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ABSTRACT

The hgéving and pitching motions of é Series 60 model of
Cp=0.7 mowing in longitudinal regular head waves of shallow
water are calculated by Watanabe's strip method[1], [2] , [3] -

| The results are represented in @aples'and Figures and the

shallow water effect is discussed.
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NOMENCILATURE

a,byc,d,e,g ¢ coefficients of heave equation
A,B,C,D,E,G . coefficients of pitch equation

A waterplane areé

W
B(x) beam of a section _

Fa ' exciting force amplitude

g gravity constcnt ]

Gy center of gravity (C.G. )

h water depth

h ~wave amplitude _

H half-beam draft ratio

Ty moment of waterplane area

Iy& moment of iﬁertia of_thgvship about y-axis

L. length betweén perpendiculars

m" secticnal added mass of unit thickness for heave
Mé exciting.moment amplitude

sectional heave damping coefficient

sectional area under calm water Surface

W
time
‘draft
T menn"drﬁftr‘“
va shiy velocity- -
Vv dlsplacement volyme
| ﬁ Fufflx de31gnat1ng wave
XQY;F. ' ﬁhdy coordlnates
X;Y;Z spéce coordlnates



section fullnens coefficient
phase difference between heave and wave
" " " pitch and wave

n L " pitch and heave

" " " exciting force and wave

" " " : " moment "

heave at time tv

heave amplitude

waye elevation st time &

samplitude of absolut bow mdtion
" " L sterh motion
" " relativ bow motion

wave 1ength

w?/g

shallow water number

water density

pitch at time t

pitch amplitude

‘cireular frequence

circular frequency of encounter

b



THE INFLUENCE OF WATER DEPTH ON THE HEAVING AND PITCHING
MOTIONS OF A SHIP MOVING IN LONGITUDINAL REGULAR HEAD WAVES

INTRODUCTION

By applying Watanabe's strip theory some important hy@ro-
dynamic forces and moments acting on a Series 60 model of

C, = 0.7 moving in a longitudinal head wave system of shall-

B
ow water are calculated. The calculated results are represen-

ted'in non-dimensional forms and shown in Tables A and Figs.
A, 'h

Subsequently, heaving and pitching motions of the ship
are calculated and the results are presented in Tables B
and Figares B. - | |

The influence of shallow water depth.on the hydrodynam;c
forces and motions as shown in the figures are discussed.

It is revealed by the calculations fhaf the heaving and
pitching motions are remarkably damped by the shallow water

effect.




DEFPINITION OF SHIP MOTIONS AND AVES

The coordinate systems here utilized are space- and body-
coordinate system 0-XYZ and Go—xyz respectively., X-axis lies
on the undisturbed water surface za2nd Z-axis points vertically
upward. x-axis is longitudinal passing through the center of
gravity GO of the ship, while y- and z-axis point port and
upward, respectively. The éoordinate system Go-xyz coincides
With the Systeﬁ 0-XYZ at the initial rest condition. ¥e follow

the convention of right-handed coordinate system.

P ITIIITITI ST T TTTIITT T

Assuming only heaying and pitching motioms of a2 ship
at the speed V in a longitudinally oncoming wave system,

- we describe the surface wave as follows

4

. =h cos (vox + wet) ceesssaooall)

Wl




Ab + Bb + Cp - DL - BL - G =M _ cos (w,t + EVFW)J

-6-
y vhere i wave amplitude
Vg " shallow water wave number, i,e,

W - ey ‘ 1
(g = -\)Otanh von) |
w, circular frequency of encounter i.e.
(w+ v V)
: -0
The heaving and pitching motions of the ship corresponding

+6 the wave defined above are then expressed by

~
‘Cacos.(wet + SGN)

[
1]

> _ creneesd(2)
)

~/

€<
I

W

¢, Cc08 (wet + €

respectively, where Ca’ ¢a are_heave and pitch amplitudes

'and_s € phase differences between heave and wave

Cw’

dav .
and piteh and wave, respectively.

THE COUPLED EQUATIONS AND COEFFICIENTS

The coupled equations of heave and pitch of a ship moving
in longitudinal regular waves [1] , [2] are written in the

form

G oo ot 0 - o - g =7, cos (gt < ey
? )




i
The coefficients on the left-hand sides of the above

equations are
1
‘b= pV-h‘f m dx
L
b= JN dx
L ‘
c= 2pg [ y,dx
L
d= fm" x dx + pf S.x &x
L L v

e= [Nxdx - Vo ax
L 1

g= 2pg J y,x dx - V/N ax
L _ L

C= 2pg £ ny2 dx - VE

D: f mnx ax + pf swx dx
L L .

!
Il

.f_l\Tx‘d'X-i-me"dX'
L T
G=20g [y x dx

L W

’ where' P - water density
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g gravity constant
displacementy Volumg
S sectional area under'calm water level

- half-breadth of a section on the calm water-

line i
Iyy © longitudinal moment of inertia of the ship's
: mass about Go—y-axis
! ‘ | ' m" sectional added mass of unit thickness for heavee

sectional heave damping coefficient of unit
thickness - \
The exciting forces and moments on' the right-hand sides

of the equations (3) are represented in the form -

cos € .1 _ . cosh v (h - T).J;os V_X

: w dx
5in EFW L cosh voh L?ln vox.

~
" Qosh yo(h.- T) cos voxl

- wh (w + vaV) n dx

cosh v h sin v X
0 0

_ cosh v ({h = T) | sin v x
Foh [N——02 : ° dx
T cosh voh - COS vox

cos € cosh vo(h - T) |cos VOQ]

M dx

) - 1" ’
a . MWIF B[ (w®n” - 2pgy ) x
S1in EMW)

cosh v h sin v X
0 - 0

—

11 - "
i cosh vo(h - T) sin v x

+uE [ (0-738 )% ax

L cosh v h cos vV X
0 0




W | —-9-.
where h = water depth

T mean draft of a section
emp €y Phase differences between exaiting force and
; ‘ ’ wave and exciting moment and wave, respectivelyy'
| Sectional‘values of added-mass'and‘damping coefficient m" .and

N for heave are obtained from [3] In thé case of deep water

these values are obtained from ['8 ] If h~>a> then v_and
cosh v (h - T) w? VT °.
, are replaced»by.v = and € "%, respect-

,cosh \Y h

ively.

DIMENSIONLESS REPRESENTATION

In representing the calculated results, the following
dimensidnless.fbrms are used:

—Q— depth parameter
T
——%—- wave length to ship length ratio
-jL-—_ = F, Froude Number
Ve L i :
@e&g- frequency of encounter
paV virtual mass coefficient
E‘g $ heave damping coefficient
A

virtual inertia coefficient
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ﬁ,r ) N
-—EJLELE=f pitch damping coefficient
ngL2
Py exeiting force coefficient
pgAWH
Ma : exeiting moment coefficient
. g g IWvoh
2 heave amplitude ratio
h
¢a pitch amplifude ratio
VOE

By assuming that C.G. lies at midship the-absolﬁte‘bow and

!
|
|
|
stern mntiens and relative bow motion are expressed in non-
dimensional forms as follows

(e )
Rl | .,
. %-: 1f :g cos Epy 3 —%— cos g&M)Z + (:§ sin €cw
e h °h o
‘ )4 )
- — sin g,.)% .
¥ on . YW j .
G G.L _
: =4[ = _ e _ 7Ly 42
1
¢ ¢ L : ' : N\ B
- al . . Lo
+ [ == _ra” . 7L |
- sin ECW - Sin E(!,)W sin (}\ )J % :

g
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where A wave length
L length between perpendiculars
: AW waterplane area

‘moment of waterplane area about y-axis.

CAICUTATION AND DISCUSSION

‘For the numerical calculations we adopt a Series 60 model

~of CBfO;7 having following particulars.

Length between perpendiculars 3,000 m
Displacement volume . 0.1537 m3
Draft 0.171 m'
Beam : 0,428 m
Radius of gyration 0.750 m
Station  .B(x) CH(x) g (x)
1 . 0.0830 0.2425.7 0.8386
3 0.2803 - 0.8186 0.8716"
5 0. 4001 1.1685 0.9301
7 0. 4280 1.2498 : 0.9761
9 0. 4280 1.2498 0.9860
114 0. 4280 | 1.2498 0.9850
13 0.4280 1.2498 0.9633
15 - 0.4113 ~1.2010 0.8660
17 0.3372 0.9848 0.6794
19 0.1575 0.4599 - 0.3751

,where B(x) beam of a section o
H(x) half-beam draft ratio of a section

B(x) fullness coeffiecient of a section
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The_calcuiations are carried out for the following speeds,
wavegiand ertth _
F, = 0.0, 0.1.a8d+0.2,

= 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1.0, 1.1, 1.3, 1.5, 1.7,

tﬂ>

and 2.0.

= © o 10.0, 4.0, 2.59 200 and 1;5.

R

‘In the calculation the following assumptions are made:
1. Although trim and parallel sinkage exist they are not
considered.

2. The center of gravity lies at L/2.

The Virtual Mass, Virtual Inertia, Heave and Pitch Damping

Coefficients sre represented as functions of frequency for

different depth parameter h/T at Fn;0.0 (Table A-1 & A-2).
They are also illustrated in Figures A-1 to A-4. It is seen
from.Fig. A-1 tpat at high frequency range the added mass for
‘the depth h = 1.5 T is approximately twice as large as that
for h/T = =, 10.0, 4.0, and 2.5. This suggests that the
natural heaving period of a ship in shallow water will be
'1onger than that in deep Water? provided'that'damping is co 2
comparatively small. From Fig. A-3 we observe that heave
damping coefficienfs iricrease nqticeably as the depth decrea
ses and at the depth of h/T = 1.5 the& are nearly twice as ui
big as those for L/T = ,aﬁ@-fb.o.

The Exciting Forces and Moments acting on the restrained

ship moving at the velocity of F, = 0.2 are illustrated in -
Fig. A=5 and A-6 as functions of wave length to ship length
ratic. It is found that these forces and moments generally

increase as the depth decreases.
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The Heave and Pitch Amplitudes together withithe-phase differ-

ences with reSpect to the waves are givén in Tabies B anal
iliﬁstrated in PFigs B. In general the motions-argvremarkably
damped as the depth decreases. This_tendency is more signifi-
cant as the Froude Number increases. :
Although'our theory cannot solve the motion problem in very
shallow water, it will be quite usgfgl to consider underkeel
clearénces,'Provided that this théoretical calculation is
proved to be reasonable in an expefimental study, this method
will be a routine technique_fqr further research on ship's

behaviour in resricted waters.
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TABLE A-1

B 'ng '

0.091

T a b {Lgl i
Ye Vg p v pev | Py in p-'e;.v'Ix2

1.120 0.095 0.077

1.405 0.094 0,089

1.626 - | 0.095 0.098

1,794 0.096 0.104

1,920 0.097 0.109

8 2.016 0.098 0.112

e 2,146 0,101 0.115
:3> 2,212 0.104 0.116 .

2.249 0.107 0.117

2.265 0.109 0.116

3.963 1.824 1.124 0.095 0.077

3.545 1.791 1.406 0.094 0.089

3.236 1.779 1.622 0.095 0.098

o 2,996 | 1.782 1,782 0.096 0.103

o 2,802 | 1.794 1.899 0.097 0.107

) 2,641 1.812 | 1.982 | 0.098 | 0.110

3 2.386 1.857 2,078 0.101 0,111

2.190 1.905 2,111 0.104 0.111

2,029 1.949 2.109 0.106 0.109

1.894 -1.986 2.088 0.109 0.108

3.960 1.819 1.169 0.094 - 0.078

2.533 1.775 1.463 C.093 0.090

3.209 1.749 1.694 0.093 0,028

12,946 1.734 1.874 0,093 0.104

< 2,726 1,724 2,014 0.09% | . 0.108

3| 2.5% | 1.717 | 2,121 | 0.093 | 0.111

3 2.219 1.707 2,271 0.093 0.115

1.968 1.703 2.360 0.094 0.117

1.763 1,707 2.413 0.094 0,118

1.594 1.706 2.456 0.094 0.119

1.390 1.647

0,121

2.538




TABLE A-2

WGE _a.; b_E A@-— B Lg
€ p A p &L pAL pegAl
3.919 1.833 1.489 0.094 0.0S0
3.448 1.788 1.909% 0.093 0.105
3.076 1.754 2.228 0.091 0.117
2.772 1.727 2.463 0.091 0.125
:3 2.518 1.707 2.628 0.0S0 0.131
i) 2.303 1.694 2.743 '0.090 0.135
= 1.959 1,673 2.915 0.089 00141
1.699 1.597 3.112 0.085 0.148
1.497 1.460 3.283 0.079 - | 0.155
1.336 1.407 3,324 0,077 0.156
1.149 1.586 3.224 | 0,086 0,152
3.954 1.924 1.913 0.096 0.106
3.348 1.891 | 2.393 0.095 0.124
2.951 1.856 2.720 | 0.093 0.136
2,637 1.826 2.931 0.092 00144
:3 2.368 | 1,804 3.076 0.092 0.149
g 2.149 1.781 3.212 0,091 0.154
= 1.808 1.666 3.536 0.085 0.167
1.556 1.538 3.719 0.080 0.175
1.364 1.591 3,652 0,083 | 0.171
1.213 1.816 3.510 0.094 0. 165
1.039 2.309 3.341 0,118 0.158
3.702 2.597 3.015 0.111 0,144
3.153 2.561 3.407 0.109 0.160
2.734 2.459 3.606 0.107 0. 169
2.407 2.370 3.795 0. 105 0,178
" 2,145 2.278 4.050 0. 101 0. 190
" 1,932 2.174 4.274 0.097 0,200
& 1.679 2.089 4.316 0.094 - 0.201
Sl 1756 | 2.100 4,342 0.094 0.202
1.840 2,130 | 4,330 0.095 0.202
1.608 2.099 4.265 0.095 0.199
1.375 2.315 3,982 0.107 0.18




TABL B-1

A “’\F‘ N . T T ISP
L | ®ls| & v R | W W 5
. 0.50 | 3.545| 0.268] 0,110 21 3 -78 | 0.691
| 0.60 | 3.235| 0.384| ©.021| 115 -4 | =119 | 0.449
0.70 | 2.9%6| 0.2721 0.141 123 ~122 15 | 0.787 |
0.80 | 2,802 0.143| 0.289 105 | =116 139 | 1.247 |
0. 20 2.642| 0.121} 0.411 42 -111 -15% | 1.545 |
o | 1.00.| 2.507| 0.213{ 0.510 12 -108 =120 | 1.717 |
<§ 1.10 | 2.320| 0.312{ 0.528 4 -105 -10¢ | 1.805
£ 1 1.30 | 2.138| 0.470] 0.702 -1 | =101 | =100} 1.847
1.50 | 2.047| 0.591| 0.778 -2 -95 -97 | 1.806
1,70 | 1.922| 0.475| 0.830 -2 -8 ~96 | 1.739
2,00 | 1.772| 0.761] 0.382 =2 -6 04 | 1.632
0:50 | 4.802| 0.051{ 0.044 =5 64 | =59 | 0.258
0.60 | 4.283| 0.161| 0.046 29 -14 -43 | 0,162
0.70 | 3.894| 0.141| 0.1239 58 | 122 64 | C.533
0.80 3,538 | 0,190 0.388 -64 | 170 -126 | 1.647
0.90 | 3.340| 0.554| 0,620 ~29 -162 -133 | 2.573 ]
s | | 100 | 3.135| 0.655| 0.769 -6 ~142 -i36 | 2.928 |
N BT I P o 2,961] 0.643| 0.841 2 -129 -131 | 2.867
S 07 1.30 | 2.682| 0.667] 0.903 1| =116 | =117 | 2.554
1.5 2,456 | 0,726 0.933 =1 -109% -105 | 2.288
1.70 2.292| 0.780| 0.950 -0 ~105 -103% | 2,081
2.00 2.087| 0.840| 0.964 -2 -101 -39 | 1.847
0.50 6.058| 0.014| 0.020 ~34 80 | =46 | 0,118
0.60 5.350| 0.064| 0.026 9 -48 -57 | 0.115 ]
0.70 4,791 0.091 0.03¢ 30 6% 33 0,310
0. 80 4.373| 0.058| 0.158 101 107 6 | 0.604
0. 90 4,033 | 0,266 0.426| =153 134 =73 | 1.438
N 1,00 | 3.763| 0.761| ©.745| =109 164 -27 | 2.479
ﬁ 1,10 | 3.532| 1.,217| o0.918]| =72 | -171 -39 | 3.054
B 1,30 3.165| 1.365| 1.0%9 -23 -145 ~122 | 3.493
1.50 2.8841 1.137| 1.12: =7 -127 -120 | 3.001
1.70 2,662 1,028| 1.104 -5 -117 114 | 2.631
2.00 2.401} 0.985( 1.066 -3 -109 -106 | 2.168




1,50
1.70
2,00

L a Gom
+ “er;: & | v R| v | Fuc ==
' 0.50 | 3.545 [ 0.268 {0.110 81 3 -78 | 0.691
0.60 3,236 1 0,384 | 0,021 115 -4 -119 | 0.448
0,70 | 2,996 | 0.272 10,142 123 -122 115 | 0.789
0.80 | 2.802 | 0.143 |0.290 105 | -116 139 | 1.251
0.50 | 2,641 | 0,122 | 0,413 42 | =111 -153 | 1,550
o 1.00 | 2,505 | 0.214 |0.512 12 ~107 | =119 | 1.721
S | 1.10 | 2.386 | 0.314 {0,590 4 | =105 | =109 | 1.810
£ 1 1.30 | 2.190 | 0,476 | 0,703 0 | =101 | =101 | 1.849
1.50 | 2,029 | 0.592 |0,778 -1 -99 - 98 | 1,806
1,70 | 1.894 | 0,675 |0.829 ~1 -97 ~96 | 1.736
2.00 | 1.724 | 0,760 |0.878 -1 -95 -94 | 1.625
0.50 | 4,802 | 0,051 |0,044 -5 ~Gd -5% | 0,256
0.60 | 4,283 | 0.161 [ 0.046 29 -14 -43 | 0,163
0.70 | 3.893 | 0,141 [0.129 58 122 64 | 0,534
0.82 | 3,588 | 0,191 |0.389 ~64 170 -126 | 1.650
o 0.90 | 3,339 | 0.556 |0.622 -28 -i162 -134 | 2,536
e T | 1.00 | 3.133 | 0,655 |0,772 ~5 | =142 | =137 | 2.937
ool &1 1.10 | 2,958 | 0.643 |0.843 2 1 =129 -131 | 2,874
511,30 | 2,673 | 0.665 {0,905 1| =116 | =117 | 2.558
157 | 2,448 | 0.724 {0,934 -1 -109 -108 | 2.287
1.70 | 2,264 | 0,777 {0.950 -1 -104 | =103 | 2,075
2.00 | 2.038 | 0.835 |0.961 ~1 ~100 -99 | 1.836
0. 50
C.60
0.70
0. 80
0. 90
N 1,00
Tl 1.10
1 1.30




TABLE B~ 3

2.00

1
A e F 2 ba £, € £ Sin |
1 ell ¢ R v, R Cw ?w ¢ 3 é
0.50 {3.53% |0.273 | 0.111 85 v -81 | 0.708
0.60 | 3,209 }|0.369 | 0,022 | - 119 -8 =127 | ©.450
'0.70 |2.946 | 0.253 | 0,142 126 =117 117 | 0.734 ;
0.80 {2,726 |0.134 | 0,284 102 =111 147 | 1,224
0.90 {2.535 |0.125 | 0,400 40 | =102 147 | 1.503
o] 1.00 |2.368 |0,218 | 0,493 13 | =104 | =117 | 1.65% |
? 1.10 {2,219 }0.315 | 0,568 6 -101 -107 | i.741
g1 1.30 [1.,968 [0.471 | 0.677 2 -98 -100 | 1.779
1,50 {1,763 |0.584 | 0.750 0 -96 96 | 1,742
1.70 |1.594 |0.666 | 0.802 0 -95 -95 | 1.681
2,00 11,390 |0.750 | 0.853 0 -94 -94 | 1,532
0.50 }4.,790 |0.052 | 0,045 -3 | =64 -61 | 0,263
0.60 }4.,256 |0.168 | 0.046 30 -12 -42 | 0.162
0.70 |3.844 [0,135 | 0,144 59 130 71 | 0,613
0.82 |3,511 |0.265 | 0,421 -41 175 =144 1.1.860
° 0.90 {3,233 |0.545 |0.642 -5 -150 -145 | 2,702
< :; 1.00 {2,996 | 0,541 | 0,743 10 =150 | =140 | 2,770
&l L} 1.10 12,791 | 0.531 | 0.786 9 | -119 -128 | 2,608
= | 1 1,30 |2.451 |0.597 |0.833 4.0 -108 | -112 | 2,304
1.5 {2,182 |0.674 |0.864 1 -103 -104 | 2.083
1.70 §1.963 |0.736 | 0.886 0.1 =100 =100 | 1,916
2.00 {1,704 |0.803 |0.910 0 -98 -98 | 1.750
0.50 |[6.047 |0.014 |0.021 -33 -80 -47 | 0,121
 0.60 [5.303 |0.066 |[0,026 9 -48 =57 {0,117
0.70 }4.742 10,094 |0.042 32 67 35 | 0.124
0.80 {4,296 |0.058 [0,195 122 112 -10 | 0,708
0.90 13,931 [0.380 !0.510 | =135 144 -81 | 1.762
& 1,00 ' '
‘ ? 1. 10
&1 1.30
1.50
1.70




TABLE B~ 4

.
A ..I.’_ -—c;g'-v ¢a €, : £, Cip 5
T we\l: & v, R w 4va - ¢$C = ,
0.50 | 3.448 | 0,250 | 0.110 100 10 -90 | 0.736 -
0.60 | 3,076 | 0.314 | 0.029 125 =15 | =140 {0,446
0.70 | 2.772 | 0.223 | 0,136 126 | -107 127 | 0.764 |
0.80 {2,518 | 0.124 | 0.269 98 | =105 157 | 1,172
0.90 -§ 2,303 | 0.133 | 0.382 39.| =103 | -142 |1.447 |
o | 1.00 | 2,118 | 0.223 | 0.475 15 -100 | =115 | 1,600 |
S 11,10 | 1,959 | 0.316 | 0.549 8 -95 | -107 | 1.686
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