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LECTURE ON SHIPHOTICHS -~ SEPTEMBER 1964,

Prof.ir J. Gerritsmao.

1. Introduction,

In this lecture I shall treat for you some aspects of the

problem of shipmotions in still water. The solution of this problen

is important for the calculation and analysis of shipwrotions and re-
lated phenomena such as bending moments, slamming, the shipping of
green water and so on, in reguiar and irregular seas.

To show you the iﬁportance of the oscillations in still water
we shall study first of all, in a very simplified way, the motions
of & ship in long regular and longitudinal head waves,

The ship has no forward speed and the cross sections are wall
sided in the vicinity of the load waterline. Consider a right hand
coordinate system, fixed in space, (xoyozo). A second systenm is

.;Agttached to the ship: (xyz). The origin of this system lies in the
centre ofjgravity of the ship (G). For the ship at rest the two co-

ordinate systems coincide.
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The surging motion is neglected and the heave and pitch of the ship

are described by zo(t) and 0(t).




A long regular wave g y with small amplitude r runs in the
direction of the negative X, axis. The surface elevation of this

wave is given by:

g: r cos (kxo+wt),

2

T is the circular fre-

2 . '
where k = T is the wave number and & =
quency of the wave.
Because we neglect the surging motion and by assuming that

the rotion amplitudes are very small, we may write:
X% % o
o

The vertical dis‘placeinent of a strip of the ship at a distance x

from the centre of gravity is given by:
Z - xOo
o
The displacement relative to the water surface is:
z, - x6- €.
The relative vertical velocity is given by:
ZO - Xé" % °
The relative vertical acceleration will be:
ZO =~ x@‘.'ko
The vertical forces acting on a strip of length dx of the ship are

related by the following equation: (Newton)

! ]
w_ o = — - D - = -
(gdx) (zo xﬁ)-—/o gA, dx ._/JgY(zo x 0 g)dx w dx

' .
- " (zo—xé-—g)dx+

- m 'C'z:o-xﬁ—%)dx,

where: w is the weight of the ship per unit length;

A 1is the cross section under the load waterline;

Y is the half width oi: the waterline at xj

N is a coefficient (tﬁe sectional damping coefficient);

m 1is a coefficient (the sectional added fiass ) e

Here we assume that the pressure in the wave is not disturbed by

the presence of the ship.




Because the wave length is very large in comparison with
the ship length, the pressure in the wave is taken as the hydro-
étatic pressure.

The total vertical force on the ship is found by integratione.
We have: P g I',/Ax dx = {w' dx, because at rest the weight of the

ship equals the weight of the displacement. Also we have:

9
_/ v_vg__ dx =-p 7 the mass of the displacement,
L

2pg [Y dx = {ogAwllz ‘c the waterline area times

the specific gravity of the water.

This coefficient is called: the restoring force coefficient.

Elog /dex = + /og SwL= g the first moment of the waterplane
; & area with respect to a transverse
axis through G, assuming that G lies

in the waterplane;

A :
fN dx = b the damping coefficient for heave;
L . N :

& DR X 4 o
fN' xdx=e a dynamic cross coupling coefficient;
L

'
fm dx = a the added mass;
L

! .
f m xdx=d a dynamic cross coupling coefficient.
L

__Rec-a‘rrénging after integration we find the heave equation:
(a + pV)'z'o +bi +cz -'d8-e0-go= Eg_/ YXax +

'+/N'gdx i Jm'g dx = F_ ei(mt * 6Z)°
L

By taking the moment of the forces on the strip with respect

to Gy we find in a similar way the pitch equation:

.
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These equations for heave and pitch are sccondorder linear dif-
ferential eguations, which are coupled. In the heave equation we have
terms which contain the pitch angle "O@" and in the pitch moment equa-
tion the heave ”zo" appears to be present. The coupling arises from
the fact that the distribution of the forces along the hull is not sym-
metric with respect to G. For instance the terr goexists for a for

and aft non symmetric waterline, because g = Mg SwL’ vhere SuL is the

statical moment of the waterplane with respect to a transverse axis
through G. For a symmetrical waterline g = 0. For a symmetrical ship-
form at zero speed the other coupling coefficients are also equal to

zero. In that case:

It has to be emphasized that up till now our problem is very simpli-
fied: the wave length is very large in comparison with the ship length
and.consequently the boyancy in the wave is taken as in the case of a
hydrostatic calculation; also the effect of forward speed is not con-

sidered.

" The left hand sides of the equations contain only quantities
which describe the motion in still water. The wave elevation (%)
terms are situated in the right hand sides., These right hand sides
give the forces and moments on a non heaving and non pitching ship

in waves. #e have the same situation when a rore refined analysis is

applied to the problem, aﬁ least as a first approximation.




The calculation of shiprmotions in regular head waves by using
a strip theory, has been discussed in a number of papers, Recent
contributions were given by Korvin.Kroukovsky and Jacabs [1}, Fay’[E].
Watanabe [3] and Fukuda [4] .

In these papers the influence of [lorward speed on the hydrody-
namic forces is considered and dynamic cross-coupling terms are in-
cluded in the equations of motion, which are assured to describe
the heaving and pitching motions.

In earlier w0rk:[5] it was shown that a relatively small influen-
ce of speed exists on the damping coefficients, the added mass and
the exciting forces, at least for the case of head waves and for
speeds which are of practical interest. On the other hand, forward
spged has an important effect on some of the dynamic cross-coupling
coefficients. Although, at a first glance these terms could be re-
garded as second order quantities, it was pointed out by Korvin-
Kroukovsky [1]and also by Fay(2]that they can be very importunt for
the amplitudes and phases of the motions. This has been confirmed
in[5]where the coupling terms are neglected in a calculation of the
heaving and pitching motions. In this calculation we used coeffi-
cients of the motion equations, which were determined by forced os-
cillation tests. In coriparison with the calculation where the cross-
coupling terms are included and also in comparison with the measured
motions, an important influence is observed, as shown in Figure 1,
which is taken from reference[S]. Further analysis showed that the
discrepencies between the coupled and uncoupled motions were mainly
due to the damping cross-coupling terns.

The influence of forward speed has been discussed to some ex-
tent in Vossers's thesis[ﬁ]. From a first order slender body theory
it was found that the distribution of the hydrodynamic forces along
an oscillating slender body is not influenced by forward speed.
Vossers concluded that the inclusion of speed dependent damping
cross-coupling terms is not in agreement with the use of = strip

theory. In view of the above mentioned results such a simplifica-

tion does not hold for actual shipforms.
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For symmetrical shipforms at forward speed, it was shown by
Timman and.Newman[7)that the damping cross-coupling coefficients
for heave and pitch are equal in magnitude, but opposite in sign.
Their conclusion is valid for thin or slender submerged of surface
ships and also for non slender bodies.

Golovato's vork&ﬂ and some of our experiments[5]on oscillating
shipmodels confirmed this fact for actual surface ships to a certain
extent.,

The effects of forward speed are indeed very important for the
calculation of shipmotions in waves. The two—dimensional solutions
for damping and added mass of oscillating cylinders on a free sur-
face, as given by Grim[g]and Tasai[1o]show a very satisfactory agree-
ment with experimental results. When the effects of forward speed
can be estimated with sufficient accuracy, such two-dimensional
values may be used to calculate the total hydrodynémic forces and
moments on a shif, provided that integration over the shiplength is
permissible,

In order to study the speed effect on an oscillating shipform
in more detail, a series of forced oscillating experiments was de-
signed. The main object of these experiments was to find the distri-
bution of the hydrodynamic forces along the length of the ship as a

function of forward speed and frequency of oscillatione.

The experiments.

The oscillation tests were carried out with a 2.3 meter model
of the Sixty Series, having a blockdoefficient CB = ,70., The main
dimensions are given in Table 1. The model is made of polyester, re-
inforced with fibreglass, and consists of seven separate sections
of equal length. Each of the sections has two end-bulkheads. The
width ‘'of the gap between two sections is one millimeter., The sec-
tions are not connected to each other, but they are kept in their

position by means of stiff strain-gauge dynamometers, which are con-

nected to a longitudinal steel box girder above the model.
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Table 1,

Main particulars of the shipmodel.

Length between perpendiculars 2.258 m
Length on the waterline 2.296 m
Breadth : 0.322 m
Draught 0129 m
Volume of displacernent 0.065’71113
Blockcoefficient 0.700
Coefficient of mid length section 0.986
Prismatic coefficient 0. 710
Haterplane area 0.572 m2
flaterplane coefficient 0,705
Longitudinal moment of inertia of waterpléne O.1685m4
L.C.B. forward of Lpp/Z 0,011 m
Centre of effort of waterplane after Lpp/Z 0,038 m
Froude number of service speed 0.20

The dynamometers are sensitive only for forces perpendicular
to the baseline of the model.

By means of a Scotch-Yoke mechanism a harmonic heaving or pit-
ching motion can be given to the combination of the seven sections,
which form the shipmodel. The total forces on each section could
be measured as a function of freguency and speed.

A non ségmented model of the same form was also tested in the
same conditions of frequency and speed to compare the forces on
the whole model with the sums of the section results. A possible
effect of the gaps between the sections could be detected in this
way. The arrangement of the tests with the segmented model and
with the whole model is given in Figure 2.

The mechanical oscillator and the measuring system is shown
in Figure 3. In principle the measuring system is similar to the
one described by Goodmanf1ﬂ: the measured force signal is multi-

plied by coswt and sinwt and after integration the first harmonics




of the in-phase and quadrature components can be found without dis-
tortion due to vibration noise. In some details the electronic cir-
cuit differs somewhat from the description ijxﬁ1} In particular
synchro resolvers are used instead of sine-cosine potentiometers,
because they allow higher rotational speeds.

The accuracy of the instrumentation proved to be satisfactory
which is important for the determination of the duadrature compo-
nents, which are small in cowmparison with the in-phase components
of the measured forces.

Throughout the experiments only first harmonics were determlned.
It should be noted that non-linear effects may be important for the
sections at the bow and the stern where the ship is not wall-sided,
The forced oscillation tests were carried out for frequencies up to
W= 14 rad/sec. and four speeds of advance were considered, namely:

Fn
the experimental results are influenced by wall effect due to re-

n

.15, .20, .25 and .30. Below a frequency of &3 = 3 to L rad/sec.

flected waves generated by the oscillating model.,

The motion amplitudes of the shipmodel covered a sufficiently
large range to study the linearity of the measured values (heave v/
- 4 em, pitch A 4,6 degrees). An example of the measured forces on

section 2, when the combination of the seven sections performs a

pitching motion, is given in Figure L,
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3.1-

Presentation of the results.

Whole model,

It is assumed that the force F and the moment M acting on a
forced heaving or pitching shipmodel can be described by the follo-

wing equations:

1]

Heave: (a + £ v)'z'o & béO' +oz Fz sin(@t + o)

(1)
Dz +EB2 +Gz = =M sin(Wt + @)
) 0 o z
Pitch: (A +k° pOE+BO + CO = M sin(ot + @)
S yY © (2)
a6 +ed + g0 = - Fysin(@t+8)
For a given heaving motion: z =2z, sinwt, it follows that:
- F sinet 1
T T
Zaw
cza- cmosQL
Y- PV
- (3)
=M sin/s
Z
B =g
a(J
5 - Gza + Mzcosp

z
aLwa

Similar expressions are valid for the pitching motion.
The determination of the damping coefficients b and B and the dam-
ping cross-coupling coefficients e and E is straightforward: for
a given frequency these coefficients are proportional to the qua-
drature components of the forces or moments for unit amplitude of
motion., For the determination of the added mass, the added mass
moment of inertia, a and A, and the added mass cross;coupling coef-
ficients d and D it is necessary to know the restoriég force and
moment éoefficients ¢ and C, and the statical cross-éoupling coef-
ficients g and G. | ‘

The staﬁical coefficients can bhe determined by éxperiments

as a function of speed at zero frequency. For heave the experimen-

tal values show very little variation with speed; they were used
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in the analysis of the test results.

In the case of pitching there is a considerable speed effect on

the restoring moment coefficient C. C decreases approximately 12%
when the speed increasés from Fn = .15 to .30. This reduction is due

to a hydrodynamic 1ift on the hull when the shipmodel is towed with
a constant pitch angle. Obviously this 1lift effect also depends on
the frequency of the motion. Consequently, the coefficient of the
restoring moment, as determined by anAexperiment at zero freguency,
may differ from the value at a given frequency.

As it is not possible to measure the restoring moment and the
statical cross-coupling as a function of frequency, it was decided
to use the calculated values at zero speed. This is ‘an arbitrary
choise, which affects the coefficients of the acceleration terms:
for harmonic motions a decrease of C by AC results in an increase

.of A by A% when C is used in the calculation.
. The results for the whole model are given in the Figures 5 and

6., The results for the heaving motion were already published in[j}];

théy are presented here for completeness.
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| 3.2, Results for the sections.

f The components of the forces on each of the seven sections
were determined in the same way as for the whole model. As only
the forces and no moments on the sections were measured two egua-
tions remain for each section:

Heave: (a* +p@*)z_+b*:_+c*z_ = F' sin(wt +o*)
O (o] (o] Z (l.q.)
Pitch: (d* +p9*x,)8+e0+ g0 = -ngin(wt +8*)

where P'v'xi is the mass-moment of the section i with respect to
the pitching axis. The star (*) indicates the coefficients of the
sections. The section coefficients divided by the length of the

sections give the mean cross-section coefficients, thus:

a* ]

pp

and so on. Assuming that the distributions of the cross-sectional
values of the coefficients: a', b' etcetera, are continuous curves,
-these distributions can be determined from the seven mean cross-
section values. In the Figures 7, 8, 9 and 10 the distributions
of the added mass a, the damping coefficient b and the cross-coup-
ling coefficients d and e are given as a function of speed and fre-
guency. Numerical values of.the section results, a*, b* etcetera,

: are summarized in the Tables 2, 3, 4 and 5.

‘ In Figure 8 it is shown that the distribution of the damping
coefficient b depends on forward speed and frequency of oscillation.

| The damping coefficient of the forward part of the shipmodel in=-

; creases when the speed is increasing. At the same time a decrease

] of the damping coefficient of the afterbody is noticed. For high .

frequencies negative values for the cross-sectional damping coeffi-

cients are found.

i The added mass distribution, as shown in Figure 7, changes

1 very little with forward speed but there is a shift forward of the

: distribution curve for increasing frequencies.

* Negative values for the cross-sectional added mass are founa

! for the bow-sections at low frequencies. For higher frequencies

the influence of frequency becomes very small,
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The distribution of the damping cross-coupling coefficient e
varies with speed and frequency as shown in Figure 10. From Figure
9 it can be seen that the added mass cioss-coupling coefficient
depends very little on speed. For higher frequencies the influence
of frequency is smalle

As a check on the accuracy of the measurements the sum of the
results for the sections were compared with the results for the

whole model. The following relations were analysed:

Ta*=a fd'xdx:A
Tb* =
La* =
Te* = e {b'xdx:E

L
f e'xdx =B

[
o’

|
jo

L
fa‘xdx:D
L

The results are shown in Figure 11 for a Froude number Fn = .20,

For the other speeds a similar result was found. A numerical compa-
rison is given in the Tables 2, 3, 4 and 5. It may be concluded that
the section results are in agreement with the values for the whole

model, No influence of the gaps between the sections could be found.

4, Analysis of the results,

The experimental values for the hydrodynamic forces and moments
>on the oscillating shipmodel will now be analysed by using the strip
theory, taking into account the effect of forward speed. For a de=-
tailed description of the strip theory the reader is referred to fﬂ,
Eﬂ and Eﬂ. For convenience a short description of the strip theory
is given here. The theoretical estimation of the hydrodynamic forces
on a cross-section of unit length is of particular interest with re=

gard to the measured distributions of the various coefficients along

the length of the shipmodel.
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! 4,1, Strip theory.

A right hand coordinate systen xoyozo is fixed in space. The
zo-axis is vertically upwards, the xo-axis is in the direction of the
forward speed of the vessel and the origin lies in the undisturbed
[ water surface. A second right hand system of axis xyz is fixed to
| the ship. The origin is in the centre of gravity. In the mean posi-
‘ tion of the ship the body axis have the same directions as the fixed
‘ axis. ;
! Consider first a ship performing a pure harmonic heaving mo- ;
| 4 tion of small amplitude in still water, The ship is piercing a thin
sheet of water, normal to the forwérd speed of the ship, at a fixed
distance X, from the origin.
At the time t a strip of the ship at a distance x from the
centre of gravity is situated in the sheet of water. From X =Vt + x
it follows that X = -V, where: V is the speed of the ship.
The vertical velocity of the strip with regard to the water is
io, the héaving velocity. The oscillatory part of the hydromechani-
cal force on the strip of unit length will be:

d o .
U o o e ' - N! -
FH = at (m zo) N z2 2ngzo,

[

! where: m' is the added mass and N' is the damping coefficient for
? a strip of unit length and y is the half width of the strip at the
\

waterline. Because:

dm' dm'
—_— = By

i at ~ ax
]

1 it follows that:
|

' o l~:' - 1 - dm' [ = .
Fg=-m'z_ (N V)i, - 2peyz, (5)

|

K s

! For the whole ship we find, because: jp%%? dx = 0¢

| L

E

\

%{=—(.[m'mdﬁ —(/N'&Oé - PgA z (6)
E 2 ©

w o

where Aw is the waterplanc area.

|
i
1
|
{
i
|
1
|
|
'
i
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The moment produced by the force on the strip is given by:

o dm'
f = L ' - e
My = -xFy =(xm')z5 +(N'x - Vx dx)éo+2,ogxyz° (7)
)
Because _/x -gd?;- dx = -m, we find for the whole ship:
Ti ) .
- ¥ e )e ! :
My = (I_l/xm‘ dx)zo+(I{N xdx+Vm)z°+ PES, 2 (8)

where Sw is the statical moment ‘'of the waterplane area.

For a pitching ship the vertical speed of the strip at x with
regard to the water will be: -xé+VO, and the acceleration is:

-x8 + 2V0. The vertical force on the strip will be:

F =-_i.mn(..xc';-mro)-N'(-xé+v<;)_+-2pgyx0.

]
p dt

or: .

. Lo Vo ' dm' . dm' o
va-m. x8 +(N'x=-2Vm X.V-—dx )0 +(2pgyx+‘12—dx N'V)e (9)
The fotal hydromechanical force on the pitching ship will be:

= (fm'xdx)5+ (fN'x dx - Vm)O + (pgSW-VfN'dx)O (10)
L L L

The moment produced by the force on the strip is given by:

2 2 dm )Q-

Mé:-xFI')=-m'x2§-(N'x -2Vm'x-x

2 dm' '
- (2pgy x + VP x o~ N Vxe. (11)
The total moment on the pitching ship will be:

P=-Q/m:cdxﬁ-(/§ xdxM—(PgI -V - v/% x dx)e, (12)

because: -

]
fxav%‘;— dx = -2V/m'xdx.
L - L

A summary of the expressions for the various coefficients for the

whole ship according to the notation in equations (1)'and (2) is

given in Table 6.
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Table 6.

Coefficients for the whole ship according to the strip theory.

|
} a=/m dx d=fm'xdx+y:p-
| L L Gﬁ
|
f b:fN'dx e=fN'xdx—Vm
; L L '
i c=pPg Aw g = PE;SW A
w 4 - (13)
J A=fm'x dx+z§ D=fm'xdx
i L Ua I
| B=Jn" x°ax E=fNxdc+ Vm

L L

C = ,agglw G = fag;Sw

| ' For the cross-sectional values of the coefficients similar ex-

pressions can be derived from the equations (5) to (12). For the

! comparison with the experimental results two of these expressions
are given here, namely:

]
b s = 08k

dx
‘ (14)
] (] t ] E
e =Nx-2Vm-xVin—l—
dx

Also it follows that:

|

|

|

f

‘

l A:fd'xdx
1 and: (15)
| ‘

|

t

|

|

1

|

]
B=/e x dx
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“.2. Comparison of theory and experiment.

For a number of cases the experimental results are compared
with theory. First of all the damping cross-coupling coefficients

are considered. From equations (13) it follows that:

E

/N'xdx + Vm
L

{aNJchx - Vm

(16)

(]
]

The first term in both expressions is the cross-coupling coeffi-
cient for zero forward speed. For a for and aft symmetrical sﬁip
this term is equal to zero. For such a ship the resulting expres-
sions are equal in magnitude but have opposite sign, which is in
agreement with the result found by Timman and Newman[?} The experi-
ments confirm this fact as shown in Figure 13 where e and E are plot-
ted on a base of forward speed as a function of the frequency of os-
cillation. The magnitude of the speed dependent parts of the coeffi-
cients is equal within very close limits. Extrapolation to zero
speedé shows that the e and E lines intersect in one point which
should represent the zero speed cross-coupling coefficient.,

Using Grim's two-dimensional solution for damping and added
mass at zero speed[9]the coefficients e and E were also calculated
according to the equations (16). The distribution of added mass and
démping coefficient for zero speed is given in Figure 12 and the
calculated damping cross-coupling coefficients are shown in Figure
13,

The calculated values are in line with the experimental results.
The natural frequenciés for pitch and heave are respectively &= 2.0/
6.9 rad/sec and in this important region the calculation of the dam=-
ping cross~-coupling coefficients is quite satisfactory. The zero speed
case will be studied in the near future by oscillating experiments in

a wide basin to avoid wall influence.

Another comparison of theory and experiment concerns the distri-

bution along the length of the shiprmodel of the damping coefficient

and of the damping cross-coupling coefficient e.




.

From equation (14):

| ' '

b =N -de
]
e' =N'x-2Vvm' - x.v i
dx

Again using Grim's two-dimensional values for N' and m', these dis-
tributions could be calculated. An example is given in Figure 1.
Also in this case the agreement between the calculation and the ex-
periment is good. For high speeds negative values of the cross-sec-
tional damping in the afterbody éan be explained on the basis of

the expression for b', because in that region %%? is a positive quan-
tity.

| . Finally the values for the coefficients A, B, a and b for the

l whole model, as given by the equations (13) were calculated and com-
g pared with ‘the experimental results. Figure 15 shows that the damp-

1ng in pitch is over estimated for low frequencies. The other coef-

f101ents agree quite well with the experimental results.,
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TABLE 2,

" Added mass for the sections and the whole model,

Fn = 01 e
»
w a a
rad/ g - . I 5 P ’ sum of | whole
sec ‘ sections| model
b oj=1,21 | 0,59 - 0,54 | 0,87 | 0,41 | -0,17 - 1,84

6 | 0,31 0,66 1,08 1,38 14,26 0,65 0,02 5,56 15,37
8 | 0,24 0,60 1,09 1,37 | 1,28 0,76 0,10 5,44 | 5,26
10 | 0,20 0,69 1,29 1,48 1,34 0,85 0,14 5,99 (5,91
12 | 0,18 | 0,78 | 1,450 | 1,60 | 1,45 | 0,90 | 0,17 | 6,48 |6,39

n = ,20,
L] 0,59 0,83 1,29 1,59 1,15 0,22 | «0,27 5,40 | 5,63
-6 0,32. | 0,65 1,00 1,40 1,23 0,64 0 5,24 |[5,19
-8 | 0,21 | 0,55 1,08 1,38 1,21 0,75 0,12 5,30 |5,18
10 (0,19 | 0,65 1,23 1,49 1,33 0,83 0,14 5,86 |5,78
12 | 0,20 0,77 1557 1,60 1,45 0,88 0,77 6,4 |6,32
Fn = 02 °
j 0,86 1,09 1426 1,66 1420 0,16 | -0,32 5,91' 4,99
6 | 0,33 | 0,65 | 1,01 1,38 1,19 | 0,55 | -0,02 | 5,09 |4,89
8 | 0,20 0,54 1,03 1,39 1426 0,68 0,08 S:,18 15413
.10 | 0,18 | 0,62 1,19 1,48 1,34 0,77 |- 0,12 5,70 |5,65
12 | 0,20 0,76 137 "I 1,60 1,45 0,83 0,16 6,37 |64

4 1 0,70 0,91 1,49 1,58 1,07 |[-0,10 | -0,22 5,43 |5,59
"6 | 0,25 O,44, | 1,15 1,39 1., 8% 0,45 0,07 4,82 4,51
8 | 0,16 o,k42 1,14 | 1,45 1,08 0,58 0,13 L,96 | 4,93
10 | 0,15 0455 1,26 1,47 1,22 0,68 0,17 5,50 | 5,48
12 | 0,17 0,69 1,41 1457 1435 0,81 0,19 6,19 |6,18
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| TABLE 3.
é Damping coefficients for the sections and the whole model.
kg sec/m.,
Fn = .15,
e | b b
; rad/ : sum of whole
| sec 1 < 5 4 > 6 7 sections model
L | 2,03 9,78 - 5,78 3,80 4,80 2,00 - 35,63

.6 | 1,82 | 4,42 | 4,55 | 4,58 | 4,52 | 4,78 | 1,67 | 26,34 | 26,53
8 | 1,61 | 2,31 | 2,26 | 2,75 | 3,35 | 3,9% | 1,53 | 17,75 | 17,49
10 | 1,36 1,08 0,76 1,39 | 2,36 3,43 1,49 | 11,87 11,63

| 12 10,95 | 0,47 | 0,44 | 0,87 | 1,89 | 3,09 | 1,50 | 9,21 8,5k
‘ Fn = .20,

“ 4 | 1,53 | 4,53 | 5,08 | 5,05 | 5,73 | 6,63 | 2,50 | 31,05 | 31,33

6 11495 .1:3,95 | 4,32 | 4yb5 | 4,52 | 5,07 | 2,07 | 26,33 | 26,15

| L8[ 19500 | 1,91 | 2,25 | 2,81 3,49 | 4,38 | 1,94 | 18,28 17,78

| ﬁQfIi131°,' 0,37 | 0,62 1,54 2,70 4,01 1,90 | 12,24 12,14

; 12 0,74 | =0,15 0,21 1,071 2,18 3,84 1,93 9,76 9,03

| k12,13 | 4,80 | 5,38 | 5,20 | 5,98 | 7,65 | 2,85 | 33,97 | 35,88

1 6 | 1,97 | 3,43 4,17 4,23 | 4,62 5,68 2,35 | 26,45 27,63

5 8 | 1,48 1,58 2,28 2,83 3,68 5421 2,19 | 19,25 18 475

i 10 | 0,95 |-0,06 | 0,60 | 1,68 | 3,00 | 4,96 | 2,20 | 13,33 | 12,69

| 12 | 0,52 |-0,56 | -0,03 | 1,03 | 2,63 | 4,74 | 2,29 | 10,62 9,78
n = . 30,

|

i b | 1,78 | wu0 | s,40 | 5,15 | 6,78 | 7,60 | 2,98 | 33,00 | 38,10
| 6 | 1,75 2477 3450 4,10 5,18 6,32 2,55 | 26,17 28,45
; 8 | 1,21 | 0,99 | 1,70 | 2,81 | 4,50 | 5,73 | 2,51 | 19,45 | 20,40

| 1 10 | 0,64 | -0,87 G, 17 1,88 4,07 5,42 2,59 | 13,90 13,95
} 12 | 0,42 | -0,56 | -0,63 1437 3,72 5,28 2,66 | 11,26 10,4
| e
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TABLE &,

Added mass cross-coupling coefficients for

the sections and the whole model.,

2
kg sec .
F‘rl = 01 ]
a d
w
rad/ 3 3 3 L 5 6 . sum of | whole
sec : ' - sections| model
4 - - - - +0,59 | +0,28 - - -
6 .|-0,42 | =0,47 [ -0,33 | +0,02 | +0,46 | +0,57 +0,13 | -0,04 +0,09
8 |~0,27 | 0,44 | 0,40 | -0,01 | +0,38 | +0,50 | +0,13 | -0,11 ~0,16
10 [-0,19 | -0,43 | -0,40 | -0,01 | +0,37 | +0,49 | +0,15 | -0,02 -0,10
12 |-0,19 | -0,45 | -0,40 | -0,01 | +0,40 | +0,51 | +0,15 | +0,01 -0,0k
Fn = .20,
Lok -6;57 =087 | o - - +0,78 | +0,32 - -
620,39 | -0,52 | -0,34 | +0,01 | +0,46 | +0,59 | +0,13 | -0,06 | -0,06
8 |-0424 | =0,45 | -0,40 | -0,01 | +0,39 | +0,51 | +0,11 | -0,09 0,14
10 |-0,20.| 0,45 | -0,40 | -0,01 | +0,38 | +0,51 | +0,13 | -0,0k -0,08
12 |-0,20 | -0,47 | -0,41 | -0,01-| +0,40 | +0,53 | +0,14 | -0,02 -0,03
Fn = .25.
4 |-0,62|-0,59 | -0,01 | +0,12 | +0,72 | +0,86 | +0,21 | +0,69 +0,15
6 |-0,39|-0,50 | -0,32 | +0,02 | +0,46 | +0,59 | +0,13 | -0,01 0,00
.8 |-0,23 | -0,48 | -0,40 | -0,01 | +0,39 | +0,52 | +0,14 | -0,07 1,13
10 (-0,18 | -0,46 | ~0,42 | -0,01 +0,38 | +0,51 | «0,13 | -0,05 -0,08
12 |-0,20 | -0,46 | -0,42 | -0,01 | +0,40 | +0,51 | +0,15 | -0,03 -0,05
Fn = .30,

.4 |-0,62 | -0,61 +0,13 | +0,08 | +0,64 | +0,93 | +0,20 | +0,75 +1,09

6 |-0,29 | -0,47 | -0,36 | +0,01 | +0,43 | +0,59 | +0,21 | +0,12 +0,01

8 |-0,21 | -0,47 | -0,4% | 0,01 | +0,38 | +0,53 +0,16 | =0,06 -0,11

- 10 |-0,19 | 0,46 | -0,44 | -0,02 | +0,38 | +0,51 | +0,15 [ -0,07 -0,10
12 |-0,20 | -0,46 | -O,4k | -0,02 | +0,39 | +0,52 +0,16 | =0,05 -0,06___j
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| TABLE 5.

| . : Damping cross-coupling coefficients for

the sections and the whole model,

kg sec.
|
i Pfn = ,15,
“ .
I o e* e
j rad/ g 5 3- " g 6 g sum of whole
; sec sections model
| 4 - - - o #1,63 | 1,34 . - - 2,43
| 6 |-1,65|-2,58 | -2,12 | -1,19 | -0,09 | +1,70 | +1,21 | - 4,72 | - 5,32
‘ 8 |-1,71|-2,69 | -2,45 | -1,81 | -0,68 | +1,20 | +1,09 | - 6,84 | - 6,75
10 |-1,40|-2,01 | ~2,43 | -2,70 | -1,21.| +0,88 | +1,05 | - 7,22 - 7,00
12 |-1,07|-1,55 | -2,28 | -2,39 | -1,52 | +0,63 | +1,05 | = 7,13 - 6,88
Fn 020,
| 4 [-1,22 ) -3,07 | - . - +2,39 | 41,77 - - 6,63
| 6. |=1,68|-2,43 | -2,50 | -2,06 | -0,68 | +1,52 | +1,42 | - 6,31 - 6,65
5 '8 | =1,59 | -2,36 | -2,83 | -2,50 | -1,25 | +1,11 | +1,32 | - 8,10 - 8,23
| 10 [-1,29 | -2,04 | -3,02 | -2,87.| -1,75 | +0,82 | +1,29 | - 8,86 | - 8,86
j 12 | =0,98 | =1,65 | -2,99 | =2,97 | -2,06 | +0,61 | +1,30 | - 8,74 - 8,95
Fn el °
4 |-1,52 | =3,04 | -3,47 | -3,03 | -0,96 | +2,16 | +1,91 | = 7,95 - 6,70
6 |[-1,50|-2,21 | -2,85 | -2,66 | ~1,36 | +1,47 | +1,61 | - 7,50 - 7,38
8 |[=1,50|-2,26 | 3,21 | =2,97 | =1,79 | +1,11 | +1,51 | = 9,11 -9,30
4 10 [=-1,22 | =2,14 | =3,56 | -3,39 | -2,27 | +0,86 | +1,49 | -10,23 -10,18
| !
5 12 |-0,85|-1,81 | -3,66 | -3,58 | -2,53 | +0,66 | +1,47 | =10,30 ~10,3%1
| . -
! En 0«50,
|
4 b |=1,37 | -2,82 | -3,61 | -3,06-| -1,22 | +2,19 | +1,98 | -.7,91 - 7455
| 6 |-1,23|-1,93 | -3,16 | -3,06 | -1,84 | +1,43 | +1,72 | - 8,07 - 7,95
3 8 |-1,30|-1,96 | -3,55 | -3,42 | -2,32 | +1,03 | +1,67 | - 9,85 - 9,81
| 10 |[-1,19 | -2,06 | -3,94 | -3,90 | -2,70 | +0,76 | +1,67 | =11,3%6 -11,25
f 12 | -0,91 | -1,97 | 4,08 | -4,19 | -2,97 | +0,56 | +1,69 [ =11,87 -11,84




List of symbols,

Coefficient of the motion equations

(hydromechanical part).

The same for a section of the ship.

The same for a cross-section of the ship.

Blockcoefficient.
Froude number,
Amplitude of vertical force on a heaving or pitching ship.

Oscillatory part of the hydromechanical force on a heaving

or pitching ship.

Acceleration of gravity.

Longitudinal radius of inertia of the ship.

Lengtﬁ between perpendiculars.

Amplitude of moment on a heaving or pitching ship.

Oscillatory part of the hydromechanical moment on a heaving .

or pitching ship.

Added mass of a cross-section (zero speed),

Damping coefficient of a cross-section (zero speed).
Time, .

Forward speed of ship.

Right hand  coordinate system, fixed to the ship.
Right hand coordinate system, fixed in space.
Vertical displacement of ship.

Distance of centre of gravity of a section to the pitching

axis.

Phase angles.

Pitch angle.
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Density of water,

€ o

Circular frequency.

Volume of displacerment of ship.

Volume of displacement of section,
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