e G S S )

- DISTRIBUTION OF THIS DOCUMENT IS UNLIMITED !
]
‘\ . l."i i(
Vi i
‘ L:? J i
Y i
G- |
HYDRONAUTICS, incorporated |
research in hydrodynamics |
ﬁ Research, comsulling, sad advenced esgineering in the [lields of NAVAL
3 and (KDUSTRIAL HYDRODYMAMI(S. Oftices and laboratary in the
4 Repradyce by i Washinglea, D. (., ared Pindell Scheo! Road, Howard County, Lawsel, Md.
CLEA 8 I Nec: :‘ c? ucfhfm gt
ll."‘ :;:;o::;::;::;l ‘;‘;;lullr:‘;"mld \-{il ‘;2151 ls b
—
e

he )

AD658535




HYDRONAUTICS, Incorporated
TECHNICAL REPORT 636-1

ROUGH WATER MATING OF
ROLL-ON/ROLL-OFF SHIPS WITH
BEACH DISCHARGE LIGHTERS
By

T. Hsleh, C. C. Hsu,
D. P. Roseman,
and
W. C. Webster

July 1967

DISTRIBUTION OF THIS DOCUMENT IS UNLIMITED

Prepared Under

Office of Naval Research
Departmen~ of the Navy
Conitract No. NO0014-66-C0116
NR 062-380

BEST AVAILABLE COPY



e ————_— e v

g w —
g HYDRONAUTICS, Incorporated
] TABLE OF CONTENTS
5 ' Page
I. INTRODUCTION........ e U UUPUIS
7 IT. METHOD OF LVALUATION OF SHIP MOTION. .. it vevvonnas 3 7
ot {(a) Linearized EqQuatlons of Motion.....eevuvvevaassnss 3
- (p) Solution of the EqQuations of Motion.......sseees 23
{¢) Relative Motions Between Two Ships.....icevvuues 26
(d) Motions in Irregular Se8.....sssseservesescnsces 28
ITI. THEORETICAL RESULTS. . iussvverunsorovvaaansssasssnnss 30
IV. SHALLOW WATER EFFECT 1IN SHIP MOTION...veevvesrnosnens 32
‘ V. COMPARISON BETWEEN THEORY AND EXPERIMENT QOF SHIP
: MOTIONS AT WATER DEPTH OF 100 FEET AND DISCUSSION... 35
;;, (a) Test in Regular WaveS........ccoevieseaessnessass 35
3 (b) Test in Irregular WavesS.......ceeeecesessscesass 36
VI. CONCLUSIONS...:usuvsonsvnssatssscossasossssnsaassses 39
| VII. RECOMMENDATIONS. ...vevatoarsnonesasonsvonnnoosoneeey 8-
S 13151 vt P PP
: APPENDIX A - RESULTS OF MODEL TEST IN REGULAR WAVES
FROM NETHBRLANDS SHIP BASIN...evsvsrvsensnnss 47
APPENDIX B - TE3T RESULTS RECALCULATED FCR
UNIT-AMPLITUDE WAVE (1 FOOT).evviveencenannss 55
APPENDIX C =~ EFFECT OF THE MOORING LINE ON THE SURGE
MOTION QF COMET ., . vuveenosonnsonnssitoseaosons 59




HYDRONAUTICS, Incorporated
-{1-

LIST OF FIGURES

~Figure 1 - Definition Sketch of Ship Motions

Figure 2 « Definitlon Sketch of Ship Headlng and Wave
Direction

- Figure 3 < The Phase Difference Between Two Ships With Respect
' to the Phase of Wave 1in Obligue Seas

Figure 4 - Responses of COMET Due to Unilt-Amplitude, Regular
Waves

T DO S OV PR

Figure % - PResponses of PAGE Due to Unit-Amplitude, Regular 1
Waves '

Flgure &6 - R.M.5. Values of Mctlons for COMET in Unidirectional
Sea

Filgure 7 =« R.M.8. Values of Motions for PAGE in Unidirectional
Sea

Filgure 8 - R.M.5. Values of Motlions for COMET in Non-Unidirec-
tional 3ea

Figure 9 - R.M.S5. Values of Motions for PAGE in Non-Unidirec- ;
tional Sea

- 77/7391‘7&*?‘707»7:/&;‘&24431,”rmm QfRﬂl&uNﬁ Motions Betﬂveen"%MEP* e - 70«
- and PAGE in Urddirectlonal Sea .

Figure 11 - R.M.S. values of Relative Motlons Between COMET 5
and PAGE in Non-Unldlrectlional Sea 1

Figure 12 - Variation of Wavelength Due to Shallow Water Effect

Figure 13 - Neumann's Spectral Energy Denslity Modified by
Shallow Water Effect

Figure 14 .~ FR.M.,3. Vaiues of Relative Motlons Between COMET and
PAGE av Shallcw Water in Non-Unldirectional Sea

Figure 1% - Comparison Between Thneoretical and Experimental
Responsey Due to Unit-Amplitude, Regular Waves for
COMET at Watar Depth of 100 Feet




T
¢
;
3
¥ HYDRONAUTICS, Incorporated
i
i
; -111-
] % Figure 16 « Comparison Between Thecretical and Experimental
D Responses Due to Unit-Amplitude, Regular Waves
£ for PAGE at Water Depth of 100 Feet
1 é, Figure 17 =~ Test Arrangement in Irregular Waves, Head Sea
j Figure 18 - Test Arrangement in Irregular Waves, Following Sea
J Figure 19 - Measured Wave Spectra Iin Irregular Wave Test
- Figure 20 - Measured Spectra of Relative Surge Between COMET
2 and PAGE in Irregular Wave Test
; ¥igure 21 - Measured Spectra of Relative Sway Between COMET
‘ and PAGE in Irregular Wave Test
3 Figure 22 « Measured Spectra of Relative Heave Between COMET
i and PAGE 1in Irregular Wave Test
- Flgure 23 - Comparison Between Theoretical and Experlmentai
i R.M.S. Values of Relative Motions in Irregular
s Unidirectional Sea
¥ Figure 24 - Nondimensional Representation of Mooring-Line
; Forces as a Function of Displacements
! — T T T
i
L
a

Sk e frsme

St
el

R U




T T TR T

HY BROHAUTICS, Incorporated

-1Va-

LIST OF TABLES

Phage

Table 1 =~ Characterlstic Dimensions of Ships............ &3
i Table 2 - Three Dimensional Damping Factor....eevevsos... bbb
: Table 3 - Conmparicon Between Theory and Experiment
g at' lo() Feet’ watep Depthllll‘l""litll.l.".ll 65
Table 4 - Experimental R.M.5. Values of Relative
! Motlion Between COMET and PAGE in

Ipregular Seal“.ll“i.‘!.llll‘l.lll.'ll‘ld&t‘ 6".
i
-~ o S S G . =




HYDRONAUTICS, Incorpcerated

s s} !"fJ'L*"" £

i -
¥ NUTATION
2
EA a(= ad),aﬂ Wave amplitude in deep and shallow water
¢ -

reapectively

\al

R

8y ,83,b Coefficlents of transfurmation of Lewls
section
A‘,As' Energy density of the wave spectrum in deep
and shallow water respectively
A ,A. . ,A Section added mass for sway, heave and rolil
227733742 ,
| respectively
j;ﬁ A, Ratlo bLetween the amplitudes of the heave
oy generated wave to the heaving motion of the
F ship section
E ? B Local beam of the shlp section
T BG Vertical distance between the center of
o buoyancy and the center of gravity -
;FTWW ciey Speed of wave propagation in deep and
shallow water respectively
gi Cq Sectional coefficlent of shilp hull
§ c Three-dimensional dampling factor for the
v (subseript) subscripted motlons
i a Water depth
; d Distance between the center of gravity of
L h
a ships
y
by D Time derivative operator
Fc Correct lon factor for the slenderness of
the ship
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g Gravitational acceleration
s aM Metacentrlice height
3 t
; h Mean of halfl draft
3
y
% H Local draft of the shilp section
|
| § S S Moment of Lnertia of the ship about the
: y oz L,Y and 2 axls respectively
' Ixt Total moment of inertla about X-axis including
hydrodv/namic moment of lnertia
k(subacript) 3pring counstant of the subscripped motion
K Spring constant of the nth cable
* KgrMerN, Wave exciting moments for rolling, pitching
ana yawing respectively
4T4’4‘44K(subscript)
M Coefficients in the roll, pitech and yaw
(subseript) squation due to the subseripted motlons

N(subscript)

4,43 Dilstance from the stern to the center of
' gravity of aship

L Length of ship

m magy of ship

)

Vertical distance from the free surface to
the center of gravity of tne ship

]

Crogs-sectlional area of ship hull
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Time -
Response amplitude operator for the par- T
ticular motion at heading engle P .
.

Pericd of the subsceripted motion ;
Wind veloclity %
Total displacement of ship ?
Complex displacements 1in surging, swayling %
and heav.ng regpectively, l.e. x = xr + 1x1, ¥
y = yr + 1y1 aad z = zr + 121. 5
yn

First derivative with respect to time four
%,y und 2 respectively

Second derivative with respect to time for
x, ¥ and z respectively

Perpendicular

axes of a rectangular coordinate

R s T S T

Wave exclting forces in surging, swaylng and
heaving respectively

1N

Helatlve dlsplacements between the sterns of
two ships in the X,Y, and Z direction respec-
tively

Coefficlents in the surge, sway and heave |
equation due to the subscripted motions |

Lotal center of buoyancy of shiip section
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s(subscript)

n

6,9,V

-vili-

Projected angle between the nth cable and
the X-axis in the horlzontal plane

Direction of wave propagation measured
from X-axis

Draft-half beam ratio

Phase difference between two ships with
respect to the wave at oblique sea

Phase difference between the subscripted
motions and the wave

Free surface elevation assoclated with wave

Complex rotational displacements in pitching,
rolling and yawing respectively, i.e.,
8 =8 +10,,0=0 +19,, ¥ =¥ +1y,

First derivative with respect to time for
8, ¥ and ¥ respectively

Second derivative witih respect to time for
8, » and ¥ respectively

Wave direction measured from the direction
of the predominant wind

Wave length in deep and shallow water
respectively

Ceafficlent of decay

Positlion of stern and bow respectively on the
dummy axis of §

Density of water

Wave potential in deep and shallow waver
respectively

Frequency of the oncoming waves
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" for mating is severely compromisec.,

“la

I. INTRODUCTION

The mating of two large ships in rough seas for the pur-
pose of transferring carge from one to the other 1s, as one
could expect, an exceptionally difficult maneuver. The basic
purpose of developing the beach discharge lighter, USAV LT COL.
JOHN V. D, PAGE and the roll-on/roll-off ship USNS COMET was to
provide such a mating capability. In this way, 1t was intended
to be able to unload the COMET and transfer the materiel to an
unimproved beach., Experlence has shown, however, that the
mating maneuver can not only be difflcult but can be dangerous
as well (see, for instance, Reference 1). As a result of this
study, 1t was described in Reference 1 that mating could not
occur if the relative motion between the twe vessels 13 greater
than four feet, Since this condition occcurs at relatively low
sea states (upper Sea State two) “he usefulness of these ships——

In order to investigate ways cf improving the abllity to
mate these two ships at higher sea states than presently pos-
sible, sn extenslive research program embracing both theoretical
and experimental studles was undertaken, The major obJective
of this study was to determine i1f some heading cther than the
head seas approach currently used would decrease the relative
motion between the two ships, It was felt that some other
heading, for 1lnstance, bezm sea3, might prove to be advantages
since, in thils case, the severe pltch motions should be virtu-

ally eliminated. Indeed, one can expect more roll motion in
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beam seas, but there are turrently available means for control-
ling these motions (1.e., roll tanks).

In this report, we investigate the ship motions by apply-
ing the established linearized, slender-body theory for vessels
3 ! of arbitrary shape., In the calculation of ship motion, the
ship is assumed to be a rigid body with six degrees of freedom,
The fluld is assumed to be incompressible, 1lnviseid and irrota-

" 2

£ 3

tional. The perturbation velocltles due to the presence of the
| : ship are assumed to be confined tc two-dimenslonal flow between
two adjJacent control planes, such that slender body theory is

applicable, The motions are assumed to be small, hence the equa-

tion of motion can be linearized. As a result the motions in

[
B AR

the vertlcal plane are separated from the motions in the hori-
‘ zontal plane. The shape of the ship hull is assumed to be re- — ——  —

placeable by the equlvalent Lewils form., In evaluation of the

F

Aave forces and moments, in addition to the Froude-Kriloff
hypothesls, the interfcerence of the shlp hull with the water

fiow ir. waves was taker, into account.

The relative mctions between the USNS COMET and the USAV
LT COL JOHN V. D. PAGE were investigated for tho case of stern
to sterr matirg, az a function of tne headings. Motlons 1in ir-
regular seas were Ilnvestigated by statisticsl methods uslng
Neumann's wave spectrum for a fully doveloped sea, This spec-
trum was modified by means of a cosine-squared distribution for
che short-crested sea approximation., Finally, shallow water ef-

fects were investigated.

R
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In addition to the above detalled thecoretical investigations,
a series of experiments were conducted at the Netherlands Ship
Model Basin (NSMB). The purpose of these experiments was three-
fold; first to determine the regular wave transfer furictions of
each ship in order to check the assumptions made by the linear
theory; second, to refine the theory by means of comparison with
the data so that the revised theory 1s a valldated and useful tool
for further research into ship mating problems; third, to confirm
the predictions of the revised theory with regard to the motions
and optimum headings by testing the PAGE-COMET system in ceveral
realistic, irregular seas,

II. METHOD OF EVALUATION OF SHIP MOTION

(a) Linearized Equations of Motion

A right-haﬁa Cartesian coordinate system, with its origin
located at the center of gravity of the ship, was chosen, as
shown in Flgure 1. The X-axis 1s positive toward the bow, the
Y-axie 1s positive to port and the Z-axls 1s positive upward.
The linear displacements in the direction of the X, Y and Z axes
define the motion of surge x, sway y, and heave z respectively.
The angular displacements about the X, ¥ and Z axes define the
motion of roll @, pitch 8, and sway ¥, respectively. Roll is
posltive with port upward, pitch 1s positive with bow downward
and yaw 1s posltive with bow to port. The positive direction of

forces and moments are simlilarly defined.
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With the assumption of small displacements of rigid body
motion, motions in the vertical plane (heave, pitch and surge)
i are uncoupled with the motlons in the horizontal plane (sway,

roll and yaw), By balancing the forces due to: (1) inertia of
body and fluid, (2) damping, (3) hydrostatic restoring force,
(4) mooring force, and (%) the wave exciting force, the follow-
ing slx equations of motion can be written 1n a general form:

Heave

C{m-2,)07 - 2,D - 2 0z - (zz0°+ 24D + 2,00 = 2 (1]

Pitch

- [MED’-l- M,D + MZ]z + [(Iy- M‘é)D’- MgD-M 16 - m BO Px = M, {2]

R e NP R | Mg e

Surge
{ (mp® - XD + k,)x - m BG D'8 = £, 3]
é , Sway
f(m-Y-y)D‘ - 4D+ ky]y - (Y",‘D’+ YD - (Yaoﬁ ¥D)@ = ¥, (4]
? Yaw

- (N§§+Nyb)y - [(IZ—N;&)D" - ND + kwh - (N$D°+N¢D)cp = N, (5]

Roll

- (K&D’ +K9D)y - (x-v'v’ +K DY+ tIxtDa -chn-xq)]cp = K {eld
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In Equations (1] to (6], D is the time derivative opsrator,
Several constants about the ship are defined as follows:

m 1¢ the mass of the ship,
BO 18 the vertical distance between the center
of buoyancy and the center 2f gravity, and
I and Iz are the moment of inertia of the shlp about

y
the y and 2z axes respectively.

The remaining ccefficlents in the left hand side and the wave
exciting forces in the right hand side of Equations [1] to [6]
are described in the following paragraphs.

1. The Hydrodynamic Coefflclents

The hydrodynamic coefficlents are exceptionally dif-
ficult to estimate accurately., The approach adopted here 1s to

——§4W-*—*~4dtvidE"tHE"sntp‘tﬁtbuétfiﬁﬁ‘énd compute these coefficients by

N e e s s A m

T AT s e

applying the existing results derived from slender boedy theory
to each strip along the ship. The overall coefficients are then
obtained by integration.

%y 18 the cuefficlent of vertical force due to the added
mass in heave, 1ncluding free-surface effects, Each cross-
section 18 replaced by a Lewis form and the method of Grim (5)
1s used for calculating the local section force coefficient,
A33. The computer program of Grim's method given in the report
of Vassllopoulos (6) was used. Thus

Z~?: = "f 33 dg [7]
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where § 18 the dummy variable along the X-ax1s and the integra-

"tion extends from stern £ , to bow §b.
[%3

l'zé is tne coefficient of vertical force due to the damping
effect of snip sections in heave and car be expressed as

g
y b
zz--czfﬁ;—j Az' dt (&l
W
8

where
P is the density of water
is the frequency of the oncoming waves
£ 13 the gravitational acceleration

A is the ratic cf the amplitude of the heave

N

generated Iwo-dimensional waves to the ampil-

L ek Bt ik o mimtris T o e d e e it o e

a

tude of heavirg motion of the si:ip cross-section,
Iv was obtained from the same source cof Grim's
work, (3, (%).

Cz 18 the tnres-dimensional dampirg factor for heave

Zz 18 the coefficlient of vertical forces due to secrior hy-

drostatic restoring force ir reave and ca: be expressed as
gb

Z.‘_. s - yg/ B a8 (9]

£

&

where B 18 the local bteam of the ship sectiorn
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The coefficlents due to pltching can be =asily derived from i

the local heave coefficlents, 26 ig the coefficlent of vertical
23 force due to sectlion added mass in pitching acceleration and can

be expressed as

Zy = | A, § 9. {10}

Zé 1s the coefficient of vertical force due to sectlon damp-

ing effect in pltching and can be expressed as

£
B
25 = C ig:—f A E a8 {11)
gS

g where C, 1s the three-dimensional damping factor for pitch.
. z9 is the coefficlent of vertical force due to section hy-
drostatic restoring force in pitch and can be expressed as
gb
Zea-pg[B!dg {12]

gS

Since the pitch moment is the vertical force multiplied by
ﬁ the moment arm § along the X-axls, the coefficients in Equa-
tion [ 2] are obtained from the following relation

S wwm L
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Mﬁ is the coefflcient of pitch moment due to
in heaving acceleration.

. P& 5
M, = C_ " fA;Q' as
gs

Mé 18 the coefficlent of pitch moment due to

force in heave.

%
Mznpngng

{13]

section added mass

{14]

section damping

{1s]

£s
-
Mz is the coefficient of pitenh moment due to

restoring force in heave,

*v

-]
Agz &7 48

5

Mg 1s the coefficient of pitch moment due to
in pitching acceleratlon.

section hydrostatlic

[16]

section added mass

b
My = C 25:-[ Az’ g3 48 (17]
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Mé is the coefficient of pltch mument due to section damping
force 1n piteh. '
.gb . |
Mg = - pg Bg? af {18]
€

s

Me 18 the coefficlert of plitch moment due to section hydrostatic
restoring force,

In the surge equation of motion, Equation [3). X, is the
coefficient of longitudinal force due to section damping force.
From Refercrce 4, thicv coefflclent can be expressed approximately

The coefficlent of longltudinal force due to & mooring cable,
kx} can be expressed as

kK = i K cosfa { 20}
X n n
n=1

where N is the number of cables, Kn is the spring constant of the
nth cable and @, ls the projected angle between the nth cable and
the X-axisz.

-

FOCR NN
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In ®guation (4}, Y§ 1s the coefficlent of lateral force duc

i ,
] i to the section added mass in eway acceleration and can be oxe-
; t pressed As
| %
‘ vy = -Jr A, df (21]
o
3 where A,, 15 the section sdded mass (in sway) and is glven by (7)
. TR, _?T_L L
;‘ Apz = Bop' * T A
=§pﬁ[a+%‘i(%+m-m] (22]
and
R 1S LI VYR :

(ve)?

where A 1s the wave lengtn, H is the section draft, = 1a tho

draft-nalf veam ratio, or y = 5%7 ard a,, A, and b are cocfft-
cients involved Ln the transformation of ~. o ship sectlon Lo 11e
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be obtained from the value of v and the section coefficlent

presslon

,v/ ByC
b o= “/// 3(1+y) - V¥V 9(1+v ) - 4[9(1+V+W;)]+ - 2

ay =

as =

ol o

Yy 13 the coefficlent of lateral force due to the section

P

Incorporated

-11-

Lewis form.

; wherpe 5 ks the 3ection area, by the followlng ex-

From Reference 3, thege coefficients can

(1 - %)

(L+v) -1

damping force in sway and can be expressed (4,7) as

where dy = —-Eii;ﬂhl~ and Cy is the tnree-dimensional damping

factor for

kK 1s
Y

and cur. be

5
b
,,,,,,,,,, - P A
Y PR L j BQ dya dg
Yy 1632
gS

(1+a, +a3 )?

away .

the coefficlent of lateral force due to moorirg cable

expressed ag (4)

N
K = 2: £ sinfa
¥ n r
1

(23]
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Yeé ig the coefficlent ¢f lateral force due to section added
mees in rolling acceleration and can be exvyressed as

b
-[ [Auz + 0G AQE} das [ 26

where OC 13 the vertical distance from the free surface to the
; : center of gravity of the ship.

Al

e T st s
k<
]
va
0
Ee— MJ. o i mede ke ane i e

A4? 1s the added mass in roll Que
to sway motion and 1s given by Hu (7) as

| 2 .
: Ang = AQE' + Y A1#2 |
i
{ =‘g‘PH"[P1 +-):§-(Pa +P3)] E27] ]
e
. and e ‘
P, = = -8 _-}-m(l-a;) + Il—aa(iH-)-}al -5a, 3 )
a |2 5
(o)
- = 232 (20-7a, )
35 .
1 )
Pa= - —=—— (a; +a,a3 -4a3 ) X
7(ve)*

7 (1-a, ) —(8 - %}fag+al(¢~a1}3

Y

+ %?'83(431-3) + éé'aa’}

1z
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Py = » —22 )52 (l-g, ) - 2 -—SQ -n’) {ag+a; (1-ay )]
7{vb )}

where a,, as, and b are given in Equation [23],

ch 1s the coefficlent of lateral force due to section damp-

ing force in rolling and can be expressed as

L3
L]

Yy = - BG Y& [ 28]

Yo 15 the coefficient of lateral force due to section added

¥ S n added
————-mass—in yawing acceleration and c¢an be expressed as
- -fA22§ as {29]
Y*f 1s the coefficlent of lateral force due to section damp-
ing force in yawing and can be expressed as
Yy = - B (ay)® § a2 (30)
16
gls

where C* is ‘ne three-dimensional damping factor for yaw.

T I 1 MG T R i i 8 ¢ s ad
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' 'The coefficients in the yaw equation,or Equation [5) are
ubtained immediately from those of sway in the following:

Nu = "[ A22 g dg [31]

N§ 18 the ccefflclent of yaw moment due to section added mass in
gway acceleration,
5
N, = « C -t B (ay)* ¢ as {32}

&)

Ny 1s the coefficlent of yaw moment due to section damping force
in sway.
£

o i g i+

e —-N ,,
N-qs = -j [A42 + (0G) A22] g ag £33]
g

g

N& i1s the coefficlient of yaw moment due to section added mass in

rolling acceleration,.

N¢ =

1]

s b
I 5a] Ji'f-j B (ag ) € ag [34]
162
S

N¢ is the coefficient of yaw mement due to section damping force
in roll,.

D L
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Np o= - [ Ayt (35]

8

N; 18 the coefficlent of yaw momant due to sectlion added mass 1in
yaw acceleration.
g
Ny = - Cy - P Bt (ay)? 8% as (36]
16¢°
g

B8

Nf 18 the coefficlient of yaw moment due to section damping force
in yaw. k% is the coefficlent of yaw moment due to mooring
cables and can be expressed as

where L 18 the total length of the shilp.
In Equation [6], Ky is the coefficient of roll moment due

to section added mass in yaw accaleratlion and can be expressed as

S

b
K. = -[ [Au?_ + 0G Ae‘?] ds {38)

gS

Ky 18 the coefficlent of roll moment due to section damping

force in sway and can be expressed as

] i b e A Sk bas o AR

N .
gggfigg,ﬁ%LEZ*&Lﬁidijﬁa,k,,,,,ﬂ#,,*,k/qu;k_,,,,f,,,,
= - |
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RN |

K, = - Ba &~ [ B (dy)? af (39]
¥ 1683

3 g,

4

xxt ie the total moment of inertia of roll, including added
mass. The value of Ixt can be found through model tests. 1In
‘thils report, this value is assumed to be glven implicitly by the
roll period of the ship.

K@ is the coefflcient of roll moment due to section damping
force in roll. This value 1is approximately varied between 0,05
to 0.10 of the critical roll damping of the ship. Thus,

2
! Ky = = B [2(1xt) ﬁ:ﬂ { 40]

where qw is the roll period of the shlp and K 1s the coefflclent
of decay. Two values of 4 of 0.05 and 0,075 were used for the
computation in this report.

Kw 13 the coefficlent of roll moment due to hydrostatic
restoring force in roll and c¢can be expressed as

Ky = = W(GM) (41]

where W is the total displacement of the ship and GM is the
metacentric helght.
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K; is the coefficient of roll moment due to section added

mass in yaw acceleration and can be expressed as
8y _ '
Ky = -[ [A“2 + 0G Aee]g as {42]
g

8

KJ 1s the coefficient of roll moment due to section damping

force in yaw and can be expressed as

£ ' 4
b , :
Ky = - 56 -&[ H (dy)® 8 &8 (43] ' ]
16¢* 1
€B ‘

For each ship, the above equations are used to compute each
of the coefflecients in the left-hand sides of Bquations (1] - [6].

IR RT Toae T e T v

it g g g e 10 e T

ey

The Tollowing sectilon describes the determlnation of the wave
exciting forces which appear on the right-hand sides of these
equations,

i1. The Wave Exciting Forces and Moments

The wave exciting forces and moments are expressed for
a unit amplitude wave based upon potential theory and slender
body theory (4). The waves are assumed to be propagating in a
direction defined by the angle f, where B is defined as the
angle between the X-axis and the normal to the wave crests. B 1s
lying in the range -m < 8§ < 7, The wave propagation speed ¢ is
always taken positive along the radial line defining the wave

propagation direction, as shown in Figure 2,
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‘The complex wave potential ¢ for a unit amplitude wave in
deep water, referred to axes on the free surface, is given by

%F-[z-i(x cos B + y sin B) it

d =ce e {44)

and the free surface elevation associated with 1t 1s

5 ad .

; 1" w _ ow e’ .

; n = Re <3t ol E sin[——x (x cos £ +y sin ﬁ)-v.t] {us]
; , =

i where Re represents real part of { }, w is the frequency of

wiaves, or W = g%g . For evaluating the wave exciting forces and
moments, the following simplifications are made: (1) due to the

1t o e e e e

characteristic exponential decay of waves, the orbital veloclities
‘ are evaluated at a mean half-draft h = H/2, that is z = -h;

' (2) the forces and moments are first evaluated on the x-z plane,

? that 18 y = 0, and an approximate correction factor which ac-
counts for the influence of slenderness of the ship later applied,
Thus, by considering the hydrostatic pressure, the inertlial con-
tribution, the effect of damping due to the relative motlion be-
tween body velocities and thie wave orbital velocitles, and the
lateral orbital veloclty gradient, the wave exciting forces and

moments can be expressed as follows:

T
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Wave exciting force for heave M
y I Z, = F, Re{ipg B e at le
l g's
- L’ e
UL “b -4 5)-7-'5- cos B
) A A3 A lwt
-1 puw e 3+ __pl e ag | e
g.s
arh s .
Y *o a wl b 1mt:)
‘ ~w-e R A ? e a% | e (48]
w? %
gs -
w'nex;e,t.he first term ls due to tne buoyancy alternations as the
|  wave passes the ship hull, the second term 1s due to the inertia — —
and the .third term 1: due to the damping. S is defined as the
~ship secticnal area. Fc is a correctlon factor which accounts
'approxim'ar.ely for the irfluence of the slenderness of the ship
in terms of the ratio of beam and wave length as

sin (-'Eg- sin ﬁ)

K FC 7B [u'?l
; oS é
i
3‘ All other symbols are as defined earlier.
T Sl et 7 O il it g
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e wave erciting moment [for piteh is
5 -1 lgi-g—)coa B

*b

i,ﬂéljé + Re { -ipg Be gae | ¥

8

, | . gt:» A -1(?{'—-11005 B
+ 1p0? f (S + —%3-) e gae | eVt
g

8
- _a;r_n_ RS pE® A2 1('2;& cos 8] -0
+w-.e [ i e gag | 1* (48]

_ w?
gs

SR R

‘The wave exciting force for surge 1s o

- -Q—I—h- . ;b_ -1‘%—'—‘.—- cos ﬂ}
X, = F +Re(-pu e cos B f S e ag et

g

5

(49]

where the excliting forces due to damping and orbital veloclity
gradient are neglected.
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' The exciting force for sway 18

- ”

2

o ~ , - Pl g o R
T, = Fc-Re = p@ ¢ 8in B S+ —E- @
g

3

where the first term ls due to the lrertia, the second term is due

to the damplng and the tnird term 1s due to the lateral velocity

gradient.
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The wave exciting moment for yaw s

« _ 2rh 4 2
, - b At -1 =— cosp
: N, = FRe ol e o sin B .[ (3 + -%g)e X gat e?wt 1
P v 8 ;
 grh g 2t

. — b s ] == ¢os B

sbe * sinp e B P e 55 | e'4* |
¢ 16g
? _ 8
2w g

- — bA,,' =~L ~==cos}p v
5 B e N | ::2 ' gaz | M) (513 ]
i s |
i

The wave exciting moment for roll is

r

2 :
ewh . A -1 «=——=cosgf
K = F Re pma e~ % gin B f (__li_g _3'7 - % e L3 e elw': ;
- =1 sinp f “M @ at | e ]
s
-0G « ¥, [52)

where zcb i5 the local center of buoyancy of ship section, L is
the ship length and 0G 1s the vertical distance from the free sur-
face to the center of gravity of the ship. In Equation [52], A
15 the added mass in roll (8) and can be expressed for a Lewls
form section as

bl
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:
g
A, = £ bigj‘ 5.5 {1+a, ¥ + €. {1+a.) + 16,0 dt (53]
s "7 f vl 1™ 3 g 19317 5 3
; 5 - |
& e 8

! where a,, 3, and t are given in Equation (23],

; (b) Solution of the Fguations of Motion

g Let the complex harmonic golution of the equations of motion

; be of the following form:

: twt

i X = (xr + 1xi) e A

5 1wt

y = (v, +1y,) e

5 2 = (zr + izi) e ¥t R

1 I R SR 1)
S 1ut :

! 8 = (Gr + 191) e

] twt

! Q = (wr + 101) e

' 1wt

‘ = (*X' + 171) € o/

. Substituting Fquation [54] into Equations [1) - [6), we ob-
1 taln six simultaneous, complex equations for the twelve unknowns

14

g’,

; (the real and imaginary parts of the above motions), These equa-
$ ticns can be reduced to a palr of real equations by separating
the real and imaginary parts of the complex equations, For the

i longltudli-~1l mo! lons,
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‘Therefore, the amplitude and the phase with respect to the
- -phase of wave at the center of gravity of the ship are given as:

ﬂ% - -1
r Xy ) €. = tan

x = (x

3
r

tan”

1]

y = (y

2 3} - 2
z = (zr + 2z, ) € = tan ' —

(57]

6 = (8.2

+
[+2]
[
»
T
(]
L]

-1 ——
8 tan )

H

-
il
—
-
®
+
-
| e
»
N’
L o
™
]
e
o
o
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With the amplitude and pnase of the motions known, we are able

to calculate the relative motlon of two ships 1ln regular seas.

(¢) Relative Motions Between Two Ships

The relative motions bertween two ships in regular waves can
re gotalned immedlately from the six motions of each individual
ship. We are interested in the relative motions at the junction
! of the ships. Three relative translations, XR’ YR and Z_ and

R

the relative rotation wR will be calculated.
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As shown in Figure 3, the ships were oriented stern to stern, H
The distance between the center of gravity of ships 1s d,. With
the coordinate axes located on the center of gravity of ship A, :
the moticns of ship B have a phase difference b, ‘
2rd, cos B '
which leads the motions of ship A,
Let the motions of ship A be subseripted by 1 and the mo-
tions of ship B be subscripted by 2. The relative motions can
be expressed as follows:
3
Xy = {[x; cos €, - X308 (ex: + 6}]
7 +|{xz 8in e + 6}~ x;isin e_|? 3 {59]
( X3 ’ X1 .
YR -{[y; cos eyl- Li¥, cos ch
3
- € - € b
Ya cos( vt 6) La¥a Qos‘ 0t ’]
+ |- sin € €
[ y1 sin ot 4%, sin "
N e
in|e B 0
+ya3 8 n( ya+ )+ La¥sa sin{e"2 + 5)] }

L e e e o v = e - it AN oo M 15y Srcf nYy
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zR .{[z, €08 :Zx + 416, cos ea1

ik ool masaagsl BLLIe b

u % cos(622+ 6)+ 439, cos[cea + 5)]9

caia o mia

+[f z, 8in 621 - 410, sin eel

a)
+ Z3 sin‘ez= + 5)- ta 93 sin(eea 4+ 5}] } (611

2
QR - {[@; cos ecp‘_ - @3 cos lecPa + 5)]

+[¢= sin(e% + 5)- @, sin e%]a}é [ 62]

where {; and 43 are the distances from stern to the center of
f gravity of the ship for ship A and B respectively.

(d) Motions in Irregular Sea

oo e

: : Motions and relative mctions in irregular sea were computed
' by statistical methods using the Neumann wave spectrum, 1.e.,
, ' the spectral energy density of the wave for a unidirectional

fully developed sea, A% (w), (Figure 2), can be represented by

-2¢? /(uwv )
ABw)=cw?® e W (63]

e I i a3 AR 7
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kR T B S s inS ket

where
51.5 ft? /sec® and 1s an empirical constant
\' = wind veloclty in ft/sec

o]
[ ]

I etk Ee b

wave frequency

gravitational acceleration

The spectral density of any partlcular motion i1s then given by

$(w,p) = |T(B)|*A% (w) [64)

where

T(w,B) = response amplitude opefator for the particu-
lar notion at heading angle B,

_ The root mean square value o of the motion can be obtsined -

by

- 3
o(B) = %f |T(w,8){*A% (w) qu (65]
o)

For a2 non-unldirectional sea the waves are considered coming
from all directions from qws -r/2 to 7/2 with respect to the
direction of predominant wind and the spectral density of wave is
represented by

-2g? /(wv )?

A (w,8) = 1% cw?® e cos’ew, for -m/2 < §,< 7/2

otherwise { 66)

i i 4 - M e Tt e A ot ke ke — sk ay
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where ﬂizs measured from the direction of predominant wind (see
Figure 3), and the motion spectrum is given by
/2

$(u,8) = [ 0,81 4 (0,8)a0, [67)
-7/2

The rdot mean sguare value 1ls also glven by Equation [65].

The wind speed for each sea state 1s given as

I1I. THBORETICAL RESULTS

Computations were carried out for ship motions of the COMET
and the PAGE at zero speed in deep water by the linearized
equations of motion based on the strip method, as described pre-
viously. The principal characteristics of these two shlps are

listed in Table 1. The results are presented in the followling
three parts:

(a) Bhip Responses due to Unit-Amplitude, Regular Waves

The ship responses and phase difference between the mo-
tion and the wave amplitude for surge, heave, pitch, sway, roll

and yaw due to unit-amplitude, regular waves are shown in

e adat ok
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Figure 4 for the COMET and in Figure 5 for the PAGE as a func-
tion of the wavelength and the headlnga. Only three headings

are shown f'or eaeh shlp. In Figures & and 5 the dashed curves
represent the case where a lower value of K¢ « 0.1 Ixtwu was

used and the three-dimensional damping factorswere not considered.
The solid curves represent the case where Ky = 0.15 1, . w, and

the three-dimensional dampling factors were employed,

R e (e O b g £ S B 4T O | AR €

(b) Ship Responses in Unidirectional and Non-Unidirectional
‘Seas

Flgures 6 and 7 show the root-mean-square value of
surge, heave, pltch, sway, roll and yaw in uridirectional seas
for Sea States 3, 4 and 5 for the COMET and the PAGE, respec-
tively. The description of a unidirectional sea is given in Fig-
ure 2, Computations were made for intervals of 5 degrees in the
L peading angle B Similarly, Figures 8 and 9 show the root-mean-
: square values of surge, heave, pitch, sway, rc¢ll and yaw in non-
unidirectional seas for Sea States 3, 4 and 5 for the COMET and
the PAGE respectively. The description of a non-unidirectional
sea is given in Filgure 3. Both the angle B8 and the angle 8§ were
taken at intervals of 5 degrees in the computation,

o A,

e

S

t (c) Relative Motions in Unidirectional and Non-Unidirec-
| tional Seas

Flgures 10 and 11 show the root-mean-sQuare values of °
the relative displacement XR’ YR and ZR and the relative rota-
tion wR at the junction between the COMET and the PAGE in a
stern to stern mating at Sea States 3, 4 and 5, as a function of
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the headings in unidirectional and non-unidirectional seas
-respectively. The distance between the sterns of two ships waa
_kept at 10 feet apart in Figures 10 and 11. However, additional

computation shows that a variation in the distance from 5 to

15 feet doer not change the results significantly.

As shown in Flgure 11, the results for & non-unidirectional

sea, which is consldered to be closer to a redl sea, show no

absolute optimum headings., 1In Sea State 5, a beam sea is pre-
ferred for relative heave and surge, but results in relatively

_ large values of sway and roll., For Sea States 3 and 4, 1t seems
~that head seas and_folloying geas are slightly preferred. How-

ever, in view of the fact that very large individual ship mo-
tions are introduced in beam sea for Sea State 5, as shown in
FPigures 8 and 9, 1t 1s still best to choose head seas and fol-
lowing eeas.

RPN

IV SHALLOW WATER EFFECT IN SHIP MOTION

The need to lnvestigate ship motions 1n shallow water
arises for two reasons: (1) the prototype mating may possibly
be performed in relatively shallow water, and (2) because of the
limitation of the test basin at the Netherlands Ship Model Basin,
the experiments of ship motion could only be performed at a
relatively shallow water depth corresponding to a depth of 100
feet., However, rno theory has been developed so far for the
evaluation of tne hydrodynamic coefficlents of ship sections to
irclude the effect of shallow water, Accordingly, simplifications
were then made in conslidering ship motions in shallow water, as
follows:
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(1)

valuesz,

(2)

waves advance from deep water to shallow water.

(3)
changes.

From assumptions (2) and (3), Burnside (9) derived the re-
lation of amplitude and progressive speed of waves in deep water
to that in shallow water as follows:

All sdded mass coefficients for ship sections are
assumed to remain unchanged from the deep water

The wave period is assumed to be constant as the

No reflection of energy takes place ss the depth

33

UL EHERIE O B Y ) MW

TR R N SR

c A
35-- fi = tanh %%Q (e8]
d 8
— - o 2 é;Td o
a; 2 cosh ——-xs
a, brd sinh 4;rd)
] 8

where d 1s the depth of water and the subscripts 4 and s denote
the parameters in deep water and shallow water respectively.
Furthermore, the wave potential as given in Equation {%5] should

be replaced by

T ——— e e,
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b
. QoBh gz-(z+d) - 51 {x cos g + y sin 8)
¢ «c —E e ° et (701
W, 8 ~— ’
g ) =7d :
¢osh S
8

for the sh&llow water wave potential.

By asaumptidn (1), the ship motion in regular waves in shal-
low water can be computed by introducing Bguation [ 68] and [70].
The wave spectral energy density as given in Equation (63) for
deep water can then be modified by Equation [69] as an approxi-
mation for wave spectral energy density in shallow water, that
is

2 cosh® ' . .
(T‘ o ) (711

A_B" (w) = 51,5

T T T Y

Lrd - sini 'T-‘U _

Equation [71] is used for the computation of ship motion 1in ir-
regular waves in shallow water. '

The change in wave length and the change in the Neumann's
spectral energy density due to the shallow water effect are shown
in Flgures 12 and 13 respectively. Equations (68) and [69] were
also plotted in Figures 12 and 13 respectively,

Computations were carried out for ship relative motions 1in

surge, heave, sway arnd roll at wiater depths of 200, 100 and 50 feet

in non-unidirectional seas, The results are shown in Filgure 1%,

—
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It 18 geen that the effwer-ofghallow water 18 to increase the
relative motion in sway and roll, but to reduce the relative mo-

tion in neave, For relative surge, the effect of shallow water
1z small.

V. COMPARISON BETWEEN THEORY AND EXPERIMENT OF SHIP
MOTIONS AT WATER DEPTH OF 100 FEET AND DISCUSSION

(2) Test in Regular Waves

Model tests of the responses of the COMET and the PAGE in
regular waves were carried out at the Netherlands Ship Model
Basin at a depth equivalent to 100 feet (12). The models were
built to a 1:30 scale and were oriented stern to stern in the
basin. Measurements were taken at the same time for both ships
assuming that the interference effects are small., Three differ-

and beam seag for the COMET and followlng seas, bow quartering
seas and beam seas for the PAQE. The original test results are
included in Appendix A, These results were recalculated to give

the responses due to unit amplitude waves, The recalculated re-
sults are shown in Appendix B.

A plot of results obtained from theory and experiment are
shown in Figures 15 and 16 for the COMET and PAGE respectively.
In the tneoretical results, as computed by the method described
previously for a water depth cf 100 feet, the roll damping coef-
ficlent has been callbrated agalnst the experimental data to

obtain conslstent values of maximum roll motion. The value of
roll damping thus found 1s

i B R b

il
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for bocth ships.

{ In addition, it was found advantageous to adjust other damp-
5 ‘ ing coefficlents in the equations. Here, we used the three di-
mensional damping ractors for heave, pltcii, sway and yaw given

by Havelock (10) and Hu (11) which are tabulated in Table 2. In
Figures 15 and 16, the solid curves represent the case whare the
three dimenslonal damplng factors are used, and the dashed curves
represent the case of neglecting the three dimensional effect on
the damping factor, 1t 1s seen that, 1n most cases, the three
dimensional damping factors do bring the agreement between ex-

periment and theory closer,

In general, the agreement between theory and experiment on

ship motion in regular waves are satisfactory. The degree of

agreement for all the cases tested are graded as shown in Table 3.

The very strong coupling effect beiween the sway motion due to
211, as indicated in the theory for the PAGE around 1ts resonant
frequency in beam seas does not appear 1n the experiment. This

is the worst case among all the results obtalned.

(b) Test in Irregular Waves

Model tests of the relative motions between the sterns of
COMET and PAGE were carried out in the same bacin and the same
water depth (1CO feet) as in regular wave tests described pre-

viocusly for Sea Grates 3, 4 and 5. Two headlngs, head and




HYDRONAUTICS, Incorporated

4 -37-

following sea, were tests The mooring lines for the COMET
and the experimental arrvangements for the irregular wave test
are shown in Figures 17 znd 18 for head sea and followlng sea
respectively. Two different welghts of the mooring lines were
used, i1.e., 18 and 5% pounds per foot, in the test. The mea-
sured spectra of the generated waves ané the relative motions
between COMET and PAGE are shown in Flgures 19 to 22, The
R.M.5.* values of the relative motion obtained from the tests
are tabulated in Table 4 and are also shown in Figure 23 1n
comparison to theory. It should be noted that the difference
in the unit weight of the mooring lines, and therefore 1its
stiffness as mentioned above, only makes negligible change in
theoretical values of the motion. However, the experimental re-

T

; sults show some difference.

i .
i __As shown in PFlgure 23, -the measured R.M.S. values of th-

i relative motion is much higher tnan the theory predicted for
relative surge. For relative sway and roil, the theory predicts

no motion in head and following sea since the wave 1s unidirec-

LY P

% tional and the ships are symmetric about their longitudinal

; centerplane, However, it 1s seen from Figure 23 that apprecla-

; ble relative motion, especlally in Sea State 5 condition, were
measured. The measured relative heave agrees well with theory
for Sea States 3 and 4, but 1s higher for Sea State 5. From
Figure 19, we see that the generated wave spectra for the irregu-

lar sea has frequencies ranging from w = 0,4 to 1,8 rad./sec.

{ * R.M.S., = Root Mean Square

B N R R
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However, Figures 20 and 21 show that the measured spectra of the
relative surg: »~rd sway are concentrated at frequencies lower
than 0.4, ex¢rpt in the case of relative surge at Sea State 5,
for which a paprt of the spectrum cu£ve lies between @ = C.4 and

S i e RN R

0.6, Thus, the large R.M.S5. values for relative surge and sway
result directly from low frequency, or long perlod motlons which
are not wilthin the freguency range of the generated wave spec-

1 tra, Since there is no energy in the wave for those low fre-

. quency motions, these motlons arise from sources other than
those coaslderel in the framework of the mathematlcal model pre-
sented. Therefore, in the comparison between the present theory
and experiment, the measured R.M.S. value should be evaluated
by eliminating the contribution from the low frequency (w < 0.4)
part. The result obtained by this prccedure are also shown in
Figure 23 by solid points and it is seen that this leads to
better aggge@EﬂE,Eiiblhheory7#~ﬁithougﬁﬂfﬁéﬂéﬁééfgé‘gg; relative

) roliM;;;;knot measured, 1t 1s expected that they would have the

. same quallty as those for sway slince these two motions are usu-
i ally coupled.

The low frequency motions observed in the model tests are
probably due to the following reasons:

(1) The ship-mooring line system for the COMET can be
thought of as a mass-spring oscillating system which has a doml-
nant resonant frequency in surge. It 1s shown in Appendlx C
that the damping ratio of the COMLY when performing surge oscil-
lation 1is practically zero (C/Cc = 0.0022) and the natural fre-
quency 1s of the corder of 0.0214 rad./sec., It 1is therefore
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apparent that very little wave energy 1s needed to excite rather
large motions in the vicinity of this frequency. Thus the mo- -
tion in question could very likely be due to the existence of '
very slowly decaying transient motions, excited by the initial
wave impulses, or of slow variation in drift currents which
would be too small to measure when applying the usual procedure
for determining the spectral distribution of the wave energy.

Such currents could also exist in the real sea although of d4dif-
ferent degree.

(2) If the center of gravity of the COMET is not . .-
actly in the same vertical plane as the resultant force from the
mooring lines (which may be the case in the prototype as well)

or Lf the shlp has poor directional stability when oscillating
with these low speeds. Then, due to the surging motion, the——

“mooring force may apply yawing moments on the ship and cause the
observed relative motion of sway at the sterns and roll.

VI. CONCLUSIONS

On the basls of the uxtensive theoretical and experimental
investligation presented herein, the following important conclu-

slons can be reached:

a., Analytical Results in a Unidirectional Seaway
1. The character of the individual motions of the COMET
1s roughly the same as those for the PAGE. That 1s,

1. The surge and pitch motions are relatively in-
dependent of headling except in a very small neighborhood of beam
seas. This small "window" of headings corresponds to small surge
and pltch motions.

e
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ii. The sway and roll motions are bdboth zero in
" head or following seas. These motions increase monotonically and
achieve a maximum value in beam seas.
- ' 111, Heave'motions increase monotonically from the
value in head seas to about two to three times this value in
beam seas.

iv. Yaw motions are zero in head or beam seas.
These motions reach a maximum in quartering seas and in a small
neighborhood of beam seas, this motion agaln becomes very small,

2. As a result, orlentation 1n head or following
seas minimizes heave, sway, yaw or roll motlions; heading in beam

seas minimizes surge, yaw and pitch motions,

3. Like the individual ship responses, the relative
’ motions show distinct, narrow "windows" in the local surge,
;4f,Q*hng/_snaykandgheavegresponsesgaxgthegmatingwgunetureﬂiﬂgbeamfseasﬁ~—~7Jm~wmw
The relative roll response is, however, a maximum in the neigh-
borhocd of beam seas.

b. Analytical Results in a Non-Unidirectional Seaway

The above results discussed for the case of a unidirec-~

tional seaway were used to compute the effect of non-unidirectional

seaway wilth a coslne-squared energy distribution, The computa-
tions showed that the narrow "windows" in the surge, yaw and
plteh responses disappeared in the case of a non~-unidirectional
seaway. Slight "dips" in the surge and pitch motion responses do

occur in beam seas but these decreases are inconsequential.
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As 2 result, head or following seas are best for pelative
surge, heave and roll in non-unidirectional seas, For sea
states of 4 and below 1t does not appear to make much differ-
ence which heading 1is chosen with regards to the relative
heave motions, However, at Sea State 5, orientation in beam

seas becomes the most advantageous.
¢. Experlimental Results in Regular Waves

In general, the agreement between the model test re-
sults and the computed values is quite good. Poor agreement
was obtained only in a very few cases and most notably in the
sway of the PAGE in beam seas. It 1ls felt, however, that the
mathematical model reliably predicts most of the motions of
these ships.

~—+ —— ——d, Experimental Results in Irregular Waves

et e AT A e e £ T

o A e T

On the basls of the analytical results, experimental
tests were made 1n irregular head and following seas. Accord-
ing to the theory (as well as from symmetry considerations),
there snould only be a relative heave and relative surge in
this condition, The test results showed, however, that relative
sway and roll also existed. The comparison with the theoretlcal
results for the heave relative motions was favorable but that of
surge was not, It was apparent from the motion spectra that the
discrepancy in relative surge and the exilstence of relatlve sway
and roll motlons was due to factors that were not taken into ac-

count by the present theory. These, as discussed in part (b) of

T T T T e e AR e 0
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of Seétion 1V, may possibly be: (1) transient or slow variation 3
of the drift of the surface current, and (ii) the eccentriclty of
- the ¢enter of gravity of the COMET with the mooring line and/or

poor lateral stability at small oscillating speeds.

¢, The Effect of Shallow Water on the Relative Motlons

- A study of the shallow water effects showed that the
relative heave moticn between the two vessels became smaller and

et e i ok |tk s e b o | sl e

the relative sway and roll became larger as the depth of the
water became smaller. The prelatlve surge motion was not sensi- b
tive to the variation of water depth. As a result, the criterion
for the advantageous location for mating are: (i) If the ver-

; tlcal excursion between two ships 1is critical, shallow water
mating 1s better; (ii) If the lateral relative motions are criti-
cal, deep water mating 1s advantageous.

VII. RECOMMENDATICNS

It 1s recommendec that:

. ' 1. The best heading for mating in a typical short-
| crested seaway 1s elther head seas or followlng seas, whichever

i1s more convenlent.

2. The existence of the low frequency motion observed

in the irregular wave model test may be an overriding consider-
ation in the mating operation. It 1s recommended that a detailled
investigation of this point be made to determine if such unde-
sirable motlions can be avoided in practice. 8Since the frequen-
cies of these motions are extremely low, 1t is quite likely that

o e S ——
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L & gatisfactory manual control of the operation of the PAGE with 5

3 : k4

3. 1t 1s apparent that any present method for im-

e

proving the existing mating technique involving the COMET and
the PAGE 1s limited by the inherent characteristics of the two
vessels. For example, the roll characteristics of the COMET
are essentlally those of a conventional dry cargo vessel while

e

the corresponding characteristics of the PACE are similar to

those of & barge, with high initial stability and short rolling
periods. Mating problems would be simplified if motion charac-
teristics were essentlally the same. To obtaln such conditions ‘
requires the use of similar hulls, of about the same size, or o

some radical method of changing motion characteristics. Roll

oA P TR o At

stabilization mevhods, for example, ¢an change roll amplitudes

" but will not significantly affect a change in differing roll ]
periods. Short of some radical means of altering basic ship '

Syl

characteristics, e.g., by providing very large ballast capacl-
ties, etc¢., tnere appears to be no promising method for greatly
improving the existing mating method.

Accordingly, for future designs serious consider-
ation should be gilven to devising other mating systems, Of par-
ticular interest i1s the possibility .f docking the PAGE, or u
similar bteach discharge lighter, in the wet well of a parent ship,.
It is known, for example, that landing craft can be docked into

-l S e, et

ar. LSL type of vessel at considerably higher sea states than

would be possivle witn a conventicnal mating technigque, Con-

§ siderable experimental and developmental work is currently

i
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uﬁdérwﬁy with regard to such operations, particularly in the %
case of the FPL and LHA projects, and the results of such studlies §

‘may be applied to operations involving landing eraft sz large as E
the PAGE. '
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APPENDIX A

RESULTS OF MODEL TEST IN REQULAR WAVES
FROM NETHERLANDS SHIP BASIN
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PERIOT

Model 37HEY - CGMIT Model 3737 - FAQE
Without springs With gprings Without aprings With cprings
Period Period Period Pericd
Test in Test | in Test in Tes* in
no. sec. ro. sec. no. sec no. sec,
272 . 234 ' 1€, 4 2 T 4 122917 !
127 Tcp 16.9 | 123 T, € 1275 Yo 5 229 w 5
1274 Ty 7.7 | 1236 T, 7.6 ) 1277 Ty €.6 1231 Tv 6.5
1273 Tz 7.0 12351 T 7.0 1276 TZ 5.2 1230 Tz 5.3
La
- T - 12381 T 103.2 - T - 1232]T 6.8
y y |19 y 2381 Ty 3
- | - 1237 1 5 - ; - 123 c
1x 1237 T, 57.5 ix 233 Tx 5.0

Wave amplitude = h in m (positive: upwards)

Heave amplitude = Z i- m (positive: vpwards)

Pitch amplitude v i degrees (positive: bow down)

Roll amplitude = % 1r. degrees (positive: starboard down)

Curge amplit.de = X ir m (positive: shlp forward)

Cway amplitude = v ir m (positive: ship to port)

raw amplitude = X in degrees (positive: foreship to port)

€ = Phasge lag in

wave amplitude (m:

degreece between the motion of the chip and the

ton prior to wave).

ik,
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Model 32469 . COMET

Water depth 100 ft. a = 180°
| |
i

Wave Wave Pitch | Roll Yaw
Test | length | helght| Heave in in Surge | Sway in
no inm inm irm degr., |degr. jin m in m |degr.
1239 16 0.535 C 0 0 0 0 0
1041 37 1.23 o} 0 0 0 0 o)
1242 58 1.9% 0.18 | 0.45 0 0 0 0.06
1243 80 2.67 0.64 | 0,99 | 0.08 | 0.10 | 0.05] 0.19
1244 91,51 3.05 0.81 1.10 ] 1.17*f ¢.12 | 0.09]| ©.26
1245 | 122 4,07 1,08 | 5.13 ] 0.37 1.02 | 0.20} 0.33
1246 | 145 4,o7 1.40 | 5.8 | 0.69 1.79 | 0.24] 0.49
1247 | 167.5] 4.07 1.51 | 4.60| 0.77 1.91 | 0.33] 0.49
1248 § 190 4,07 1.80 | 4.40 ] O0.77 | 2.32 | 0.41] 0.41
1249 | 213 L,o7 2,33 | 5.17 | 1.87 | 3.22 | 0.37| 0.65

Model 3247% - PAGE
a = Oo

1239 16 €.535 0 0 0 0 0 0
1241 37 1,23 0.06 0 0,14 Q o 0
1242 58 1.94 0.13 0.19 | 0.33 0 0 0
1243 80 2.67 0.08 | 1.28 ] 0.35 0 0 0
1o4i 31.5] 2.0% 0,30 | 2.35 | 0.27 | 0.21 0 0,06
1245 22 4,07 1.64 | 7.41 1§ 0.45 1.91 0 0.37
126 145 4,07 1.99 | 6.96 | 0.53 2.60 | 0.12] 0.37
1247 167.5 | .07 2.16 | 6,19 | d.45 | 2.97 | 0.24) 0,26
1248 | 190 4,07 2.60 | 6,06 0.53 | 3.50 | 0.28] 0.33
1246 | 213 4,07 3.74 { 6,02 | 0.53 4,2 0,16} 0.37

L 4

: Perlod longer

than wave period.
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Model 3246% - CcoMET
Water depth 100 ft. 7 o = 225
Wave Wave ; Pitch% Roll | Yaw

Test | length! helght| Heave in in Surge | Sway in
No. inm inm inm degr.| degr. | in m in m |degr
1250 16 0.535 0 0.10 | 0.12 0 0 0
1251 37 1.23 0.04| 0.10 | 0.30 0 0.07
1252 58 1.9k 0.351 0,81 | 0.54 0 0.08] 0.39
1253 80 2.67 0.84] 3,04 0.83 o.24% | 0.13] 1.16
1254 91.51 3.05 1,13 | 4.09 1.40 C.53 0.31] 1.68
1255 | 122 4,07 2.21| €,06 | 5.41 l1.42 | 1.06] 3.34
1256 | 145 4,07 2.91| 5.82 [ 7.73 2.08 | 1.85] 4,11
1257 167.5] 4.07 3.50| 4,97 | 9.65 2.24 | 2.28] 4.80
1258 1 190 L.o7 3.54 [ 4.852 114,77 2.73 2.44) 5,17
1259 | 213 L. o7 3.28 | 4.27 |o4.75 3.34 ] 2.65) 5.17

o Medel 32479 - PAGE

a = 45

1250 16 0.53% 0 0 0.07 0 0 0
1251 37 1.23 0.0Y O0.42 1 0.43 0 0 0
1252 58 1.94 0.30] 2.601!3.30 0.17 C.12] 0©.50
1253 80 2.67 0.85| 5.45 (6,19 0.69 | 0.451 1.36
1254 y1.513.05 1.27 | 6.31}4.27 C.88 | 0.49] 1.89
1288 122 4,07 2771 7.48 16,10 1.83 1.49) 3,05
1256 145 +, 07 2.19 6.43 15,86 2,044 2.04) 3.34
1257 167 .5 ] 4,07 3.59 5.33 ] 5.74 2.69 2,40 3,84
1258 190 L, o7 §,27 4,761 5,75 2.97 | 3.17( 3.83
1259 | 213 4.07 5,15 4,56 ] 5,90 3.15 | 4.03] 3.83
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odel 3o86Y - COMET
water depth 100 ft. 7 = 270
i
Wave Wave Pitch | Rell Yaw
Test | length|neignt | Heave in in surge | Sway in
no. | inm inm in m degr. |degr. | inm in m | degr,
1260 16 0.835 0 0.02 0 0 0.03 0
1261 37 1,23 0.20 | 0.39 1 .92 0 0.521 0.16
1262 58 1.94 1.13 1.11] 1.65 0 1.16| 0.49
1263 80 2,87 2,82 1.15 | 1.681 0.11] 1.92] 0.80
1264 91.5] 3.0% 3.66 | 1.07 1.62 ] 0.21] 2.38| 0.88
1265 120 L, 07 5.19 ] 0.81) n.65 | 0.33}3.91| 0.54
1266 | 145 4, 07 L, 801 0,851 1.9 | o0.45| 4.68] 0.81
1267 167.5| 4,07 Lu6 | 0.94 1 3.66 | u.bl| 5.2} 0.85
1268 | 190 4,07 4,16 | 0.94} 6.31 | 0.57] 6.06| ¢.94
1271 213 LLo7 4,04 0.98 | 16.73 G.491 6,06 0.90
1270 | 241 4,07 3.97 1.02 }36.39 1 0.49| 6.02| C.49
Model 3247°% - PAGE a =90 -
1260 16 0.53% 4l 0.0 0 o} 0 0 0
1261 37 123 n.67 | 0.22111.23 0 O.61 0
1262 58 1,94 L.40 | 0.33 {16,545 o} 0.60 0
1263 80 2.67 2.21 | 0.401}13.72 0 1.36 0
1264 91.5| 2.0% e 70| 0.2 113.69 0 2.0l 0
1265 122 4,07 4.12 1 0.69 |15.55 p 4,03 0.11
1266 | 1la3 L, Q7 +.19 1 0.73 |12.5% C L7-1 2.09"
1267 167, 4 07 4.1 | 0.65% [ 12.33 0 5.90 | o©.88*
1268 1 130 L 07 <. 07 | 0.4 111.11 ] 0.20] 6.%1 0.66%
1271 213 4,07 4,07 ) 0.33 1 9.20| 0.49| 6.72] 0.66
1270 RS 4,07 $.11 0.28 1] 7.459 | 0.61]1 6,59} o.88
L

: perliod longer tnan wave pericd
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Model %65 COMET
a 180"
Wave Wave ezh c¢h emh E:xh ¥h exh
Test | lengtih | heignht in in in in in in
no. {inm inm degr. | degr.|degr.| degr, degr. , degr,
1239 16 0.535 - - - - - -
1241 37 1.23 - - - - - -
1242 R 1.94 11y 360 - - - -
1243 g0 2.67 109 308 - - - -
1244 9:.5]3.05 g3 267 - - - .
1245 122 L, 07 54 240 - 68 - -
1246 | 145 4,07 55 266 - 35 - -
1247 167.5 .07 16 270 - 103 - -
1248 190 .07 1 276 - 79 - -
1249 213 4,07 -11 250 - 78 - -
S ~ Model 3247% - PAGE

a = OO
1239 16 0.535 - - - - - -
241 37 1.323 - - - - - -
1242 58 1.94 167 187 - - - -
1243 890 2,67 9 61 - - - -
1244 91.5]3.05 53 81 - -122 - -
1245 1ze 4,07 34 102 - - 65 - -
1246 145 4,07 46 94 - - b9 - -
1247 167 5| 4. 07 15 70 -~ -100 - -
1248 130 a7 H 7C - - 98 - -
1249 | 213 L7 - 66 - - 95 - -
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Model 32560 - COMET

a = 2287

Wave Wave ezh e#h ewh exh Eyh exh

Test | length| nelght{l {n in in in ir in
no. in m inm degr.jdegr. | degr.| degr.| degr.| degr,

1250 16 0.53% - - - - -

1251 37 1.23 - - - - - -
1252 58 1.94 77 | 248 - - - e?f
1253 8¢ 2.67 39 | 241 190 Le - 214
1254 91.5| 3.05 24 | 246 189 69 6 197
1255 | 122 4,07 27 { 272 201 92 b 188
1256 | 145 4,07 19 | 267 201 87 87 184
1257 | 167.5| %.07 11 ] 259 208 89 93 181
1258 | 190 L, o7 27 1 263 216 80 98 182
1259 | 213 L, 07 51 276 250 93 95 182

e —

Model 3247~ - PAGE

i a = 45°

1250 | 16 | 0.535 [I - - - - . .

1251 37 1.23 178 | 231 - 5 - - -
1252 5¢ 1.94 g 101 - 90, -73% - 160
1253 80 2.67 23 89 - 81| -88 -108% 163
1254 91.5| 3.0% 35 | 108 - 65] -72 - 85 175
1255 | 122 407 32| 104 - 59| -68 - 63 198
1256 | 1% 4,07 2 91 - 78] -67 - 7% 195
1297 167.5] 4,07 2 89 - Bo| -84 -102 182
1258 | 190 4,07 10 83 - 63] -82 - 91 184
1259 | 213 4,07 18 71 - 501 -7% - 75 200

e o e L L L
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#oael 3286 - COMET
a = 270°

wave | wave || o [ %yn | fen | xn | Syn Xt

Test | length | helght|l in in in in in in

no, inm inm degr. | degr.] degr. | degr. | degr. | degr,
1260 16 2.535 - - - - - -
1261 37 1.23 -123 - 34 - e 34
1262 58 1.94% -113 - 28 - L1 37
1263 80 2,67 - L - 52 - 68 RO
1264 91.513,2% - L% - &4 - 68 109
1265 | 122 4,07 - 19 - 187 - 78 138
1266 | 145 Lo - 16 - 295 - 85 135
1267 | 167.5] 4,07 0 - 296 - 100 138
1268 | 190 4 07 - v - 286 - 87 147
1271 ] e1s ey - 15 - 289 - 5 183
1270 21 %, 07 - 14 - 352 - 94 -
S— L
Model 32479 - pagE

a = 90°

1260 16 0.53% - - - - -
1261 37 1.2 - 89 - 102 - 225 -
1262 58 1.9% - 25 - 230 - 211 -
1263 80 267 - 35 - 230 - " -
1264 91.5 ) 1.08 -0 - 250 - 243 -
1265 | to2 4,07 - 19 - 262 - NI -
1266 | 145 4.07 - 10 - 246 - 2LE -
1267 | 167.5 | 4,07 0 - 254 - 253 -
1268 | - 190 w77 - 1# - 257 - 25K -
1271] 213 .07 - 7 - 2E7 - 259 -
1270 sk L, 07 l 0 - 280 - 264 -
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Model 3266 - COMET

.
;v
P
i
£
g
i
E
£
5

vinve Heave pleen Rell Carge Sway Yaw
Test lengtr i in ir ir in
no. ir I, fr. rad. el .y rad.,

3
R
(ST

(o]
)
2

<

1239 52.5
1241 121

<

<
(OIS
]

Q00O 3O 0

0D

1246 u7e
1247 550
1248 Bpb
1249 700

0.00070 | 0, 4s0
5,0010C | 2,470
J.00100 | 0,870
0.00243 | 0,792

—~
.~
.

1247 150 oyze | 0L oo g ) 0. 000164

1243 262 z ST GLOO0OLA | 0, 0ce | 0.0LE | 0. 0003k

1244 300 2 0,00020 | 0, 0398 | 0.0295 | 0. 0nous

1245 400 0.00068 | 0,251 | 0.0492 | 0.00943
5

- OO £NE

~ &
4 L
)

DO S e AN o3

)]
O
3. 00064
CEL12 | 0. 30064
Q20 1 0.00083
0910 | 0. 0008s

-
5,

VAR a1 O e v
Ry~ et 00— ~1 %

[ IS B RS IS B
v NS BT S PR IV )

QT ODOC 2l
& .

OGO OD
[ 1IN ERLV S VRN
OO Q

[

'S

vodel 32479 - PAGE

™
I
O

1239 2.9
1241 | 121
1242 | 190
1243 | 262
Lasn | 300
1245 | 400

J 0 O Q
] L GGoC o &
J.an0eR AN D 0 o
D.03059 7 L0070 G
: L0067

(DRSS I e
D000 Q008K

oo

&

OGO
X

-
o O

L0001
LO00-E

R I

G D e E O
oIS o
R
S 2 G R
=
B -2 ]
ja e

P

GO OC OO0
OC SO DO

1046 | 473 i3 VRS LOGO0S e Couoae | oo, 0u0aB
1247 | 850 8,31 LS LON058 | 0,73 0080 50003k
1248 £ B4 T EE LOGDER | 0,80 0000 | 0. 00043
1a49 | 700 3i LOtEs | oL oangy | 1, h LN T N00RY
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E
4 Wede | toaf” o OOMET
i
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i 3 I + ]
oo o B = 2%
oo

¢ W0 Hepa e fiten feld SuUrge Sway Yaw
{ CTess [ lengtr ir i in in in in in
g ? o 1ad, rad. v, . rad.

ST RN I RS S

L2590 1 %508 : 7 SN0y Y | 000018 0
Jlasl oo 0.3 | S.000+3 10,0013 0
: 1852 1930 0,18 0.00262 | 0.001%8 G
: 1263 262 8 Q.315 | 0.0260% | 0.0CLES | O 090
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Model 32467 - COMET
R = 270°
Wave Heave Plteh Roll Surge Sway Yaw
Test length in in in in in in
no. in fuv. fr. rad. rad. fr. fr. rad.
1260 | 52.5 0 0.00020 o} 0 0.056 0
1261 123 0.163 0.00170 | 0,00+00 2 0,423 0.00069
1262 190 0.582 0.Co304 | 0,00452 O 0,597 0.00134
1263 262 1.060 2.00230 | 0.00330 | ©.041 0.720 0.00160
1264 300 1,200 0.00186 | 0.00280 | . 069 0.778 0.00153
1265 400 1 270 0.00105 | 0.00084 | 0.081 0.960 0.00121
1266 475 1.180 0.001101 0,00207 | 0.110 1,150 0.00105
1267 550 1.100 0.20121 | C.00475 | 0.150 1.380 0.00110
1268 ~au 1.020 G.20121 | 0.00820 | 0.140 1.490 0.00121
1271 7C0 n.980 7,00127 | 0.02170 ] 0.120 1.%90 0.00115
127¢ 730 «.980 0.00130 ] Q.04710 | 0.120 1.480 O.OO’)6-'4_J
Model 32479 - PaGE
8 = 90°
1260 52 5 0.075 0 0 0 0 0
1261 121 2,540 C,20095 | 00,0485 O 0,33 0
1262 190 2.721 0.u0090 | 0.0450 C 0.31 0
1263 262 0,832 0 nOoBDY 0.0272 Q 0.51 0
1264 300 0.5885 N.0009010 00,0238 C 0,66 0
1265 L70 1.0:0 J.,C0030 (| 00,0202 0 0.99 0.0001%
1266 L7e 1.0-0 Q.0N095 1 0.C162 0 1.16 0.00272*
1:67 520 1.050 0.02085 | 0.0160 0 1.45 0.00113*
12e8 | els 1.000 1 0. 0005 | O.%1+% | 5,049 | 1.¢0 0.00085*
171 TCO 1.C00 L0003 1 0.0140 0.12C 1. 65 0, 00085
1770 g0 1,310 0256 | 0. 3097 0.150 1.6z 0,00113
*. period longer tnin wave pecsiod,
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APPENDIX C 1

EFFECT OF THE MOORING LINE
ON THE S7'FGE MOTION OF COMET _
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Here we examine the effect of the gtiffness of moorling line
on the surge motion of COMLET in head sea at Sea Btate 5. The

ship-mooring line system 1s considered 1s a single degree mass-

spring osclllating system., We calculate for the following
aspects:

[ S il TR o

(a) Tne damping ratio at resonance, The spring con-
stant kx for a 55 pounds per foot mooring llne at head sea is
estimated, by using Figure 24 (taken from Keference (13)) to be
440 pounds per foot. The mass of COMET it 9.65 x 105, so the

yires—

=

| natural frequency wn of this system ls'\/&40/9.65 X 105 = 0.0214
: radians per second and the critical damping of the system 1s

E”V/44O X 9.65 x 10° = 41300 pounds per foot per second. The
hydrodynamic damping for unit amplitude wave at the natural fre-

quency 1s estimated by Equation {19] tc be 63.5 pounds per foot
- per second, To estimate the damping due to frictional force in

model test, we considered the fact that the measured R.M.S.

value of relative surge of 8 feet at Sea State 5 wac almost solely
due to the motion of the COMET and obtained the frictional damp-
ing to be approximately 21 pounds per foot per second. There-

fore, the damping ratic of the system 1s 0,0022 which 1s, of
i course, very small,
|
t

(p) The amplitade of motion at resornance., To find

the response of COMET due to unit amplitude wave at resonant fre-

quency we use the equation of motion for surge alone, or
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: 7 E:h *o -1 3 fwt
M. + X,k + k% = ~gw" e 5 e das | e
% % %
gs

wnich glves tne amplitude of surge at wn Lo be 265 feet or a
R.M.5. value of 186 feet.

(c) Wave energy reeded to excite the motion. Since
the relation betweer the amplitudes of o.hip motion and wave may

be assumed to be linear, the R.M.S. value of the amplitude of the
wave which will produce a moilon of 8 feet 1s estimated to be

8/186 = 0.043 ft, Tre energy such a wave carries 1s then

-
2(0.0%3)‘ = 00,0037 fte. 1f we distribute the energy over a fre-
quency band of 0,02 radians per second width we have a height of

the spectral density curve at this frequency of about O. 195 ftaseciﬂix

-From Figure 19 tne total energy of the ‘measured wave spectrum for
sea state 5 1s estimated to be 12.7 fte and the maximum height of
the spectral der.sity is seen to be 1.2 x 3.282 = 13 fta sec.
Thus, we see that the wave energy needed to exclte the resonance
motion 1s only 0.029 percent of the total energy measured in the

test basin at 1.4 percent for the spectral density.

From the above calculations and the low damplrng ratic in
this system we see that only a small part of the wave energy in
the test basin 1s needed to excite a ratner large motlon in the
vicinivy of the mooring-line-1induced, surge resonant frequercy.
Juch low energy 1s gulte hzard to measure wnen applyvirg the usua!

procedure for determining the spectral distritution of the wave
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¢ f energy. Furthermcre, the computation assumed the energy in the
' gsea wag represented bty Neumann's spectrum ac gliven by Egua-
tion [63]. At wn arid sea state 5 thilis gilves a value of

Aa(wn) = 0.315 x 10-2b ftesec, which 1s practically zero and

therefore does not show up in the computaticn, However, this

i A4

does not mean that the resonance effect can not exist in the
real sea since 1t 1s almost certailn that the Neumann spectrum

or any other seaway spectrum would not be sufficiently preclise

to account for such a small part of .he total wave energy as
0.029 percent,
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TABLE 1

Crharecetericstic Dimensions of Ships

Title Unit COMET PAGE
Lergth ft. 475 300
Breadth ft. 78 65
Draft ft. 22 7
Mass slug 9.65 x 10° 1.63 x 10°
Distance from bow
to ¢.g. ft. 245 157
Distance from c.b,
to ¢c.g., BG ft. 18.73 12
Distance from water
surface to c.g.,
oG re. 8.8 9.2
Metacentric helght ft. 3.83 46
| Total roll moment § . -
of inertia I . slug ft? 8 x 10° 1.53 x 10°
Moment inertia of
piter I ) slug ft? | 1.385 x 10t° 9.21 x 10°
Moment irertia of
yaw T, glug £t® | 1.385 x 10*° 9.21 x 10°
Koll pericd sec. 16.5 5.4
Pitcn period sec. 7.6 6.5

Heave period sec. 7.0 5.3
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TABLE 2

Three Dimensional Damping Factor

For COMET
Frequency | For Heave | For Pltch | For Cway | For Yaw
W Cz Ce uy Lw
0.4 C.4 0.04 0.2 0.01
0.5 0.6 0.07 0.3 .01
0.6 0.8 0.14 0. 44 0.05
0.7 0.98 0.30 0.59 0.14
0.8 1.08 0.69 0.69 0.26
0.9 1.12 0.92 Q.75 0.40
1.0 1.07 1.12 0.79 0.53
1.1 1.02 1.10 0.83 0.62
1.2 0.98 1.2 0.86 0.69
1.3 0.96 1.6 0.88 0.73
1.4 1.00 1.00 ¢.8g 0.76
- For PAGE
Frequency For Heave For Pltch For Sway For Yaw
" CZ Ce Cy C*

0.4 0.50 0.07 0.3% 0.C3
0.5 0.82 0.16 0.47 0.04
0.6 1.04 0.43 0.63 0.09
0.7 1.12 0.88 0.75 0.19
0.8 1,07 1.12 0.81 0.22
0.9 1.02 1.16 0.86 0.47
1.0 0.96 1.09 0.89 0.59
1.1 1.00 1.00 0.92 0.68
1.2 1.00 1.00 0.94 0.74
1.3 1.00 1.00 0.95 0.77
1.4 1.00 1.00 0.96 0.80
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TABLE 3

Comparisorn Between Theory and Experiment
ar 100 Feet Waler Depth

Heading

Ship Motion pe Amplitude Phase
180 Lxncellent we d
Surge 225 Good Good

270 Fair No Data
180 Good Good
Heave 225 Falr Cood
270 Fair dood
180 Excellent good
COMET Piteh 225 good Geood

Sp——
270 Fair No Data
S 1 180 | Fatr No Data
Sway 225 Excellent Excellent
270 Falr Excellent

180 Good No Data
Roll 225 Good Fa o
270 Fair Fair

180 G.ed Nu Data
Yaw 225 Fair Good
270 Good Good

2
T e W e gl




o e e e

S 1N 28

b
@
k.

HYDRONAUTICS, Incorporated
66«

TABLE 3 {(Concluded)

Heading
Ship Motion 8o Amplitude Phase
' o Excellent Good
Surge 45 Excellent Excellent
90 Cood No Data
0 Excellent Good
Heave 4y Goud Good
90 Good Cood
0 Excellent Excellent
PAGE Pitch 45 Fair Geod
90 Excellent No Data
0] Good No Data
Sway 45 Fair Excellent
47447h/”MAA?AngQI”Ww;bpiPoorkdgg_ 1 Good ]
0 Excellent No Data
Roll 45 Excellent Excellent
g0 Excellent Excellent
¢ good No Data
Yaw 45 Falr Excellent
90 Data :i.ot No Data
Reliable

Note: Poor- Do not agree inquality and quantity.

Falr - Agree qualitatively, but not close enough 1in

Quantity.

Cood - Agree qualitatively, not far off in quantity,.

Excellent - Agree well 1n quality and quantity.
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TABLE 4

values of Relative Motion
Detween TOHET and PAGE in Irregular Zea

{a) ¥ooring Line Welght 55 lbs/ft.

Mean of 1/3

. B
"\ol‘!uOc

Yalue, o

Ry

Highest Mot Lons Measured After Correctlorn
Waves, ft, Head Seal Following Seajliead Sea|Followlng Sea
XH | 1.11 1.38 0} 0]
A Y 0.066 0.368 Y 0
3.88 :
Zg 0.72 0.82 o,72* 0.82
0.00094% 0.0021
K
YR 0.93 0.53 8] 0
5.02
N I - S LTSN B UL B NS Y. L2 E. V- L
. 5 25 .
KR ho3$ 2.22 0 O
Ve 0.69 0.805% — -
5.65
Zh 1.87 1.75 1.87 1.75
¢R 0.0033 0.00227 —— —
XH 7.13 8.05 0 0
YR 2.7 4.9 0 0
10.1
Zh b 53 5.1% .53 5.15
. 3. 0094 0.0089 —_ —_
* No correctior 18 needed for relative heave,
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TABLE & {Concluded)

afyM

{t) Mooring Line Welgnt 1% lbs/ft.

] ﬁnMaS. l‘ieﬁf,‘y“gy [ad
Mean of 1/3 o " _ _
Highest Mot L on g LC2 8RR ED . ZED Correction
Waves, ft, Head Sea|Following SealHend SealFollowlng Sea
XP 0.621 0.458 0 ¢
YR 0.163 G459 0 0
3188
ZH 0. uh .53 G40 0.59
P 0,603 0,0021 — —
1 K, [3.5 | 2.56 0 0
' YP 1.21 0.915 G 0
5.65 ‘ —
—t 1 *‘ZPR’/’* Loy 46T B B ' ¥ 71 1.67
o O 0. 0033 C.C0R27 __:~ — B
““”==7=======¥==‘- =
XR 10.0 7.03 3.b4 0
Y, 5.77 3.21 0 0
10.1 -
ZH 2, ‘_'-",1 3"'., 4’51
© 0,20 0.0289 —_— —
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FIGURE 1 - DEANITION SKETCH OF SHIP MOTIONS
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FIGURE 5 - RESPONSES OF PAGE DUE TO UNIT-AMPLITUDE, REGULAR WAVES
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FIGURE 8 - R.M.S. VALUES OF MOTIONS FOR COMET IN
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