61-63.65] are given in the Chapter 5.

The nonlinear ship motions and sea loads predicted by the computational tools
developed in this research can be used to further ship structural strength analysis and guide

ship hull design.
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CHAPTER 2
SHIP MOTIONS

2.1 General description

A nonlinear theoretical prediction method developed described in this research!58] is
based on “relative motion hypothesis” in which nonlinear effects, i.e., nonlinear dynamic
restoring force, nonlinear damping force and nonlinear fluid momentum force are
considered, when the ship motions are calculated and equations are solved in the time
domain.

The frequency dependent added mass and damping coefficients are computed at the
instantaneous submerged sections by the close-fit conformal mapping method.

The force acting on the ship hull, the derivation and solution of the ship motion
equations are discussed and comparisons between the theoretical predictions and
experimental data of the heave, pitch and relative motions and acceleration as well as the

time history of these motions and the accelerations are also described in this chapter.

2.2 Coordinate systems and assumptions

2.2.1 Coordinate systems

A slender ship moving with constant forward speed U through a train of regular
head waves is considered. Let (x,y,z) be a coordinate system moving with the ship relative
to a system (x(,,y(,,z(,) fixed in space (see Fig.2.1). The x-axis points in the direction of U,
and the (x,y) plane is located at the position of undisturbed water surface (y-axis points to
starboard), with the z-axis vertically upward through the centre of gravity. Assume that
(X4,Y»,2,) is another coordinate system fixed in the ship, and when the ship is moving

through the still water, the system (x,,y,,z,) and (x,y,z) coincide.

13



Az 2,
U Speed of Ship
-¢——— C, Speed of Wave
L,
4
+z
G ' + +§
/ e +w } >
X Xo
Xp

Fig.2.1 Coordinate Systems

2.2.2  Assumptions

1) The fluid is assumed to be inviscid, homogenous and incompressible.

2) The motions in regular, plane waves moving with a constant phase velocity in
the x-direction are studied, so the position of the surface (a first - order gravity wave in
deep water (sinusoidal wave)) in the moving reference frame (x,y,z) may be written as

{(x,t) =, cos(Kx + w,t) 2-1)

(x,t) is the wave elevation as a function of x and time t, {, is the wave amplitude,
K is the wave number and o, is the frequency of encounter in the moving reference

frame. The dispersion relation between the wave number and the wave frequency @ for

deep water waves :

K=w/g (2-2)

The relation between the frequency of encounter and the wave frequency is
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o, =0 +KU (2-3)

3) The ship is long and slender, with the beam and draft small compared to the ship

length.
4) The ship has lateral symmetry.

5) This method is based on “relative motion hypothesis”, i.e. the wave-exciting

forces can be calculated from relative motions between the ship and the wave.

If z(t),w(t) are defined as the heave and pitch motions respectively, then the

relative motion, the relative velocity (1 = % r, = %) and the relative acceleration values are

r=Z—Xh\V—C .

t=z2-x,y+Uy -
N -4
f=ioxy-f &

f=7-x,y+2Uy-{
2.3  Ship motion equations

2.3.1 Description of external forces

The force f(x,,t) acting on the ship hull consists of the hydrodynamic force, the
hydrostatic force fy(x,,t) and the gravity and the ship hull inertia forces (D’ Alembert

force).

f(xy,t) = Fig(Xpt) + o (Xp01) (2-5)

Omitting hydrostatic and gravity forces in still water, the external force can be

considered as the sum of the following terms :
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1) Dynamic restoring force f
2) Wave damping force f,,
3) Fluid momentum force f,,

4) Ship hull inertia force f,

1) Dynamic restoring force
The dynamic restoring force acting on a two dimensional ship section can be

expressed as :

le = pg(Ar - A()) (2-6)
p Density of fluid.

g Gravitational acceleration.

A, Instantaneous submerged sectional area.

A Sectional area in still water.

2) Wave damping force
The wave damping force acting on a two dimensional ship section due to surface
waves generated from ship oscillations and the deformation of incoming wave field

(diffraction effects) can be expressed as :
f(%,,t) = =N (x,,t)i 2-7)
N,  Sectional damping coefficient in the heave motion.
3) Fluid momentum force

The hydrodynamic force acting on a two dimensional ship section due to the rate of

change of fluid momentum induced by the ship motions relative to the fluid will be :
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£ =——{m,(x,.t)i] (2-8)

d / dt is the substantial derivative given by :

d 9 0
o Dok 2-9)

m, is the sectional added mass in heave motion which varies as a function of

position and time. f and f, are the relative velocity between the wave and the ship hull.

Therefore :

am,(xb,t) i +U am,(xh,t) :
oT ox,

T

fon = _mr(xh’t)f+ (2-10)

The first term in the integral represents the fluid inertia or “added mass”. The
second and third terms represent the rate of change of the fluid momentum due to the added
mass varying with time and position.

The major contributions to the second and third terms in equation (2-10) will come
from the end upper sections with large added mass gradients and high relative velocities,
so, these sectional forces will be referred to as “flare “ forces.

It is assumed that the force due to momentum impact term is the same, when the
ship is moving out of or into water. This would imply that the added mass is reduced
during the water exit according to the reduced nominal immersion and that the momentum
will be transferred back to the ship. During a fast reduction of the immersed width, such an
assumption appears unrealistic[®]. Therefore, in the present study, the momentum impact
force term will be ignored when the ship is moving out of the water, but the other terms are

not affected. Hence,

M _0if >0 2-11)
T

r
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4) Ship hull inertia force

In large amplitude and steep waves, the ends of the ship, especially the bow, will
become completely submerged during a full oscillation cycle. For ships with flared bow
sections some or all of the water will be “splashed” away from the hull. This phenomenon
will mainly depend on the relative motion, velocity and acceleration at F.P. and the
geometry of the bow flare.

If the relative displacement becomes very large, the bow flare will not prevent water
flowing onto the weather deck, and the effect of “green water” on the deck should be
included. Due to its hydrodynamic complexity, the water mass due to deck wetness is
considered in the ship hull inertia force (D’ Alembert force, the gravity of the water mass is

ignored) as follows :

£, (x,t) = =[m, (x,) + pd(x,,)By(x,)](Z(t) - x, (1)) 2-12)
m,(x, ) The unit mass of ship hull.

Z Heave acceleration.

' Pitch acceleration.

d(xh,t) Height of water when deck wetness occurs.

B,(x,) Width of deck.

2.3.2 Derivation of motion equations

The forces acting on a two dimensional hull section according to the analysis above

f(xh’t) = fm(xh’t) + fuz(xh’t) + fna(xh’t) + fA(xh’t) (2-13)

Since the total of the applied and D’ Alembert forces and moments must equal zero :

18



24

Tf(x,,,t)dxb =0
b (2-14)

L
J‘f(xb,t)xbdxb =0

_L‘

The motion equations become :

z | (m,(x,.t)+m,(x,)+pd(x, X, ) X, —

_L‘

v[x

L,

(
Lf Ha—%‘“‘ ("v‘))(i-x.,\v—c)+

(Z - xb\i’ - C + UW) —m,(xb't)(2U\i’ - C) + pg(A'(xb‘t) - AO)]dxb
(2-15)

m (x,,t)+m,(x,)+ pd(xh,t)Bd(xb))dx,;

d
™ (m,(x.,t))—N,(xb,t)]x

b

i:[.xb(m,(xb.t)+ m,(x,)+ pd(x,. 1)B, (x, )ix, -

1 Txbz(mr(xb,t) +m,(x,)+ pd(xb,t)Bd(xb))dxb=

_L‘

T xb[[(a%mr(xb,t))(i -xp =)+ %(m,(x,,, t) -N (x,., t)] x

-L, r

(i -xy-C+ U\p) —mr(xb,t)(ZU\il - C) + pg(A,(xb.t) - Ao)]dxh

Solutions

2.4.1 Numerical solutions

The motion equations given in (2-15) are solved by the use of numerical integration

technique in the time domain.

A computer program has been developed for this purpose and a three-point

predictor-corrector technique (Hamming's method[%6], which can save computational time)

is employed to integrate the equations.
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2.4.2 Added mass and damping coefficients

The solution was obtained by numerical integration in the time domain. This is a
method well suited to deal with nonlinear problems, but it creates some difficulties
concerning the hydrodynamic sectional added mass and damping. In linear theory, where
the solution is obtained in the frequency domain, these hydrodynamic quantities are
calculated only at still water position and as a function of the frequency of encounter.

In the analysis presented, a section may be given a large displacement from the
equilibrium position, and therefore, added mass and damping coefficients will depend on
the instantaneous position of the wave relative to the hull. Strictly speaking, in a nonlinear
formulation the classical definition of frequency dependent added mass and damping
coefficients is no longer valid. The added mass and damping forces are then replaced by a
single nonlinear hydrodynamic force, obtained from the integration of the nonlinear
hydrodynamic pressure around the hull, this pressure could be calculated by first solving
the corresponding nonlinear boundary value problem for the velocity potential, which is an
extremely complicated task.

Faltinsenl67) applied Green’s function boundary integral technique to solve this
nonlinear problem in the simple case of forced oscillations in otherwise calm water. But the
method was verified only by small amplitude motions.

In this study, the added mass and damping coefficients vary with the instantaneous
draught, i.e. these quantities are calculated as if a section undergoes small (linear)
oscillations about this position at a given frequency. There are several methods to calculate
the hydrodynamic coefficients, i.e. infinite frequency method, Lewis’s transformation
method, close-fit conformal mapping method and Frank Close-Fit method[68}, In this
study, hydrodynamic coefficients at 24 drafts, 21 stations and 30 encounter frequencies are
calculated using the close-fit conformal mapping method and the conformal mapping

coefficients are used as many as necessary in order to get the desired close-fit accuracy!69-

71],
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2.5 Correlation studies

The nonlinear theoretical prediction method had been described in the previous
sections. Small wave height validation of the theoretical method was carried out by
comparing the results with published experimental data from a destroyer model(!*] and a

container ship modell18l.

2.5.1 Motion response of a destroyer model in small wave heights

A series of experimental tests on a destroyer model were carried out by Lloyd(!9).

Comparisons of the results obtained from the nonlinear theoretical prediction
method, the linear strip theory and the experimental data (model test and full scale trial)
carried out by Lloyd[!%] at Fn=0.21, ten wave frequencies and one wave height (1/50 wave
length) in head seas are shown in Fig.2.2-2.3.

The motion responses of heave and pitch by the nonlinear theoretical prediction
method (wave amplitude is 1/100 wave length) and the linear strip theory show the same
results and there is a very good agreement between the predictions and the model test
measurements, except for a discrepancy in A/L=1.4 - 2.0 region (Fig.2.2 ) and also a

reasonably good agreement between the predictions and the full scale trial results (Fig.2.3).

2.5.2 Motion response of a container ship model in small wave heights

A series of experimental tests on a container ship model was carried out by
Takaishil!8.

Comparisons of the results obtained from the nonlinear theoretical prediction
method, the linear strip theory and the experimental data carried out by Takaishil!8] at
Fn=0.20, ten wave frequencies and one wave height (1/50 wave length) in head seas are
shown in Fig.2.4.

The motion response of heave and pitch by the nonlinear theoretical prediction

method (wave amplitude is 1/100 wave length), the linear strip theory show the same
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results except for a little difference in the resonance region and there is an excellent

agreement between the predictions and the experimental data (pitch motion response

Fig.2.4).

2.5.3 Summary of comparisions in small wave heights

The validation of the nonlinear theoretical prediction method in small wave heights
and the linear strip theory had been carried out by comparing with the experimental data (a
destroyer model test and full scale trail and a container ship model test). There is a
reasonably good agreement between the theoretical predictions and the experimental test

results.

2.6 Comparisons between the theoretical predictions and experiments

The theoretical motion responses in larger waves were compared with model tests
undertaken in the Hydrodynamics Laboratory, University of Glasgow.

The model tests are described in Chapter 5.

2.6.1 Heave and pitch motions

1) Nondimensional values of heave and pitch motions obtained from predictions
and measurements due to different wave frequencies at three different wave amplitudes
(2.5, 4.0, 7.5 cm), two speeds Fn=0.15 and 0.25, are shown in Figs.2.5-2.6 and
Figs.A.2.1-A.2.6.

For Fn=0.15, there is a good agreement between the theoretical results which take
into account the nonlinear effects and experimental measurements shown in Fig.2.5 and
Figs.A.2.1-A.2.3.

The influence of the wave amplitude can be seen from Fig.2.5. A large wave will
cause large ship motions and the nonlinear effects become significant. In this figure, three

different wave amplitudes are considered. The results show that while the wave amplitude
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decreases, the results approach the values of the linear methods, which are based on the
small-amplitude motion assumptions. When the large waves is considered, the motion
response becomes different, normally, the nondimensional motion response values
decrease when the wave amplitude increases.

For Fn=0.25, there is also a good agreement between the theoretical results which
take into account the nonlinear effects and the experimental data shown in Fig.2.6 and
Figs.A.2.4-A.2.6. However, there are some differences (overestimation) in the heave
resonance region.

The influence of the wave amplitude can be seen from Fig.2.6. The large waves
cause large ship motions and the nonlinear effects becomes significant. In this figure, three
different wave amplitudes are considered. The results show that while the waves become
small, the response values approach the values obtained from the linear methods based on
the small-amplitude assumptions. When the large waves are considered, the motion
response values become different, normally, the nondimensional motion response values

decrease when the wave amplitudes increase.

2) The nondimensional heave and pitch motion values obtained from predictions
and measurements due to different wave heights at three different wave frequencies
(A/L=1.0, 1.2, 1.4), two speeds Fn=0.15 and 0.25, are shown in Figs.2.7-2.12.

For Fn=0.15, there is an excellent agreement between the experimental data and the
nonlinear theoretical results for the pitch motions, there is a satisfactory agreement between
the experimental data and the nonlinear theoretical results for the heave motion except some
differences when the wave amplitudes are large.

For Fn=0.25, there is also an excellent agreement between the experimental data
and the nonlinear theoretical results for the pitch motions, there are some differences
between the experimental data and the nonlinear theoretical results for the heave motions at
large waves.

The theoretical results which take into account the nonlinear effects are more
accurate than linear results, especially in large waves.

At low speeds and wave frequencies and small wave amplitudes, the linearity of
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heave and pitch motions becomes more apparent i.e. in these conditions, the nonlinear

effects are insignificant.

2.6.2 Relative motions and accelerations

Nondimensional relative motion and acceleration values obtained from predictions
and measurements at different wave frequencies and for three different wave amplitudes
(1.0, 4.0 and 7.5 cm), and two speeds Fn=0.15 and 0.25, are shown in Figs.2.13-2.14
and Figs.A.2.7-A.2.12.

The theoretical results which take into account the nonlinear effects agree better with
the experimental data than those obtained from the the linear theory as shown in these
Figures. There are differences between the relative motion predictions and measurements in
large waves, this is because the water level exceeds the freeboard and it was not possible to
measure the height of water over deck (Figs.2.24 and 2.26).

The influence of wave height can be seen from Figs.2.13 and 2.14. The large
waves will cause large relative ship motions and accelerations. Normally, the relative
motions and acceleration decrease as the wave height increases due to nonlinear effects. In
the region of resonance, there are some differences between the theoretical results and the

experimental data.

2.6.3 Time history analysis

Time history of the heave, pitch, relative motions and accelerations obtained from
measurements and predictions at A / L=1.0, Fn=0.15 ; A/L=1.3, Fn=0.25 for two wave
amplitudes are shown in Figs.2.15-2.28 (The time history of the accelerations as obtained
from the experiments was not given because the values were recorded in the chart
recorder).

The theoretical results agree with the experimental ones generally well. The positive
amplitude and negative amplitudes are of different magnitude, which are different from the

general harmonic results in the frequency domain, as shown in these Figures. This
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phenomena are due to the change of hydrodynamic coefficients and the nonlinear restoring

force which results from significant changes in cross-section areas.

2.7 Conclusions

1) The results predicted by the nonlinear theoretical methods are approaching the
values obtained by the linear strip theory for small waves. For large waves, the nonlinearity
of motion responses has been clearly shown. Generally, the nondimensional values of
heave and pitch motions decrease as wave amplitudes increase.

2) The results by the nonlinear method show very good agreement with the
experimental test results for heave and pitch motions, expect for overestimation in the
resonance region in large waves for the heave motion. As the forward speed increases, the
more the overprediction in the resonance region has been shown in the heave motion
response.

3) As the wave amplitude increases, the heave and pitch motions increase.

4) The positive and negative amplitude values obtained by the time domain analysis
and the experimental tests are generally different from each other while they have equal
values above and below the at-rest water line by the frequency domain (linear theory)
calculations.

5) The resistance type wave probe is not suitable for measuring the relative motions

in large waves. This is because the height of water over deck can not be measured.
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CHAPTER 3
PRESSURES DUE TO BOTTOM AND BOW FLARE SLAMMING

3.1 General description

In this chapter, the necessary conditions for the occurrence of bottom slamming are
given. Stavovy & Chuang’s method(2!], Ochi & Motter’s method!(22-23]1 and momentum
theory!24] as well as Payne’s impact theory(25-26] for predicting bottom slamming pressures
are described. The bow flare slamming pressures predicted by the momentum slamming
theory!36], Wagner’s impact theory!20] and Karman’s impact theoryl60] as well as the
Stavovy & Chuang’s method[2!] are also discussed. Finally, comparisons between the
theoretical predictions and the experimental data of bottom and bow flare slamming

pressures and conclusions are shown in this chapter.

3.2 Pressures due to bottom slamming

3.2.1 Necessary conditions

There are two necessary conditions for bottom impact slamming to occurl24l,

i) Bow (forefoot) emergence.

ii) A certain magnitude of relative velocity between the wave and the ship bow.

The first condition is in fact a prerequisite for slamming since tests revealed that
slamming never occurred without bow emergence. This was found to be valid no matter
what the sea state, ship course, speed, or loading distributions.

Being a necessary condition, it is not, however, a sufficient one, and a certain
magnitude of relative velocity between the ship bow and the wave was found to be also
required. This critical relative velocity below which slamming does not occur is called the
“threshold velocity”, denoted by V*. For S -175 container ship (ship length, L is 175.0 m)

using the Froude Scaling Law, the “threshold velocity” is :
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V' =0.293VL 3-1

Corresponding to the bow emergence and threshold velocity conditions, the

necessary conditions are written as follows:

r2T,

HEA'A G-2)

Where T, is the ship’s draught at the section where investigated if the necessary

conditions are or are not satisfied.

3.2.2 Bottom slamming phenomenon

Bottom slamming has been investigated by various researchers. There are three
main phases in bottom slamming(24]. In phase I, the body is approaching the free surface
until the moment the first contact is made. During this period of time, the airflow and the
wave surface deflection are of predominant importance. In phase II, the body impacts fully
on the surface and penetrates it until a more-or-less wetting is achieved. The cushioning
effect of air and spray may be important factors, as well as the water flow around the body.
Finally, in phase I, the fully wetted problem is described where the pressures are
considered to be relatively static and the forces to be the result of the rate of change of
momentum. Three kinds of impact phenomena were also observed during the experiments
by Watanabe et all72]. One was oblique impact, another was trapped air impact and the third

was normal impact.

3.2.3 Stavovy & Chuang’s method

1) Description of the method

The method used here is based on the calculation of the impact pressure on an

infinitesimal area of the hull bottom. In that area, the deadrise, buttock, trim, and heel
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angles are determined from ship lines, body plan, ship motions and wave profile. The ship
section does not necessarily have to have a straight-line bottom with constant deadrise
angle. The deadrise angle can vary along the hull bottom of the ship section, as is typical
for conventional hull forms with curved sections. Further, only the ship motion at that
infinitesimal area is considered, regardless of how complicated the wave surface profile is.

Slamming of a ship at high speed results in pressures acting normal to the hull
bottom in the slamming area that may be separated into two components :

i) The impact pressure, P;, due to the normal component to wave surface of the
relative velocity between the impact surface and the wave.

ii) The planing pressure, P, due to the tangential component to wave surface of the
relative velocity between the impact surface and the wave.

To estimate the maximum impact pressure, the pressure-velocity relation can be

written in general form as
1 2
P, = EprchIm (3-3)

Where

K,. Nondimensional pressure coefficient.

V,  Relative normal velocity of impact body to wave surface.

The K, values are as follows:

Khsc = 2Kl / cos’ ih (3_4)

g, is the effective impact angle on a plane normal to the wave surface and the
impact surface on the hull bottom measured from the wave surface to the impact surface of
the hull bottom, and K, can be determined from the Wagner wedge impact theory, the

Chuang cone impact theory, and DTNSRDC drop tests of wedges and cones shown in

equation (3-5) and Fig.3.1.
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Fig.3.1 Pressure Coefficients

K, =24.218¢, +72.0
when 0° S &, <2.2°

K, = 314.22087 - 136.1064&, + 29.34059,” - 3.3681¢,’
+0.19552€,* — 0.004518,°

when 2.2°<§, <11°

(3-5)
K, = 683.81885—-193.6841, +22.70183¢,” - 1.3385¢,’
+0.03938E,* —0.00046068,’

when 11° <, <20°

K, =(1+2.4674 / tan§,)- 0.3842824
when 20° <&,

The planing pressure acting normal to the hull bottom is



1
P, = '2'me2 (3-6)

V. Relative tangential velocity of impact body to water particles on
wave surface.
The planing pressure is usually small and insignificant as compared with the impact

pressure.
The total pressure due to the normal velocity component of the vehicle both the

normal and tangent to the wave surface is therefore :
Pl = Pi + Pp (3_7)
2) V,.,V,, Calculations

The determination of V,,,V,, is based on the hypothesis that only the velocity
component of the moving body normal to the impact surface and the velocity component of
the wave normal to its surface generate the impact pressure.

If one considers first that the vehicle moves with a horizontal velocity V,, and a
vertical velocity V,, at the impact area which can be formulated from the motion equations

as follows:

V,, =—=x,¥siny +Ucosy

V,, =—z+x,ycosy +Usiny (3-8)

At the time of impact, the vehicle has a deadrise angle ¢,, a trim angle vy, and a
buttock angle Y, , and the wave surface makes an angle of § with the horizontal axis. If the
vehicle has a heel angle, ¢, is the sum of deadrise and heel angles.

At the point of impact, let V,, be the velocity component of the impact body
parallel to the wave surface, and V,  the velocity component of the impact body

perpendicular to the wave surface, then as shown in Fig.3.2.
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\Y%
\Y%

=V, cosd—V, sind
=V, sind+V, cosd

bhw (3-9)

hvw

To include the water-orbiting velocity, these equations become:

V,.,=V,cosd-V, sind-V,

V. =V, sind+V, cosd+V (3-10)

byw

V,,V,, are defined in the next section.

Both V,,, and V,_ can be separated into two velocity components, one normal and

bvw
one tangential to the impact surface of the vehicle. The tangential velocity produces a
resistance or drag force. Since this force is parallel to the impact surface, it does not
generate a slamming pressure. Only the velocity component V., which is normal to the

impact surface, will generate the slamming pressure as the vehicle strikes the wave surface.

This normal velocity V,, is:

Vv, =V,,cosn+V,, cos, (3-11)
With

cosm = cosP,, sin&, (3-12)
So

V. =V,.cosp,sing +V,, cosé&, (3-13)
Therefore

V., = V. cos&,

Vo=V sin, (3-14)
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Where

_ - tan ¢,
o=t ,
Pay = tan (sm(\y —3) +tany, cos(y — 8)]

3.
B = tan"( tan ¢h (3-15
* cos(y — 3) - tany, sin(y — J)

E = tan"(cos B., tan(y +7, — 8) +sinp, tan Bcv) (3-16)

3) Definition of V, and V,

o on

Consider the wave movement of the sea. It is a well-known phenomenon that
although the surface waves propagate at a certain celerity V,, , the movement of water
particles oscillates back and forth only within an orbiting circle.

The relations between the orbiting motion of water particles and the wave surface
are shown in Fig.3.3. Since the time dt is considered infinitesimal, the wave within a
small portion of the slamming area (in fact, this portion is considered infinitesimal also) can
be approximated as a flat surface. The unknown velocities can then be determined as

follows:
112
V. =(g/K) (3-172)

So
V, = Vnw = Vw sin5 (3-l7b)

on

The maximum wave slope is
B = KE, (3-17c)

and

48



=to+dt
t=to

ave Surface

Fig.3.3 Velocity Diagram for Wave Surfacel2!]

49



V,=8,.V, (3-17d)
So
V, =V, = Via)" (3-17¢)
(The +/- signs should agree with those of —sinKx,)
3.2.4 Ochi & Motter’s method

In this method(22-23], the slamming pressure at the keel is approximately
proportional to the square of the relative velocity at the instant of impact. In other words,

the pressure is expressed by

P, =K.i"=2pK.f (3-18)
Where:

K, Dimensional constant depending on section shape.

K., Nondimensional K, values.

The K, and K, values are a function only of the hull section shape, particularly
the shape of the bottom portion below about one tenth of the design draught. If the bottom
of the section is above or below the baseline, then the distance between the level of water
line and the bottom is substituted for the design draught.

Normally, the accurate K, and K, values should be obtained from the model
tests, but , if there is not enough model test data available, the best regression equation

selected after a comprehensive search for the best fit to the available model test data by Ochi

can be used to decide K, K,,, values shown in the following :

K, =exp{-3.599+2.419a, —0.873a, +9.624a,} (3-19)
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For the nondimensional expression, only the first term should be changed. That is,
K., =exp{l.377+2.419a, - 0.873a, +9.624a,} (3-20)
a,,a,,a are the coefficients for conformal mapping of the ship section form up to
1/10 of the design draught.
At the station 2 (0.05L from FP), the values of a,,a,,a, are 0.237273, 0.086751
and -0.0095455 and the value of K, is 5.95.
3.2.5 Momentum theory
The hydrodynamic forces fy acting on a two dimensional ship section will be :
fu=fu +fu2+Tus (3-21)
The impact force of bottom will take the following formf24] :
£ =pgA, —N.i—3[m]
b pg 4 r dt r (3-22)
So, the bottom slamming pressure by the momentum method is as follows :

P =f,/B, (3-23)

Where:
B,  Breadth of the bottom at any draught.

3.2.6 Payne impact theory

The bottom slamming pressure is the sum of the impact pressure and the planing

pressure as described in Stavovy & Chuang’s method.
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The impact pressure predicted by the Payne impact theory as follows[25-26] :

P, = %mesz (3-24)
Where
b s, tan€, cos&,
and
&,

f .(,) may be approximated by 1--2

C, taken as 0.05

The planing pressure is also predicted as equation (3-6), so, the total bottom

slamming pressure by the Payne impact theory is :

P, =LK, Vi +70V. (3-26)
3.3 Pressures due to bow flare slamming
3.3.1 Impact force by the momentum slamming theory

The hydrodynamic force f, acting on a two dimensional ship section consists of

the dynamic restoring force f,,, the wave damping force f, and the fluid momentum force

f,, (see equation (3-21)).
The hydrodynamic force consists of linear and nonlinear terms, the nonlinear forces

are due to the bow form with prominent flare. The impact force of bow flare will take the

following form :
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fo = pg(A, —-A,+ 2ywr) - (N, - No)f - %[(m, - m(,)l"] (3-27)

y,  Half breadth of section in the still water.
N,  Sectional damping coefficient in the still water.

m, Sectional added mass in the still water.
3.3.2 Bow flare impact pressure

The actual mechanism of bow flare impact is extremely complicated. In the present
research, two different generating mechanisms of the bow flare impact pressures are
assumed : One is the water immersion impact pressure, due to the normal component of the
relative velocity to the water surface between the impact surface and the wave; The other is
the wave striking impact pressure, Py, due to the tangential component of the relative
velocity to the water surface between the impact surface and the water particle.

These two components of impact pressure are perpendicular to the impact surface,
and the total bow flare impact pressure is the sum of these two components.

To investigate the water immersion impact pressure, two prediction methods are

used as follows :

i) The impact pressure by the momentum slamming theory, Py.

The impact force is assumed to be distributed over a certain length of the beam with

the introduction of local correction factors near the water line contact region.

ii) The impact pressure by the Wagner impact theory , P, .

In the case of wave striking impact, the striking velocity of the water particle is
considered to be the tangential component of the relative velocity.

From the above impact pressure definition, the total bow flare impact pressure by

the momentum slamming theory, P, is given by

P=P, +Ps (3-28)
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and that by the Wagner impact theory, P, is given by

P=P, +Pg (3-29)

For the purpose of comparing different theories for bow flare slamming pressure
prediction, the Stavovy & Chuang’s method and Karman’s impact theory are also used to
calculate the bow flare slamming pressure in some wave frequencies, amplitudes and

speeds. The bow flare slamming pressure by the Stavovy & Chuang’s method :

P =P +Ps (3-30)

and by Karman impact theory :

P =Py, +P; (3-3D)
3.3.3 Impact pressure by the momentum slamming theory

The impact force in Equation (3-27) is the force acting on a strip of unit length. This
force is thought to be the sum of impact pressure distributed on the hull surface. For a
general ship section, it is difficult to find the shape of pressure distribution. A previous
study [73] showed that the peak value of impact pressure appears near the water surface
contact part. The peak value seems to be influenced mainly by the local factor near the
water contact part. Therefore, in the study, the pressure concentration factor C (Fig.3.4)
which is evaluated from the pressure distribution on the wedge shaped section is
introduced, and the impact pressure is assumed to be distributed uniformly over the

effective beam length B, defined by

B,=A,/(T,xC) (3-32)

where A, is the instantaneous submerged sectional area and T, is the instantaneous
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submerged draught. It can be assumed that the peak pressure is influenced by the local
water immersion velocity, i.e., the normal component V_ of the relative velocity rather
than the relative vertical velocity . Therefore the bow flare impact pressure by the

momentum slamming theory is given by
Py =fy /B, (3-33)

where f,; (the relative vertical velocity is replaced by V) is given by Equation(3-27) and

V, is given by Equation(3-49).

3.3.4 Impact pressure by the Wagner impact theory

This approach has been used by many investigators to determine the bottom impact
pressure. Direct application of the Wagner impact approach seems to be somewhat
inadequate for bow flare slamming. However, a considerable modification of the
contribution of the horizontal velocity to the equivalent water immersion velocity was taken
into account. The water immersion velocity is computed by considering the normal
components of body velocity as well as the wave surface velocity. Details of this
formulation are given in section (3.3.7).

The Wagner impact pressure is given by the following equation :
Py = %pKan’ (3-34)
Where K, (Fig.3.4) is obtained as follows :

n?
Ky=1+ 4tan2f; (3-35)

3.3.5 Impact pressures by Stavovy & Chuang’s and Karman’s methods

Stavovy & Chuang’s method based on the Wagner wedge impact theory, the
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Chuang cone impact theory, and DTNSRDC drop tests as used in bottom slamming
pressure calculation. In this study, this method is extended to calculation of the bow flare
slamming pressure and the impact velocity V which is different from the impact velocity
in the calculation of the bottom slamming pressure, so, for the Stavovy & Chuang’s

method :

_1 2
Pisc - —prchn (3'36)

K is the same as in equation (3-5), but €, is replaced by & (also see Fig.3.4)

For Karman impact theory :

1
Pika = ipKkaVnz (3'37)
Where (see Fig.3.4)
=
Ky = Gnk (3-38)

The V_ is decided by equation (3-49) and € (degrees) is the water contact angle of

hull surface in Equation (3-46).

3.3.6 Wave striking impact pressure

When a ship travels in a severe sea condition, it is observed that incoming high
waves become steeper because they are superposed on the swell up due to the ship motion.
Eventually the water particles strike the surface of bow flare with a very large velocity. The
phenomenon is usually superposed on the water immersion impact phenomenon of bow.
The actual striking velocity of wave particles as well as the distribution of the impact
pressure are extremely difficult to obtain theoretically. The peak pressure on breakwater by
a partial breaking wave is equal to twice the hydrodynamic pressure of jet flow on a wall

perpendicular to the jet as shown by Nagail74l. The bow flare impact pressure due to the
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wave striking phenomenon is assumed to be proportional to the square of tangential relative
velocity between the impact surface and the water particle in the present research. The
constant Kg is taken to be 4, while Hayashi and Hattori(73] suggest 2 to 5 for K as found

from the measurements. Then the striking impact pressure on the vertical wall can be

written as follows :
Py =+ pK,V,?
St EP sVt (3-39)
where V, is defined by Equation (3-51) in section 3.3.7.

Since the above equation is valid for a vertical wall, the following modification is
made(31].

1 150 -
P =—PKsz( 60 g) (3-40)

where & (degrees) is the water contact angle of the hull surface in Equation (3-46)

3.3.7 V,,V, Calculation

The lateral motion of a ship and the deformation of incident wave caused by ship
motions are ignored in this research. The water line angle, the body plan angle and the

buttock line angle o,B,y respectively, are shown in Fig.3.5.

S
s

Water line angle Body plan angle Buttock line angle
Fig.3.5 Angles of Hull Surface
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The above angles are changed by the pitch motion in waves. We assume that the

water line angle, o is not changed, then the modified angles become :

=0
Do (3-41)
=90 - tan"'[tano tan(90 -y )]

where V is pitch angle. Because the tangential velocity to the hull surface does not generate
any impact force, we define the vertical normal plane which is normal to the hull surface
and normal to the still water plane, as shown in Fig.3.6 and hereafter only the velocity

components in this plane are considered to generate the impact.

Vertical Normal Plane

Water plane Vertical normal plane

Fig.3.6 Vertical Normal Plane

From the geometrical relation in Fig.3.7, the deadrise angle, ¢, of the hull surface in the

vertical normal plane is given by the equation

tan(90-P’)

: (3-42)
tan’ o +tan’(90-B)+1

¢ =cos™
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Fig.3.7 Deadrise Angle, ¢, in the Vertical Normal Plane

The phase of incident regular wave at the impact point, S, as shown in Fig.3.8, is

0 =Kx, +w.t (3-43)

X

Vertical Normal Plane

Fig.3.8 Relative Direction of Wave with Respect to Vertical Normal Plane
The original wave slope, & is
o= —K(:. sin© (3_44)

The angle between the wave direction and the vertical normal plane is (90 - a')

So, the effective wave surface angle, 8 , in the vertical normal plane is
& =dcos(90-a) (3-45)
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From Equations (3-42) and (3-45) the water contact angle, €, which is shown in

Fig.3.6 is obtained by the following equation
E=¢-8 (3-46)

Now, we evaluate the normal and tangential components to the water surface of the
relative velocity between the impact body and waves. At first, the horizontal velocity, V
’ h »

and vertical velocity, V , of body at the impact point, S, are given as follows :

V, =—Xx,ysiny +Ucosy

V, =z-x,ycosy —Usiny (3-47)

and the rising velocity of wave normal to the water surface is approximately
V.= V., sind (3-48)

where V_ is the wave phase velocity and & is the same as in Equation (3-44). From

Equations (3-47) and (3-48) the normal relative velocity to the water surface, V_ is

obtained by
V, =V,cos(90-a )sind -V, cosd +V,, (3-49)

where V, is positive for body going into the water.

The horizontal and vertical velocities of wave particles in the direction of wave

propagation are

V,, =0, cos0

V. =al,sin® (3-50)

Then, from Equation (3-47) and (3-50), the tangential relative velocity to the water surface

V, is obtained by
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V,=V,sind +V, cosd cos(90 - ) +
(Vi cos8-V sin8)cos(90 - or ) (3-51)

where V, is positive for bow striking.

3.4 Comparisons between the theoretical predictions and experiments

An experimental description of bottom and bow flare slamming pressures is given

in Chapter 5.

3.4.1 Bottom slamming pressure

1) Ship behaviour

The ship behaviour and the lengthwise distribution of vertical relative velocity are
shown in Figs.A.3.1-A.3.20

In these Figures, bow emergence, bottom slamming and bow flare slamming as
well as deck wetness are shown. The maximum bow emergence is shown at the time near
t=0.0 T_. The bottom touches the waves progressively and finally several stations near
F.P. plunge into water almost simultaneously, the bottom slamming occurring in the bow
region (See Fig.A.3.3). Next the bow flare slamming will occur (Fig.A.3.5 and
Fig.A.3.7), followed by the phenomenon of deck wetness (Fig.A.3.9, Fig.A.3.11 and
Fig.A.11.13), after that, the bow will continue to move out of the water (Fig.A.3.15,

Fig.A.3.17 and Fig.A.3.19). All of these phenomena will be repeated at the next period.

2) Bottom slamming pressure due to different wave frequencies

The bottom slamming pressure predicted by the Stavovy & Chuang’s method, Ochi
& Motter’s method and the momentum theory as well as Payne impact theory according to
different wave frequencies and comparisons between the theoretical predictions and
experimental data at Fn=0.15 and 0.25, {,=7.5 cm and station 2 are shown in Figs.3.9-

3.10.
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From these figures, there is a good agreement between the results predicted by the
Ochi & Motter’s method and the experimental data. The results by the other three methods
are several times larger than the experimental data. This phenomenon is more clearly shown
in Fn=0.25 than in Fn=0.15.

This is because the Ochi & Motter’s method is based on a large number of the
bottom slamming test results of the ship model. The Stavovy & Chuang’s method, Payne
impact theory are based on the drop test results. The momentum theory is not quite suitable
to predict the bottom slamming pressure, but it is better than the Stavovy & Chuang’s

method and Payne impact theory.

3) Bottom slamming pressure due to different wave amplitudes

The bottom slamming pressure predicted by the Stavovy & Chuang’s method, Ochi
& Motter’s method and the momentum theory as well as Payne impact theory according to
different wave amplitudes and comparisons between the theoretical predictions and the
experimental data at Fn=0.15 and 0.25, A/L=1.0, 1.2 and 1.4 are shown in Figs.3.11-
3.15.

From these figures, the bottom slamming pressure increases as the wave amplitude
increases. The results by the Ochi & Motter’s method again agree well with the
experimental data. The results by the other methods give a greater value (in some cases by

several times) than the experimental data.

3.4.2 Bow flare slamming pressure

1) Ship behaviour and impact force

i) The ship behaviour and the lengthwise distribution of vertical relative velocity are shown

in Figs.A.3.1-A.3.20 (see section 3.4.1).
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ii) Time duration of slamming

Time duration at bottom slamming and bow flare slamming is different, for
example, for Fn=0.25, Sta.=2, A/L=1.2 and {,=7.5 cm, the time duration in the bottom
area is 0.0111 seconds, while the time duration in the bow flare region is 0.1741 seconds,
the latter is 15.7 times longer than the former. So, the time duration in the bow flare

slamming is much longer than the time duration in the bottom slamming.

iii) Contribution of different nonlinear terms to impact force

The main contribution to the bow flare slamming force is nonlinear fluid momentum
force. The contribution of the nonlinear restoring force, nonlinear damping force and
nonlinear fluid momentum force at Fn=0.15 and 0.25, Sta.=3, A/L=1.2 and §n=8.75 cm
can be described as follow :

For Fn=0.15, when the draught is nearly 14.50 cm (still water draught is 13.5 cm),
the ratio of contribution to the bow flare slamming force for the three nonlinear terms is
0.85%, 13.15% and 86.00%.

When the draught is nearly 17.15 cm , the ratio of contribution to the bow flare
slamming force for the three nonlinear terms is 5.60%, 24.60% and 69.80%.

When the draught is 20.0 cm , the ratio of contribution to the bow flare slamming
force for the three nonlinear terms is 11.50%, 31.50% and 57.00%.

For Fn=0.25, when the draught is nearly 14.50cm (still water draught is 13.5 cm),
the ratio of contribution to the bow flare slamming force for the three nonlinear terms is
0.93%, 14.06% and 85.01%.

When the draught is nearly 17.15 cm, the ratio of contribution to the bow flare
slamming force for the three nonlinear terms is 6.10%, 25.70% and 68.20%.

When the draught is 20.0 cm , the ratio of contribution to the bow flare slamming
force for the three nonlinear terms is 12.50%, 32.60% and 54.90%.

Therefore, the contributions of the nonlinear restoring force and damping force

should not be neglected.



2) Bow flare slamming pressures according to different frequencies

The nondimensional values of bow flare slamming pressures obtained from
predictions by the momentum slamming theory and the Wagner impact theory and
measurements according to different wave frequencies at two wave amplitudes, two speeds
and three stations (0.05L, 0.01L and 0.15L from FP) and draught of 20 cm are shown in
Figs. 3.17-3.24.

For Fn=0.15, there is very good agreement between the predictions and the
measurements for Sta.=2 and 3, when { =4.0 cm (Figs. 3.17 and 3.19) and there is good
agreement between the predictions and the measurements for Sta.=2 and 3, when  =7.5
cm (Figs. 3.18 and 3.20). The Wagner impact theory seems to predict more accurate
results than the momentum slamming theory in the resonance region in large waves.

When A /L is nearly 1.0, the pressures get to maximum due to the resonance
phenomenon.

For Fn=0.25, there is also good agreement between the predictions and the
measurements for Sta.=2 and 3, when §a=4.0 cm (Figs. 3.21 and 3.23) and there is
satisfactory agreement between the predictions and the measurements for Sta.=2 and 3,
when {,=7.5 cm (Figs. 3.22 and 3.24). The Wagner impact theory seems to predict more
accurate results than the momentum slamming theory in the resonance region in large
waves.

When A /L is nearly 1.2, the pressures reach a maximum due to the resonance

phenomenon .

3) Bow flare slamming pressures according to different wave amplitudes

The theoretical and experimental results of the bow flare slamming pressures by
two methods for different wave amplitudes are illustrated in Figs. 3.25-3.36 at Fn=0.15
and 0.25, A/L=1.0, 1.2 and 1.4, Sta.=2 and 3.

For Fn=0.15, comparisons between the predictions and the measurements show
very good agreement (Figs. 3.25-3.30). The bow flare slamming pressures increase while
the wave amplitude increases.

For Fn=0.25, the predictions and the measurements agree very well (Figs.3.31-

65



3.36) and the bow flare slamming pressures increase while the wave amplitude increases.
There are nearly same results between the predictions by the momentum slamming

theory and the Wagner type impact theory at the low wave amplitude region, but, when the

wave amplitude increases the difference between them also increases.

4) Bow flare slamming pressures according to different speeds

The bow flare slamming pressures by the momentum slamming theory for different
speeds are shown in Fig. 3.37-3.42.

For A/L=1.0, at Sta.=2 and 3, the bow flare slamming pressures for the three
speeds are nearly the same in the small wave amplitude region. In the large wave amplitude
region, there are some differences among them and the results at Fn=0.15 are the
maximum. This is because the motion responses become maximum, when Fn=0<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>