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Summarz,

Forced heaving experiments were carried out with a seven-secHm
model in atill water, to investigate the distribution of damping and
added mass along the length of a shipmodel.

The components of the vertical forces in phase with the heave
displacement and the quadrature aomponents on sach ;f the seven
sections were measured as a function of the frequenoy and the for-
ward spead of the model. This allowed the determination of the sec-
tional damping coeffipienta and the ssctional added masges, and
their distribution along the length of the model, i

The results show a fairly large influence of frequency and for4
ward speed on the distridution of damping. There is .some’'influence
of frequency on the diatribution of ndded maesj but the influence
of forward speed is small, In some conditions negative asectional
damping and added mass was observed.

The distribution of damping results in coefficients of the
heave velocity coupling terms, which depend on the forward speed.
In the practical range of frequencies the coefficients of the heave
acceleration coupling terms are very amall. The experimental results
are compared with Grim's theoretical values for damping and added
mass at zero speed,




1. Introduction.

‘mass can be intugrattd over the longth of tho ship to determine
three dimensional effects are ignored..

‘motions in the practical speed range. Tasai[3] used the stripme-

_model with experimentml valuea published in [8)and[g]). His conclu-

Lo e -

coéfficient and the total added mass of a shipmodel and the speed

During the last few years the methqods for the evaluation of
damping and added mass of ship like cross sections, oscillating
in the free surface of s fluid, have been demsloped to a very satis
factory level. In thie respect extremely umeful work has been done
by Ursell[1], Orim[2], Taeai(3, 4,5] Porter(6], Paulling and
Richard-on[?]. The experiments uifh oscillating semi submerged
oylinders which are reported in[hJ.[5] and{?] show that a good
agreement oxists bhetween the theoretical and the experimental
values at zero spaed of edvance.

The sectional damping coeffiaionts and the geotional added

these values for the ahip. Also cross eoupling coefficients can
ba obtained by simple integration. Such a stripmethod howevery
neglects the influence of the forward speed of the ship and also

Earlier work [é] has shown thet the damping cootfieients and
the added massé of a shipmodel do not vary much with forward speed,
at least for the purpose of calculating the pitohing and heaving

thod 'to compare the calculated damping and added mess of a ship-

sion is that for andded mass and added mass moment of inertia the
three diu-ﬁuionnl-effoot if very small. For pitch damping the
three dimensional effect is small at resonance, but for heave
damping the expariment givea 15% to 25% larger values than the
theoretical atripmethod values,

In [9] the importance of the hedve and pitch velocity oross
coupling terms for the calcoulation of . -heaving and pitching motionﬂ
was shown. The inclusion of such terms is clearly necessary to
get agreement with measured shipmodel motiond. Although the measu-
ring methods which were employsd in[9] to determine the oross
coupling coefficients cannot be regarded as completely satiafac-
tory a definite dependence on speed was found,
_,Tpeirelativaly,amall<in£1uence%of*apeed:bn*fﬁi“tﬁtil“&iﬁpiﬁgig”
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dopondenoe of the cross coupling terms indicates that the distri-
bution of the damping coéfficient and the added mass over the
length of the model varies with forward speed.

This lead to the present experiment which makes use of a
seven-section model. By oseillating this built up shipmodel in
still water, the vertical components of tha—hydrodyncnic forces on
each meparate section could be determined, In this way -sectional
damping coafficlenta and added mansesm were determined for a range
of oscillation freguencies and forward speeds.

The oﬁipuodel is 8 parent model of the Series 8ixty with a
blockoosfficient 0B = 0.70. The main particularn nrp_aumnarized in
Table 1.

The model is made of polyester reintoreod with fibreglass and
consists of meven separate sectione of equal length. Each of the |
sections has two end bulkheads) the width of the slits between the
sections is 1 mm, The individual sections ars not fastened to each
other but thcy are kept in their position by neans of atiff verti-
oal ltraingaugo dynamometere, which are connected to » longitudinal
steel box girder running ahov- the ahipmodel. |

A whole model of the seme size and form was used for oonpari-
‘aon purposes. A body plan ie given in figure Te

- |
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TABLE 1.
¥ain particulecs of the ship medsl.

Length botween perpendiculars
Length on the waterline.
Bresdth

Draught
Volume of displacement

Blookeoosffiocient

Waterplane area

Waterplane coefficient

Coeffioient of midlength section
Prismatic cosfficient

L.C.B. fortnr¢~Lpp/2

Centrs of effort of waterplane aft, L,./2

Froude number of servige speed

2,258
2,296
0.323

0.129
0.0657

0.700
0.572
0.785
0.986
0,710
0.011
0.038
0.20




B §§ge;;mentg1 methode,

In figure 2 the principle of the experimental set-up is given
The seveneseotion shipmodel is forced to oacillate in the vertical
direction by means of a Scotoh-Yoke mechanisme. Frequency and am-
plitude of the harmonic oscillation oan be varisd to cover a wide
range. Each section in conneated to the longitudinal steel box
girder by means of carefully calibrated estraingauge dynamometers,
The dynamometers are insensitive to forces acting in other than
& their axial direction. Conseguently only the vertical components
of the total force on each section aré meagured, = =«!. ,

The vertical foroee acting on each section are aeparated in-
to the components in phase with the displacement and into the
‘quadrature éonpononta by meuns of an electronio analoge system
which, in principle, is similar to that published by Tuckermsn [10}
It was found however, that the sine-cosine potentiometers, ae
_uicd by Tuckerman, are not reliable at high rotational speeds,
'Therefore the measured eignal is multiplied by sinwt and cos wt
by means of a sine-cosine synchro resolver connected to the main |
shaft of the mouhnnioal pncillator.‘Avoraging circuits with chop-
per stadilized Amplitiers'woro used to determine the mean values
of the in phase~ and quadrature force components.

The eyatem appeared to give accurate and consistent results.
A high accuracy is nesded 4n particular for measuring the damping
forces, which ameamall in comparison with the inertial and rese
toring foroes.

It should be noted that this asystem can rcaolvo the measured
forces into their Fourier components by driving the sine,cosine
resolver at netimes the freguency of the main osoillator shaft,
where n = 1, 2, 3 « « « + &

Throughout the present esperiments only the first harmonics
of the measured forcee areé taken into account, The valusa for
demping and added mass, derived from theese first harmonics oan
be readily compared with theorvetical results. Non linear effects .
however, may be fairly important as shown by the recent experi-
ments of Tanaka and Kitagawa [ﬁ1] It was decided to Atudy non . -

e o R cemees iREAR 62Fe6ts din o later etaga as the compariaon with theoreti-
~ cal results seems the moet urgent. at this moment.,
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As only two channels were available for measuring the forces
and the associated data redustion, repeated runs had to be made,
under the same conditions of frequency and forward speed, to test
all the seven ssctions.

n te,

Messurements were carried out for frequencies up to o = 14
rad/assc. and for four speeds of advance, namely rn * .15, .20, .23,
»30. No experiments were carried out at sero speed, because serious
wall effacts could be expected from refleocoted wave systems, genera-
ted by the model motions. For the same reascn frequendcy values low=
or than w= 3 to % rad/sec. are not considered.

The osoillation amplitude varied from 1 to 4 om. This corres-
ponda to & very large motion for the mid-ship sections but the end
sectione of a ship may meet such conditions in pitching,

Some typical examples of the measurements are given in the
figures % and 4. In figure 3 the in phase and quadrature components
of the vertical forces per unit amplitude of two heaving sections
are plotted on a bhase of frequency. There is atrong linearity with
regard to the heave amplitude. A similar plot for the whole model
is given in figure 4 for sach of the two push-rods which connect
the shipmodel to the omcillator.

The calcoulation of the damping cocefficients and the added mass
from the measured guantatiea is given in the Appendix. The results
are summariced in Table 2, for each section of the seven-section
model, as well as for the whole model. Table 2 shows that the sums
of the section results agree very well with the total values which
were determined with the whole model. This is illustrated also 4n
figure S where the damping cosfficient and added mass for both
cases ("sum of sectiona" and "whole model") are plotted ms a funo-
tion of speed and frequency. The oconclusion may be that the influ-
ence of the alits between the sections is very small.
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TABLE 2a,
Sectional added masa. A
!h = -120 .
m;z - kg, aecz/'m, ;

o o - ‘ ] .

. gum of | whole

frad/sec| 1 ] e ] 3 1 »4 ] 3 GI | ,47 sections | model
Lo |+142% [ 0,59 | 0,54 | 0,87 | )81 |17 - 1,84]

5 | 0233 | 1,15 1,33 | 1,60 | 1,29 | 0,60 |=0,05 6425 | 6,49)

6 | 0,31 | 0,66 1,08 | 1,38 [ 1,26 | 0,65 [ 0,02 5,36 | 5437

7 | 0,28 | 0,58 | 4,03 | 1,35 | 1,26 | 0,70 | 0,08 5,28 | 5,19]

8 [ 0424 | 0,60 | 1,09 | 1437 | 1,28 [ 0,76 | 0,10 5ok | 5,26

9 0,21 .| 0,6k 1,19 181 | 1,31 | 0,81 | 0,12 5469 5455]

10 | 0,20 [ 0,69 |. 1,29 | 1,48 | 1,34 | 0,85 | 0,44 5499 | 5491

1 | 0,18 | o7 | 1,36 | 1,54 | 1,39 | 0,86 | 0,16 6,25 | 6412

12 0,18 | 0,78 140 | 1,60 | 1,45 | 0,90 | 0,17 6,48 6439
13 ,[*0419 | 0,82 Tyh8 | 1,66 | 1,51 | 0,9% | 0,17 6,73 | 646

% | 0423 | 08k | q,b7 | 1,70 | 1,56 | 0,95 | 0,16 6,91 | 6,88

Fﬁ'ﬁ «20.

w | ) ‘ |- oum of | whole]
b | [ 2 | 3 15 [ 8 | 7 |sections mod;l
4 | 0,59 | 0485 | 1420 | 1,59 | 1415 | 0,22 | ~0,27 5,40 | 5,6

5 0,57 | 0,86 1,48 | 1,50 | 1,24 | 0,52 | 0,11 6,28 | 5,6

6 | 0,32 | 0,65 1,00 | 1,40 | 1,23 | 0,64 | © 5,24 [ 541

7 | 0,25 | 0,55 1,02 | 4,37 | 1,20 | 0,71 | 0,09 5,19 | 5,0
8 | 0421 | 0,55 | 4,08 [ 1,38 | 1,21 | 0,75 | 0,12 5,30 | 5.t
9 0,19 | 0,59 | 1,18 | 1,43 | 1,26 | 0,78 | 0,13 5453 | 35y

10 | 0,19 085 | 23 1,49 1,35 | 0,83 | 0y 5,86 | 5,7

11 | oy19 | 0,72 1,30 | 1,54 | 1,38 | 0,85 | 0,16 6,94 | 6.0

12 | 0,20 | 0,77 1,37 1,60 | 1,45 | 0,88 | 0,17 6 bl 6,32

13 | 0,20 | 0,82 42 | 1,65 | 1,50 | 0492 | 0,17 6,68 | 6,60

1 | 0,20 | 0,84 | 1,47 | 1,69 | 1,55 | 0,94 | 0,16 6,85 | 6,76

d . _ . en . e s oe s o O Sa e 2B i = St =
I
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TAB Che

Section dded 886,

'” = +25.

. l'i - ks}’soca/lh

= -
sum of | whole
foadfec 1 2 3 b > 6 7 sections | model

0,86 | 1,09 1,26 1,66 | 1,20 | 0,16 | ~0,32 5,91 4,99
0,51 | 0,82 | 1,08 1,45| 1,18 | o4 [-0,3% | 5,34 | 5,06
0,33 | 0,65 1,01 1,581 1,19 | 0,55 [«0,02 | 5,09 4,89
0,23 | 0,54 0,98 1,36 | 1,22 | 0,64 | 0,04 5,01 5,93
0,20 | 0,54 | 1,03 1,39 | 1,26 | 0,68 | 0,08 5,18 5413
0,19 | 0,57 | 1,09 1,42 | 1,30 | 0,72 | 0,10 5439 540
10 | 0,18 | 0,62 1419 1,48 | 1,34 | 0,77 [ 0,12 5,70 5,65
1" 0,19 | 0,70 1,28 1,54 | 1,40 | 0,801 0,4 6,05 5,89
12 0,20 | 0,76 1437 1,60 ] 1,45 | 0,83 | 0,16 6,37 6,21
13 0421 | 0,81 1,43 1,67 | 1,50 | 0,88} 0,18 6,68 6,59
1% | 0,21 | 0,85 | 1,46 1,72 | 1,53 | 0,91 | 0,18 6,86 6 {8k

W 0o~ 6 -

l‘g, = 0304

%) T ° sum of | whele
fradbec 1 2 3 b 2 6 7 sections | medel

5 | o421 0,56 | 1,26 1,42 | 1,170 | 0,32 | -0,03 5405

6 | 0,25 | O,k 1,15 1439 | 1,07 | 0,45 | 0,07 4,82

2 | 0,19 | 0,40 | 1,12 1,61 | 1,06 | 0,51 ] 0,12 4,84

8 0,16 | 0,b2 1,14 1,45 | 1,08 0,58 | 0,13 k,96

9 0,15 | 0,47 1,18 1,46 | 1,76 | 0,64 | 0,14 5420

10 0,19 | 0,55 1,26 1,471 1,22 0,68 | 0,17 5,50
14 0,16 | 0,62 1,34 1,%2 | 1,28 | 0,74+ | 0,18 5,84
12 0,17 | 0,69 1,41 1,57 | 1.35| 0,81 0419 6,19
13 0,19 | 0,77 1,46 1,62 | 1,40} 0,86 | 0,20 6,30
14 0,21 | 0,83 1,49 1,67 | 1,43| 0,89 | 0,20 6,74




TA LE 2be.
Seotional damping coefficients.

FR L] ¢150

‘.N-éa - k‘,"’ﬂ{ﬂo

4 5 6 ? s:o‘i:-ic::i N :ggi;.
4 |2,03| 09,7 | « .| 5, | 3,80 | 4,80 | 2,00 - | 35,63
5 [ 3432 | 6,76 | 6,46 | 5428 | 5,14 | 5,46 | 1,80 | 34,20 | 33,80
6 [1,82 | 4,42 | 4,55 | 4,58 | 4,52 | 4,78 | 1,67 | 26,34 | 26,53
?
8
9

e
o
IS
AX" ]

R

1,71, | B.k2 | 3442 | 3,64 | 3,96 | 4,30 | 1,57 | az,02 | 21,77} -
1,61.| 2,31 | 2,26 | 2,75 | 3,35 | 3,9% | 1453 | 1775 | 17,49

1,50 | 1,58 | 1,36° | 1,96 | 2,80 | 3,66 1,51 | 14,37 | 14,22
10 |[1,36 ] 1,08 [0,76 | 1,5 | 2,36 | 3,43 | 1,49 | 11,87 | 11,63
11 | 1,18 } 0,73 | o7 | 1,04 | 2,06 | 3,24 | 1,49 | 10,21 9,83
12 [ 0,95 | 0,47 [ 0,44 | 0,87 | 1,89 | 3,09 | 1,50 | ‘9, 8,54
13- | 0,72 | 0,31 | 0,48 | 0,85 | 1,82 | 2,98 | 1,49 8,65 746
— | % o6 | 0,22 (0,55 | 0,95 | 1,83 | 2,87 1,50 | .§,38 | 7,4

Fn = 620&

‘enbeleir v

— T - T , | sum of | wholdl
b ] 6 . ? sections modql

w
radé " - ,
4 [ 1,53 | 4,53 | 5,08 | 5,05 | 5,73 | 6,63 2,50 [ 31,05 | 3143
5
6
7
8
9

2,0k | 4,00 [ 5,02 | 4,98 | 5,08 5,70 | 2,18 29,70 30,1
1,95 | 3495 | 4,32 | 4,45 | 4,52 ) 5,07 2,07 | 26,35 | 2641
1,74 | 2496 | 3,32 | 3,64 3,97 | W,66] 1,99 22,28 21,8
1,50 | 1,91 | 2,25 | 2,81 | 3,49 | 4,38 1,94 | 18,28 | 17,7
2,29 | 0,96 | 1,29 | 2,07 | 3,07 | 4,18 1,90 | 14,76 | 14,6
0 | 1,10 | 0,37 | 0,62 | 1,54 | 2,70 | 4,01] 1,90 | 12,24 | 12,1
1M1 | 0,92 | 0,06 [ 0431 | 1,20 | 2,40 | 3,90] 1,91 10,68 | 10,

12 0,74 | =0,15 | 0,21 1,01 2,18 | 3,84 1,93 | 9,76 9,0
13 0,53 | -0,26 | 0,27 0,91 2,04 5,77 1,93 9419 8,0¢
14 | 0,27 [~0,31 | 0,44 | 0,86 | 2,01 [ 3,67 1,92 8,86 7,44

L s e st A e D
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Bectional damping co8fficients.
’g - 925‘

%' _ - kg sec/m.
M

] [z [o [0 [ e [ 7 [eenan]
b | 2,13 | 4,80 | 5,38 5,20 | 5,98 | 7,63 | 2,85 33,97 | 35,88
5 | 2,12 4,02 | 4,82 4,82 | 5,25 | 6,28 | 2,56 29,86 | 31,74
6 1497 | 3,43 | 4,17 he23 | 4,62 | 5,68 | 2,35 26 ¢h5 27,63
7 1,71 | 2,59 | 3,29 3,56 | 4,10 | 5,40 | 2,23 22,88 | 23,12
8 [ 1,48] 1,58 | 2,28 2,83 | 3,68 | 5,21 [ 2,19 19,25 | 18,75
9 | 1,21 0,66 | 1,34 2,22 | 3,31 | 5,07 | 2,17 15,98 | 15,24

10 | 0,95 |~-0,06 | 0,60 1,68 | 3,00 | 4,96 | 2,20 13,33 | 12,69
11 0473 | =0443 | 0,13 1,27 | 2,77 | 4,85 | 2,27 11,59 | 10,90
‘ 12 | 0,52 |~0,56 |-0,03 1,03 | 2,63 | 4,74 | 2,29 10,62 9,78
| 13 | 0,32 | -0,54 | 0,02 0,92 | 2,57 | 4,62 | 2,30 10,21 9,00
1 — L% 0,15 |-0,49 [ 0,1 0,94 | 2,64 | 4,49 | 2,26 10,10 | 8,6
’ - .

) r! = o}OQ
1 . 2 3 ‘ 4 5 ' 6 7 sum of‘ whole]

sections | model

1,78 | 4,40 | k,ho 5,15 | 6,78 | 7,60 |- &,98 33,09 | 38,1
1,86 | 3,62 | 4,22 b,56 | 5,80 | 6,78 | 2,70 29,54 | 32,5
175 2477 | 3,50 be10 | 5,18 | 6,32 | 2,55 26,17 | 28,4
1,51 1,92 | 2,64 3.1 [ 4,79 | 5,99 | 2,51 22,77 | 24,64
1,24 0,99 | 1,70 2,81 | 4,50 | 5,73 | 2,5 19,45 | 20,4

0,87| o,03| 0,87 2,29 | 4,27 | 5,54 | 2,54 16,41 16,67
10 0,64 | -0,87 | 0,17 1,88 | 4,07 | Ss,k2 | 2,99 13,90 13,9
11 0,47 -1,40 | -0,32 1,57 | 3,90 | 5,35 | 2,65 12,20 11,8
12 | o,k2| -0,56 |-0,63 1,37 | 3,72 | 5428 | 2,66 11,26 | 10,4
13 | 0,45 1,46 | 0,73 | 1,23 | 3,56 | 5,19 | 2,66 10,90 9,

1 | 0,56 ~1,24 | -0,54 1,16 | 3,39 | 5,03 | 2,62 10,98 | 10,

- 11 -




coefficients derived from the damping coefficient and added mass

‘measured veluss as found from the tests with the whole model. .
" Cousidering the absolute masnitudz of these second order cosffi-

- 11 -

5. Analysis of the tont'resulta.

. The numerical values given in Table 2 are shown in graphical
form in the figures 6 mnd 7. Sectional damping acoefficienta N
and sectional added masses n;' are plotted over the length of the
shipmodel as a function of frequency and forward speed. The fig
show that the distribution of the damping coaffioient changes with
spead and fraquchcy. The damping coefficlent of the forward part
of the shipmodel increases when the speed is increasing. At the
same time a decrease of the damping coéfficient of the afterbody
is noticed. In some cases ev‘h "negative" damping ocsurs., A physi-
cal explanation of this phenomena 1s not readily at hand at appa-
rently the water motion set up by the forward part of the ship
has a strong influence on the conditions at the afterbedy.

As noticed before the integral of the seotional damping coeffi-
clents over the length of the shipmodel does not vary much with
forward speed,

The added mass distribution has a somewhat different charao~
ter. It haa less apsed dependence than the dietributien of damping
but there is a shift forward of the distribution curve for in-
creasing freguencies, '"Negative' added mass is found for the bow
gection at low frequencies, For higher frequenocies the influence
of frequency becomes very small,

The first moment of the distribution curves with respect to
the centre of gravity of the model gives the coefficients of the |
heave velocity and the heave acceleration coupling terms, respec-
tively E and D. As shown in figure 8 the coéfficient of the heave
veloocity coupling term depends on the forward apeed of the ship-
model, as could be expected from the shift of the damping distri-
bution curves with speed, The coefficient of the heave accelsra-
tion term ere nearly speed indspendent, whereas for u<6 rad/sec
they are negligidbly small.

In figure 8 a comparison is made between the c¢ross ooupling

distributions on the one hand, and the correaponding direotly

cients, the asroemant is very satisfactory.

- 12 -
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The experimental values for the damping coefficient and the ad-
ded mass are compared with Grim's theoretical values for zero speed
[1]- In figure 9 this comparison is made for the whole model and it
follows that the caloulated added mass agrees very well with the mean
of the experimental values at the various forward speeds,

Grim's damping coefficients for zerc speed are smaller than the
experimental values, but at resonance (WX 7) the difference is leas
than 10%.

bua to the influenes of forward speed the difference between
theory and experiment is considerably larger for the individual sec-
tions as can be concluded from figure 10, where the damping coeffi~
cients and the added masses are plettda for each section. .

Finally the distribution of Grim's valuea over the length of the]
model is given in figure 11 for zero forward apeed. It is noticed
that the theoretical prediction for zero speed gives a shift of the
damping cosffiocient distribution toward the afterbody for increasing
frequencies resulting in a negative velocity coupling coefficient.
The speed range from Fn =Q to F, = .15 18 too large to permit extra-
polation of the experimental cross coupling coafficients, but such
a negative obgffioiont could certainly be in line with the experimen-
tal valuea, which were fauhd_in the spesd range F, = .15 to F = .30,

 Comparison with the results of sarlier measurements on the same
model revesl some diffor-ncoa[P]. It must be remerked,however, that
in the present case only the first harmonic of the exciting force
function is taken into account. InE§] the assumption was made that
the exciting foroce function was purely harmonic. By representing
thies function eimply by an amplitude, a frequency and & phase angle
some influence of the higher harmonics could have entered in the de~
termination of the cosfficient of the motion equutions.

Golovato's oxporincnts[?] show the influence 6! non linear damp-
ing terme in heave, as do the tests by Tanaka and Kitngava{?1] for
pitching. From this last paper it follows that the linearized quadra-
tio damping can increase the linear damping coefficient by some 20%
at reaonance. '

The damping coefficiants found with th; present experiments are
15 to 20% lower at resonance than the earlier resultsy The added mass
values agree fairly well and also the heave velocity cross coupling |
eoSftinieats:agroo=satisf&ctorLI?/iith”the'diriiefﬁrenultijin the
range W = 7 to 10 rad/sec,

. .13 -
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APPENDIX,

The shipmodel performs a forced harmonic oscillation in the
vertical direction with an amplitude r and a cirgular frequency «y
thus:

2 = r stawt. (1)

The linearized equations of motion will be!

aE+bi«oz=F1 sin (Wt + °<1) '
(2)

Dz + EZ'¢ G2 = M, 8in (ot + /31) '

a = total mass including added mass,
b = damping co&fficient,
¢ = reatoring force coéfficient,
D, E, @G = ¢ross coupling cosfficients,
F1'= amplitude of firat harmonic of exciting forcey
M1 = amplitude of first harmonic of exciting moment
%4 9 [31 = phase angles,

Substitution of (1) in (2) gives:
-arwa +0r = F.' cos of,

brw & F1 sin 0(2
-Drw +QGr = H1 ooe (3, , .

Erws= M, oty p,

The inephase and quadrature components of the exciting force
are measured by means of straingauge dynamometers and a data reduo
tion system. In case of the whole modsl, the exclting force is
messured in sach of the two push-rods of the osoillater, at equal
distances from the centre of gravity of the model. Thus:

y (2)

r1f:ooa 0(1 = (!‘1 conm ot,') ) + 3‘1 oos o,

M, cos (31'= {(F,‘ cos 0(1? (1 (F1 cos 0(1)<2)} %

- 14 -
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( the sectional damping cosfficient distribution N (x) and the ssc~

;Bxyg\}l&tgﬂ:xwg’ the force zundtionmhy.:ﬂainﬁ—mwtsaqafr~aaa ;ﬁ‘@‘lﬁi i

h1""

where £ is the distance between the twoe push-rods, Similar expres-—
sione are valdd for the quadrature componentss o en G are found
from! ' .
M
¢ = -;1 and @ = -;_l

a8 a function of the forward speed of the models
The added mass m ., is found from!
n . wa - PV
where oV ie the mass of the model.
In case of the seven section model only the first two equati~
ona of (3) are used for each individual section. An estimation of

tional added mass distribution m"m(x) ia found by using the re;.a-‘

tions:
| ve
N, (ssotion) = £ RS Cx) dx
/7

mm(rsection-’) &= m‘;ﬂ(x) dx.

It is aleo assumed that the distributions over the length of
the shipmodel are given by emooth curves (see figures 6 and 7),

The forces in phase with the heave displacement and those 90
degrees out of phase with the displacement (@gxadorxtm components)
are found by multiplying the total meamsured vertioal force by

sinwt and coscot and by taking the time average of the result,
thus: '
T P | |
. -n .
qu ‘-’°3 oy a,%[ain wt. Z}: Fnbin(hwt + ,ocn)_ﬁt

p

T
F,' ein o, = %[ooawt. %n F#Gin(hwtir Q&n)&t

The exci'ting' force funct:l;m is nearly harmonic¢c and p can be
lrmited to 2 or 3. In e similaer way the n th-harmonics can be found

g -
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A non linear aet of equations, replacing (2) i1s proposed by Tanaka
and Kitagawa [11] namely:

£+ b8+ tld) v 2l . 3:%“!‘ sin(nwt+ o« )

as 1 2 +c1z cza o,: : n (AR n

(4)
3

Ds + E1i + Ezi 'i, + Gz -21:n Hn sin(nwt + “a)

ft

The non linear terms in (4), however, are not considered in the pre-
sent paper. The inclusion of the term 032.3 introducea an additional

first harmonic term aince:
3 3 3 3 1
cBn = Oyr sin“0t = oyT (i sinwt - p sin 3wt).

It was found, however, that «':3 is negligidly small for the whole
model as well ss for each sesction, and consequently no correction
18 necessary in the first equation of (3),

"'16-
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LLST OF SYMBOLS.

a « Total mass including added maes.

b» - Damping coéfficient (also N R

¢ - Restoring force coefficient,

¢ ~ Blookoosfficient.

DEG - Cress soupling coéfficients.

!1 - Amplitude of first harmonic of exciting force,
Fn - Froude number.

1 ~ Horizontal distance between push-rods,

L = Longth of shipmodel.

H1' ~ Amplitude of first harmenic of exoiting moment.
n - Added mass for whole model or for a section with length %lL,
a' =~ Bectional added mass,

— N! - Sectional damping coefficient,

N ~ Damping cosfficient for whole model or for a section with
1
length % L.

] - Heave displacement,
c£1,F%» Phase angles,

e - Denaity of water,

& - Yolume of displacement,

W « Circular frequency,
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DISTRIBUTION OF DAMPING AND ADDED MASS
ALONG THE LENGTH OF A SHIPMODEL"

Prof. Ir. J. GERRITSMA and W. BEUKELMAN

Summary

Forced heaving experiments were carried out with a saven-section model in still w1ter, to investigate the
distribution of damping and added mass along the length of a shipmodel.

The components of the vertical forces in phase with the heave displacement and th: quadrature components
on each of the seven sections were: measured as a function of the frequency and the forward speed of the model.
This allowed the determination of the sectional damping coefficients and the sectional added masses, and their

distribution along the length of the model.

The resules show a fairly large influence of frequency and forward spccd on the distribution of damping. There
is some influence of frequency on the distribution of added mass, but the influence of forward speed is small. In some
conditions negative sectional damping and added mass was observed.

The distribution of damping results in coefficients of the heave velocity coupling terms, which depend on the
forward speed. In the practical range of frequencies the coefficients of the heave acceleration coupling terms are
very small. The experimental results are compared with Grim’s theoretical values for dqmpmg and added mass

at zero speed.

1. Introduction

During the last few years the methods for the
eévaluation of damping and added mass of ship like
cross sections, oscillating in the free surface of a
fluid, have been developed to a very satisfactory
level. In this respect extremely useful work has been
done by Ursell [1], Grim [2], Tasai [3, 4, 5],
Porter [6], Paulling and Richardson [7]. The ex-
periments with oscillating semi submerged cylinders
which are reported in [4], [§] and [7 ] show that a
good agreement exists between the theoretical and
the experimental values at zero speed of advance.

The sectional damping coefficients and the sec-
tional added imass can bé integrated over the length
of the ship to determine these values for the ship.

Also cross coupling coefficients can be obtained'

by simple integration: Such ‘a stripmethod however,
neglects the influence of the forward speed of the
ship and also three dimensional effects are ignored.

Earlier work [9] has shown that the damping
coefficients and the added mass of a shipmodel do
"not vary much with forward speed, at least for the
purpose of calculating the pitching and heaving
motions in the practical speed range. Tasai [3] used
the stripmethod to compare the calculated damping
and added mass of a shipmodel with experimental
values published in [8] and [9]. His conclusion
is that for added mass and added mass moment of

inertia the three dimensional effect is very small. .
For pitch damping the three dimensional effect is -

small at resonance, but for heave damping the ex-
periment gives 15 % to 25 % larger values than the
theoretical stripmethod values. e

*#) DPublication No. 21, Shipbuilding Laboratory, Delft.

)

In [9] the importance of the heave and pitch
velocity cross coupling terms for the calculation of
heaving and pitching motions was shown. The in-
clusion of such terms is clearly necessary to get-agree-
ment with measured shipmodel motions. Although
the measuring methods which were employed in [9]
to determine the cross coupling coefficients cannot
be regarded as completely satisfactory a defnmte
dependence on speed was found. »

‘The relatively small influence of 'speed on ‘tfhc
total damping coefficient and the total added mass
of a shipmodel and the speed dependence of the cross
coupling terms indicate that the distribution of the
damping coefficient and the added mass over the
length of the model varies with forward speed.

This lead to the present experiment which makes
use of a seven-section model. By oscillating this built
up shipmodel in still water, the vertical components
of the hydrodynamic forces on each separate section
could be determined. In this way sectional damping
coefficients and added masses were determined for
a range’of oscillation frequencies and forward speeds.

2. The model

The shipmodel is a parent model of the Series
Sixty with a blockcoefficient C;; = 0.70. The main-
particulars. are summarized in Table 1.

The model is made of polyester reinforced with
fibreglass and consists of seven separate sections of
equal length. Each of the sections has two end bulk-
heads; the width of the slits between the sections is
1 mm. The individual sections are not fastened to
each other but they are kept in their position by
means of stiff vertical straingauge dynamometers,




TABLE 1. Main particulars of the ship model

Length between .perpendiculars .......... 2.258 m-
" Length on the waterline ................ 2.296 m
Breadth ............... ... ... c... 0.323 m
Draught ..........coiniiiiiiii... 0.129 m
Volume of displacement ................. 0.0657 m3
Blockcoefficient ...................... 0.700
Waterplane area ...................... 0.572 m?2
Waterplane coefficient ............:::. 0.785
Coefficient of midlength section ........ 0.986
Prismatic coefficient .................. 0.710
L.CB. forward Lpp/2 ................ 0.011 m

Centre of effort of waterplane after Lpp/2 0.038 m
Froude number of service speed .......... 0.20

which are connected to a longitudinal steel box
girder running above the shipmodel.

A whole model of the same size and form was
used for comparison purposes. A body plan is given
in figure 1.

3. Experimental methods

In figuré 2 the principle of the experimental set-
up is given. The seven-section shipmodel is forced
to- oscillate in the vertical direction by means of a
Scotch-Yoke mechanism. Frequency and amplitude
of the harmonic oscillation can be varied to cover a
wide range. Each section is connected to the longi-
tudinal steel box girder by means of carefully cali-
'brated straingauge dynamometers. The dynamo-
meters are insensitive to forces acting in other than
their axial direction. Consequently only the vertical
components of the total force on éach section are
measured.

ELECTRONIC STRAIN INOICATOR CARRIER AMPLIFIER

B80DYi PLAN

Figure 1 co3. o/

The vertical forces acting on .each section are
.separated into the components in phase with the dis-
placement and into the-quadrature components by
means of an electronic analoge system which, in
principle, is similar to that published by Tuckerman
[10]. It was found however, that the sine-cosine
potentiometers, as used by Tuckerman, are not
reliable at high rotational speeds. Therefore the
measured-signal is multiplied by sin w # and cos @ ¢
by means of a sine-cosine synchro resolver connected
‘to the main shaft of the mechanical oscillator.
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Averaging circuits with' chopper stabilized ampli-
fiers were used to determine the mean values of the
in phase- and quadrature force components.

_ The system appeared to give accurate and ‘con-
sistent results: A high accuracy is needed in partic-
ular for measuring the damping forces, which are
small in comparison with the inertial and restoring
forces. ‘

It should be noted that. this system can resolve
the measured forces into their. Fourier components.
by driving the sine-cosine resolver at #-times the
frequency of the main oscillator shaft, where
n=1,2,3..... i .

‘Throughout the present experiments only the first
harmonics of the measured forces are taken into

account. The values for damping and added mass;

derived from these first harmonics can be readily
compared with theoretical results. Non linear effects
however, may be fairly important as shown by the
recent experiments of Tanaka and Kitagawa [11].
It was decided to study non linear effects in a later
stage as the comparison with theoretical results
seems. the most urgent at this moment.

Asonly two channéls were available for measuring
the forces and the associated data reduction, repeated
runs had to be made; under the same conditions of
frequency and. forward speed; to test all the seven
sections. :

4. Experimental results

Measurements were carried out for frequencies up
to w = 14 rad/sec. and for four speeds of advance,
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Mz

Ny, —— kgsec/m

namely Frn==.15,.20, .25, .30. No experiments were
carried out at zero speed, because serious wall effects
could be expected from reflected wave systems,
generated by the model motions. For the same reason
frequency values lower than @ — 3 to 4 rad/sec. are
not considered.

The oscillation amplitude varied from 1 to 4 cm.
This corresponds to a very large motion for the mid-
ship sections but the end sections of a ship may meet
such conditions in pitching.

Some typical examples of the measurements are
given in the figures 3 and 4. In figure 3 the in phase
and quadrature components of the vertical forces
per unit amplitude of two heaving sections are
plotted on a base of frequency. There is strong
linearity with regard to the heave amplicude. A
similar plot for the whole model is given in figure
4 for each of the two push-rods which connect the
shipmodel to the oscillator.

The calculation of the damping coefficients and
the added mass from the measured quantaties is
given in the Appendix: The results are summarized

a function of frequency and forward speed. The

in Table 2, for each section of the seven-section
model, as well as the whole model. Table 2 shows
that the sums of the section results agree very well
with. the total values which were determined with
the whole model. This is illustrated also in figutre §
where the damping coefficient and added mass for
both cases (“sum of sections” and “whole model”)
are plotted as a function of speed and frequency:
The conclusion may be that the influence of the slits
between the sections is very small.

5. Analysis of the test results

The numerical values given in Table 2 are 'shown
in' graphical form in the figures 6 and 7. Sectional
damping coefficients N’,, and sectional added masses
m’,; are plotted over the length of the shipmodel as

——

figures show that the distribution of the damping
coefficient changes with speed and frequency. The
damping-coefficient of the forward part of the ship-
model increases when.the speed is increasing. At the
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TABLE 2a. Sectional added mass
Fn — .1§ ’
iy, — kg sec2/m

TABLE 2b: Sectional damping coefficients
Fn — .15
N — kgsec/m

w
rad/
sec

1

sum of .whole
sections model

2 3 4 s 6 7

sum of whole
sections model

o
radl 1 2 3 4 5 6 7

sec

4 —1,21

© N N

11
12
13
14

0,33
0,31
0,28
0,24
0,21
0,20
0,1:8
0,18
0,19
0,23

0,59 —:0,54 0,87 0,41 —0,17 . — 1,84
1,15 1,33 1,60 1,29 0,60 =0,05 6,25 6,49
0,66 1,08 1,38 1,26 0,65 0,02 5,36 5,37

0,58 1,03-1,35 1,26 0,70 0,08 5,28 5;19.

0,60 1,09 1,37 1,28 0,76 0,10 5,44 5,26
0,64 1,19 1,41 1,31 0,81 0,12 5,69 5,55
0,69 1,2971,48 1,34 0,85 0,14 5,99. 5,91
0,74 1,36 1,54 1,39 0,86 0,16 6,23 6,12
0,78 1,40 1,60 1,45 0,90 0,17 6,48 6,39
0,82 1,44 1,66 1;51 0,94 0,17 6,73 6,69
0,84 1,47 1,70 1,56 0,95 0,16 6,91 6,88

42,03 978 — 5,78 3,80 4,80 2,00 — 35,63
53,32 6,74 646.5,28 5,14 5,46 1,80 34,20 33,80
61,82 442 4,55 4,58 4,52 4,78 1,67 26,34 26,53
7 1,71 3,42 3,42 3,64 3,96 4,30 1,57 22,02 21,77
8 1,61 2,31 226 2,75 3,35 3,94 1,53 17,75 17,49
91,50 1,58 1,36 1,96 2,80 3,66 1,51 14,37 14,22
10 1,36 1,08 0,76 1,39 2,36 3,43 1,49 11,87 11,63
11 1,1§ 0,73 -0,47 1,04 2,06 3,24 1,49 10,21 9,83
12 0,95 0,47 0,44 0,87 1,89 3,09 1,50 9,21 8,54
13 0,72 0,31 0,48 0,85 1,82 2,98 1,49 8,65 7,62
140,46 0,22 0,55 0,95 1,83 2,87 1,50 8,38 7,43

Fn = 20

Fn = .20

© N N h

11
12
13
14

0,59
0,57
0,32
0,25
0;21
0,19
0,19
0,19
0,20
0,20
0,20

0,83 1,29 1,59 1,15 0,22 —0,27 5,40 - 5,63
0,86 1,48 1,50 1,24 0,52 0,11 6,28 5,63
0,65 1,00 1,40 1,23 -0,64..0, - 5,24 5,i9
0,55 1,02 1,37 1,20 0,71 0,09 5,19 5,08
0,55 1,08 1,38 1,21.-0,75 0,12 5,30 5,18
0,59 1,15 1,43 1,26 0,78 0,13 5,53 5,44
0,65 1,23 1,49 1,33 0,83 0,14 5,86 5,78
0,72 1,30 1,54 1,38 0,85 0,16 6,14 6,07
0,77 1,37 1,60 1,45 0,88 0,17 644 6,32

.0,82 1,42 1,65 1,50 0,92 0,17 6,68 6,60

0,84 1,47 1,69 1,55 0,94 0;16 6,85 6,78

41,53 4,53 5,08 5,05 5,73 6,63 2,50 31,05 31,33
5 2,04 4,70 5,02 4,98 5,08 5,70 2,18 29,70 30,16
6 1,95 3,95 4,32 4,45 4,52 5,07 2,07 26,33 26;15
7 1,74 2,96 3,32 3,64 3,97 4,66 1,99 22,28 21,87
8 1,50 1,91. 2,25 2,81 3,49 4,38 1,94 18,28 17,78,
91,29 0,96 1,29 2,07 3,07 4,18 1,90 14,76 14,61
10 1,10 0,37 0,62 1,54 2,70 4,01 1,90 12,24 12,14
11 0,92 0,04 0,31 1,20 2,40 3,90 1,91 10,68 10,40
12 0,74 —0,15 0,21 1,01 2,18 3,84 1,93 9,76 9,03
13 0,53 —0,26 0,27 0,91 2,04 3,77 1,93 9,19 8,00
14 0,27 —0,31 0,44 0,86 2,01 3,67 1,92 8,86 7,44

Fn = .25

Fn = .25

RN NEC N

11
12
13
14

0,86
0,51
0,33
0,23
0,20
0,19
0,18
0,19
0,20
0,21
0,21

1,09 1,26 1,66 1,20 0,16 —0,32 5,91 4,99
0,82 1,08 1,45 1,18 .0,44 —0;14 5,34: 5,06
0,65 1,01. 1,38 1,19 :0,55 —0,02 5,09 4,89
0,54 0,98 1,36 1,22 0,64 0,04 '5,01. 4,93
0,54 1,03 1,359 1,26 0,68 0,08 ‘5,18 5,13
0,57 1,09 1,42 1,30 0,72 0/10 5,39 540
0,62 1,19 1,48 1,34 0,77 0,12 ‘5,70 5,65
0,70 1,28 1,54 1,40. 0,80 0,14 :6,05 5,89
0,76 1,37 1,60 1,45 -0,83 .0,16 6,37 6,21
0,81 1,43 1,67 1,50:0,88 0,18 !6,68 6,59
0,85 1,46 1,72 1,53 0,91 0,18 6,86 6,84

‘5,38 5,20 5,98 7;63 2,85 33,97 35,88
4,82 4,82 5,24 6,28 2,56 29,86 31,74
6'1,97 3,43 .4,17 4,23 4,62 5,68 2,35 26,45 27,63
71,71 2,59 3,29 3,56 4,10 5,40 2,23 22,88 23,12
81,48 1,58 2,28 2,83 368 5,21 2,19 19,25 18,75
9,1,21 0,66 1,34 2,22 3,31 5,07 2,17 15,98 15,24
10 0,95 —0,06 0,60 1,68 3,00 4,96 2,20 13,33 12,69.
11 0,73 —0,43 0,13 1,27 2,77 4,85 2,27 11,59 10,90
12°0,52 —0,56 —0,03 1,03 2,63 4,74 2,29 10,62 9,78
13 0,32 —0,54 0,02 0,92 2,57 4,62 2,30 10,21 9,00
14 0,15 —0,49 0,11 0,94 2,64 4,49 2,26 10,10 8,60

42,13 4,80
5.2,12 4,02

1_’1_1 = .30

Fn = .30

© N A h

" 11

12
13
14

0,70
0,42
0,25
0,19

0,16

0,15
0,15
0,16
0,17
0,19
0,21

0,91 1,49°1,58 1,07-0;10 —0,22 5,43 5,59
0,56 1,26 1,42 1,10 0,32 —0,03 5,05 4,68
0,44 1,15 1,39 1,07 0,45 .0,07 4,82 4,51
0,40 1,12 1,41 1,06 0,51 0,12 -4,81 4,66
0,42 1,14 1,45 1,08 0,58 0,13 4,96 4,93
0,47 1,18 1,46 1,16 0,64 0,14 5,20 5,23
0,55 1,26 1,47 1,22 0,68 0,17 5,50 5,48
0,62 1,34 1;52 1,28 0,74 0,18 5,84 5,82
0;69 1,41 1,57 1,35 0,81 0,19 6,19 6,18
0,77 1,46 1,62 1,40 0,86 0,20 6,50 6,47
0,83 1,49 1,67 1,45 0,89 0,20

6,74 6,77

4,40 5,15 6,78 7,60° 2,98 33,09 38,10,
51,86 3,62 4,22 4,56 5,80 6,78 2,70 29,54 32,52
6 1,75 2,77 3,50 4,10 5,18 6,32 2,55 26,17 28,45 -
7 1,51 1,92 2,64 3,41 4,79 5,99 2,51 22,77 24,64
81,21 0,99 1,70 2,81 4,50 5,73 2,51 19,45 20,40
9 0,87 0,05 0,87 2,29 4,27 5,54 2,54 16,41 16,67
10 0,64 —0,87 0,17 1,88 4,07 5,42 2,59 13,90 13,95
11 0,47 —1,40 —0,32 1,57 3,90 5,35 2,63 12,20 11,85
12 0,42 —0,56 —0,63 1,37 3,72 5,28 2,66 11,26 10,42 .
13 0,45 —1,46 —0,73 1,23 -3,56. 5,19 2,66 10,90 9,96
14 0,56 ~1,24 —0,54 1,16 3,39 5,03 2,62 10,98 10,46

4 1,78 4,40
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Figure 8

same time.a decrease of the damping coefficient of
the afterbody is noticed. In some cases éven ,,nega-
tive” damping occurs. A physical explanation of

this phenomena is not readily at hand but.apparently .

the water motion set up by the forward part of the
ship has a strong influence on the conditions at the
afterbody. As noticed before the integral of the
sectional damping coefficients over the length of

the shipmodel does not vary much with forward

speed.

The added mass distribution has a' somewhat dif-
ferent character. It has less speed dependence than
the distribution of damping but there is a shift for-
ward of the distribution curve for increasing fre-
quencies. “Negative” added mass is found for the

2
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cies the influence of frequency bécomes very small.

The first moment of the distribution curves with
respect to the centre of gravity of the model gives

the- coefficients of the heave velocity and the heave
accelefation coupling terms, respectively E and D. -

As shown in figure 8 the coefficient of the heave
velocity coupling term depends on the forward

speed of the shipmodel, as could be expected from

the shift of the damping distribution curves with
speed. The coefficients of the heave acceleration
term are nearly speed independent, whereas for
® > 6 rad/sec. they are negllglbly small.

In figure 8 a comparison is made between the cross
coupling coefficients derived from the damping
coefficient and added mass distributions. on the one

bow section at low frequencies—For-higherfrequen-——hand,—and_the_corresponding directly measured
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values as found from the tests with the whole model.
Considering the absolute magmtude of these second
order coefficients, the agreement is very satisfactory.

The experimental values for the damping coeffi-
cient and the added mass are compared with Grim’s

“theoretical values for zero speed [1]. In figure 9

this comparison is made. for the whole model and
it follows that the calculated added mass agrees
very well with the mean of the experimental values

- at the various forward speeds.

Grim’s damping coefficients for zero speed are
smaller than the experimental values, but at reso-
nance (w = 7) the difference is less than 10 %.

Due to the influence of forward speed the differ-

~ ence between theory and experiment is considerably

larger for the individual sections as can be concluded
from figure 10, where the damping coefficients and
the added masses are plotted for each section.

Finally the distribution of Grim’s values over the
length of the model is given in figure 11 for zero
forward speed. It is noticed that the theoretical
prediction for zero speed gives a shiftof the damping
coefficient distribution towards the afterbody for
increasing frequencies resulting in a negative veloc-

ity coupling coefficient. The speed range from

Fn =10 vo Fr =— .15 is too large to permit extra-
polation of the experimental cross coupling coéffi-
cients, but such a negative coefficient could certain-
ly be in line with the experimental values, which
were found in the speed range Fn 15 to
Fn=.30. _

Comparison with the results of earlier measure-
ments on the same model reveal some differences
[9]. It must be remarked, however, that in the
present case only the first harmonic of the exciting
force function is taken into account. In [9] the
assumption was made-that the exciting force function
was purely harmonic. By representing this function
simply by an amplitude, a frequency and a phase
angle some influence of the higher harmonics could
have entered in the determination of the coefficient
of the motion equations.

Golovato’s experiments [8] show the influence
of non linear damping terms in heave, as do the tests
by Tanaka and Kitagawa [11] for pitching. From
this last paper it follows that the linearized quadratic
damping can increase the linear damping coefficient
by some 20 % at resonance.

The damping coefficients found with the present
experiments are 15 to 20 % lower at resonance than

DISTRIBUTION OF DAMPING AND ADDED MASS ACCORDING TO GRIM
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the earlier results. The added mass values agree fairly

well and also the heave velocity cross coupling

coefficients agree satisfactorily with the carlier re-
sults in the range » — 7 to 10 rad/sec.

APPENDIX

Experimental determination of the dampmg
coefficient and the added mass

The shipmodel performs a forced harmonic oscilla.
tion in the vertical direction with an amplitude r and
a circular frequency o, thus:

Z=rcoswt ... ... . .. (1)
The linearized equations of motion will be:
az + bz + cz = Fysin (ot 4+ a;)
Dz 4 Ez + Gz — M, sin (0 £ + f,)
........ (2)
where:
a = total mass including added mass,
b = damping coefficient,
¢ = restoring force coéfficient,
D, E, G = cross coupling coefficients,
F; = amplitude of fitst harmonic of exciting
force,
M; = amplitude of first harmonic of excmng
moment,

ay; f; = phase angles.
Substitution-of (1) in (2) gives:

—arw? + cr=F, cos:yy
brow=F, sina l L 3)
—Drr02+Gr=M1cosﬂ,A‘ i
Erw= M, cos B
The in-phase and quadrature components of the

exciting force are measured by means of straingauge
dynamometers and a data reduction system: In case

of the whole model, the exciting force is measured in.

each of the two push rods of the oscillator, at equal
distances from the centre of gravity of the model.

Thus: ’
Fycosa; = (Fycosa;) O + (Fycosa;) @

and: _
' /
M; cos By = {(F; cos ay) ) — (F, cos a;) (2)} =

where | is the distance between the two push-rods.
Similar expressions are valid for the quadrature com-
ponents: ¢ and G are found from:

F[ Ml

— and G — —

r

Cc =

as a function of the forward speed of the model.

The added mess M4, 1s found from: -

M, = a— o\,
where ¢ \/ is the mass of the model.

In case of the seven section model only the first
two equations of (3) are used for each individual
section. -An estimation of the sectional damping
coefficient distribuion N’,, (x) and the sectional
added mass distribution »/;, (x) is found by. using
the relations:

L7
N., (section) = J N’., (x) dx
- L7
My, (section) — J w',, (x) dx.

It is also assumed that the dlstrlbutlons over the

length of the shipmodel are given by smooth. curves

" (see figures 6 and 7).

The forces in phase with the heave displacement
and those 90 degrees out of phase with the displace-
ment (quadrature components) are found by multi-
plying the total measured vertical force by sin w ¢
and cos @ ¢ and by taking the time average of the
result, thus:

2

T p :
Ficos oy = — Ssinwt.2nF, not+ a,) dt
. o 1
T r .
Fisin gy = = fcoswt. ZnF, (nowt+ a,)dt
o 1

S
The exciting force function is nearly harmonic
and p can be limited to 2 or 3. In a similar way the

13

# th harmonics can be found by multiplying the -

force function by sin 72 & ¢ and cos.z o £.
A non linear set of equations, replacing (3) is
proposed by Tanaka and Kitagawa [ 117 namely:

az + biz + bz |z| + iz + p2? + 328 =
. 3

=2nF,sin (nowt+ a,)
1- .

Dz + Ez + Exz |z| + Gz —
3
= 2ZnM,sin(not+ a,;)
1 .
- (4)

The non linear termsiin (4), however, are not con-
sidered in the present paper. The mclusxon of the
term c3z® introduces an -additional first harmonic

term since:

2 =cyr¥sindw t =y ($sino f—%sin 3w t).

It was found, however, that c; is negligibly small
for the whole model as well as for each section, and
consequently no correction is necessary in the first
equation of (3).
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