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Suiiimry.

Forced heaving experiments were carried out with a seven..eeotlai

model in still water, to investigate the distribution of damping and

added mass along the length of a sbipmodel.

The components of the vertical forces in phase with the heave

displacement and the quadrature components on each of the seven

sections were measured as a function of the frequency and the for-

ward speed of the model. This allowed the determination of the sec-

tional damping coffjjents and the sectional added masses, and

their distribution along the length of the model,

The results show a fairly large influenc, of frequency and for-

ward speed on the distribution of damping. There issome'influence

of fr.cuenoy on the distribution of added mass; but the influence

of forward speed is email,, In som. conditions negative sectional

damping and added mass was observed.

The distribution of damping results in cofficient of the

heave velocity coupling terms, which depend on the forward speed.
In the practical range of frequencies the ooiffici.nte of the heave
acceleration coupling terms are very small. The experimental results

are compared with Grim's theoretical valuea for damping ad added
mu. at zero speed,
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1, Introductio;.

During the last lew years the me thQde for the evaluation of

damping end added mas. of ship like axosa sections, oscillating

in the free surface of a fluid, have been de,loped to a very eatie

factory lsvsl. In this respect extremely U..! ul work baa been done

by Urseilill, Grimt1, Taeai[,3, LØ), PorterE6l, Paulling and

fliohardeon [7). The experiments with oscillating seat submerged

cylinders which ax's reported in[1*,[5) andt7) show that a good

sgr.mint exist. between the theoretical and the expex'imental

values at zero speed of adyance.

The sectional damping eofficiente a& the seotional added

siaee can be integrated over the length of thsehip to determine
these values for th. ship. Also cross ooupl.ing oofftoienta can

be obtained by simple integrttton. Such a.atripm*thod however1
neglacte th. influenCe of the forward speed of the ship and also

thre. dimensional effects are ignorat..

Earlier work [] baa shown that the damping cofuicients and

the added mass of a ehipmodal do not.vary such with forward speed,

at leaat for the purpose of calculating the pitching and heaving

motions in the practical speed range. Taeai[3) used the stripms-

thodtQ compe.re the calculated damping end added mass of a

model with eXperimental values published in [BJandt9l. lie conclu-

sian is that for added sees and added mass moment of inertia the
three dimensional effect if very aaaU. Tar pitch damping the
three dimensional effect is small at resonance, but for heave
damping the experiment gives 15% to 25% larger valueS than the
th.oreticaletripmetbod values

In 19) the importanc. of the heave and pitøh velocity cross

coupling terme for the calculation of heaving and pitching motions
was shown. The inclusion of such terms is clearly necessary to

get agreement with measured ahipniodel motio5, Although the measu-

ring methods which were employed tn[91 to determine the cross

coupling cofficiente oanot be regarded as completely atiefao-

tor3r a definite dependence on speed was found.
h&relativey amall inf, ofpeed totl diping

cofficient and the total added mass of a ehipmode3. and the speed
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dependence of; the cross coupling terms indicates that the d.1stri-

bution of the damping coffioient and the added mass over the

Length of the model varies with forward spøe4.

This lead to the present experiment which makes use of a

seven-section model. By oscillating this built up ekipodsl in

still water, the vertical c.apoents of the bydrodynamic forces on

each separate section øould be determined. Zn this way ssctios%al

damping cofficients and added ass.e were d.t.rmined fox' a range
of oscillation frequencies and forward epeede.

2. Tb. aqde]

The shipsodel isa parent model of the Series Bixty with a

blockcoffioint c a 0.70. The main particulars are summarized in

Table 1.

Tb. model is mad. of polyester rentorced with fibreglase end

consists of sev*n separate sections of equal Length. Each of the

sections has two end bulçbsad*$ thewdth of the slits between the

sections is 1 em. Tbø individual sections are not fastened to each

other but they 'are kept in their position by' mean. of stiff verti-

cal atraingauga dynamometers, which are øonneoted toa longitudinal.

steel box girder running abov. the .biprncdel.

A whol. model of the same size end form was used for oo*pez'i-

son purposes. * body' plan is giv.n in figure 1.
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1lokOei ffi ci.nt 0.700

sterplans area 0.572 a2

WstrpIanI oofficiant 0.785

CoiffiGiflt of sidlsngth section 0.986

Priawatic cotfioint 0.710

L.C1B. forward L/2 0.011 a

Centre of effort of watarplans aft, L/2
Freud. nuaber of aezyice speid

0.038

0.20

a

cin artt2.rs f te ppdsl,.

Length between perpendiculars 2258 a

Length on the waterline 2.296 a

3rsadth 0.323 a

Drgkt 0.129 a
Volta. of di.placeant 0,0657 a3



3. e.mentl methode

Xn figure 2 the ,rinoiple of the experimental eat-up is given

The eeveneeottori abipmodel is forced to oscillate in the vertical

direction by means of a $ootoh..Toka mechanisms. Wrequency and am

plitude of the harmonic oscillation can be varied to ciier a wide

range. Each section i.e connected to tbe longitudinal steel box

girder by eane of carefully calibrated atraingauge dynamometers,

The dynamometers are insensitive to forces acting in other than
their axial. direction. Consequently only th. vertical components

of the total forc. on each section aremeaeured4

The vertical forces acting on each section are separated in-

to the components in phase with the displacement and into the

quadrature components by meana of an electronic analogs system

which, in principle, i.e similar to that publl.ieh.d by Tuckerman [103

Xt was found however, that the sins-coeine potentiometer., as

used by Tuck.raan, are not reliable at high rotational speeds,

Therefore the measured signal is multiplied by einct and coat

by means of a eineoosiue eynchro resolver connected to the main
shaft of th. mechanical oscillator. Averaging circuits with chop-

per Stabilized ampifiers were used to determine the mean values

of the in phaae- and quadrature force components.

The system appeared to give accurate and ooneist5nt results.

A high accuracy to needed tn particular for measuring the damping

forces, which aa.mall in comparison with the inertial and reai

toring forces.

It should be noted that this system can resolve the measured

forces into their Fourier components by driving the sin.,eoairie

resolver at n.tim.e the frequency of the main oscillator shaft,

where n * 1, 2, 3 . . . . .

Throughout the present xp.rimente only the first harmonica

of the measured forces are taken into account. The values for

damping and added 5aSs derived from these first harmonios can

be readily compared with theoretical results. Ron linear effects

however may be fairly important as shown by the recant experi.

mente of Tanaka and Kitagawa [11]. It wa8 deoidedto dtiidy non
wi effëCfi in a later etage as the comparison with theoreti-

cal results seems the most urgent. at this moment-.
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As only two channel, were available for measuring the forces

and the associated data reduction, repeated runs had to be made,

under the same aonditions of frequency and forward speed, to test

all the seven sections.

4. Izpertm.ntal ripulte.

4easuzeaents were carried out for frequencies up to c 14

r&d/iso. and for four speeds of advance, n*.ly ? * .15, .20, .23,

.30. No experiments were carried out at sero speed, because serious

wall ftot. could be .xpeatid from refleoted way, system., gen.ra-

ted by the model motions. Per the sue X'aBofl frequency values low-

er than - 3 to Li r&d/sec. are not considered.

The oscillation amplitude varied from I to 4 cm. This corres-

pond. to a very large motion for the mtd-ehip sections but the end

sections øf a ship may mast such condition. in pitching.

Some typical examples of the *eaauresenta are given in the

figurea 5 and Li. In figure 3 the in phase and quadrature components

of the vertical forces per unit amplitude of two heaving sections

are plottid on a bass of frequency. There is strong linearity with

regard to th. heave amplitude. A similar plot for the whole model
Is given in figure 4 for each of the two push-rods which connect

the shipmod.l to the oscillator.

The calculation of the damping oo.ffioi.nts and the added mass

from the measured quantaties is given in the Appendix. The results

are summarised in Table 2, for ach section of the seven-section

model, as well s 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 ii illustrated also in

figure where the damping cofficient and added mass for both

oases ('sum of section." and "whol model") are plotted as a func-

tion of speed and frequency. The conclusion may be that the influ.

noe of thi elit, between the sections is very small.
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TABE 2a,

Sec)ional added maes.

1'4 I.1k4

- kg. ec2/m.
£

ec
4. 2 4?

u* ot whole
iuodel

oua o
ae ctiozis

whole
model

0,39 0,83 I . 29 159 113 0,22 -0,27 540
5 0,57 0,86 1,4.8 1,50 1,24 0,52 0,11 6,28 5 ,6

6 0,32 0,65 1O0 1,40 1,23 0.64 0 5,24

7 0,25 0,53 1q02 1,37 1,20 0,71 ,09 519 ,
8

9

0,21

019
0,55
0159

I ,o8 i38
I 43

i ,ai
i,6

0,
o, 78

0,12
0,13

530
5,53

, e

10 0,19. 065 i ,23 1,49 1,33 083 014 5,86 , '7e

11 c49 0, 2 130 0, 8 0,16 6,14 6 0
12 0,20 0,77 1,3? i ,Go 1,45 o,88 017 6,1,4 6 ,
13 0,20 0,82 1,1+2 I 150 092 0,17 6,68 6 ,6c

14 020 0,811. I 1,69 155 0 94 016 6 85 6, 7
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11. 059 054 0,8? 0,1+1 i,81+

5 03 1,15 .1 33 '1,60 I ,29 0,60 o, o 6 25 6,49
6 0,31 0,66 i,ofi 1,38 1,26 0,65 o ,oa 536
7 O28 o58 I, 03 I r3 1q26 0,70 o 08 5,28 519
8 O.2k O,0 109 t i,a8 0,76 0,10 5,26

9 O21 o,64 1 19 1,31 o,81 0,1 5,69 5,55
10 020 0,69 1q29 1 ,34 op 5 0 14 5,99 5,91
11 0,i8, o,7z I ,6 I I 59 o,tä6 0,16 6 6,12

12 o,iB 0,76 I ,40 1,60 1,45 0,90 0,17 6,4.8 6,39
13 Qi9 o,8 1q44 1,66 If51 0,94 0,17 6,73 6 6g

14 023 084 I 170 I 56 0,95 0,16 6 91 6,88

4 5

1+ 5 6-ø I
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T4BLE 2...

3ectiona). ad4ed rae8.

= ,25.

- kgVa.o2/a.
-

6
aum of whole

____ 2 3 4 5 seetiona model

1. o,86 1,09 1,26 i,66 120 o,i6 .0,32 5,.91

5 O5l 0,82 1,08 i,k 1,18 o,1.k -0,11+ 53k 5,06

6 0,33 0,65 10I I,8 1,19 0,53 .0,02 5,09 4,89

7 0,23 0,51+ 0,98 136 122 0,61. 0,01+ 5,01 4,93

8 0,20 0,51+ 1,03 1q39 1,26 o,68 0,08 5,18 5,13

9 0,19 057 1q09 1,1+2 130 0,72 010 339 5kO

10 0,18 0,62 119 1,48 1,31+ 0,77 0,12 5,70 5,65

11 0,19 070 1,28 1,51+ 1,1.0 0,80 o,ik 6,05 5,89

12 0,20 0,76 1q37 i,60 1,115 o,8 0,16 6,37 6,21

13 0,21 o,8i 1,1+3 1,67 1,50 0,88 0,18 6,68 6,59
14 021 0,85 1,1.6 1,72 1q53 0,91 0,18 6,86 6,81+

F. .30.

rc 1 2 3 1+ 6 7
sum of

asctiona
whe]
mds1

Ii 070 0,91 1,1+9 1,58 1,07 -0,10 0722 5,1.3 5,39

5 0,1+2 056 1,26 171.2 1,10 0,32 -0,03 5.05 4,68

6 0,25 0,41. 1,15 139 1,0? 0,1.5 007 k,82 4,51

'7 0,19 0,40 I12 1,4f i3O6 0,51 0,12 1+,8I 4,66

8 0,16 0,42 1,14 1,115 1,08 o,58 0,13 4,96 1+93

9 0,15 0,47 1,18 1,46 1,16 o,k 0,11. 5,20 5,23

10 0,1 0,55 1,26 1,1.7. 1,22 o,68 0,17 530 5,48

11 0,16 0,62 1,34 1,52 1,28 0,71. 018 ,8k 5,82

12 0,17 0,69 1,1+1 1,57 1,35 0,81 0,19 6,19 6,18

13 0,19 0,77 1,146 1,62 1,1.0 0,86 0,20 6,50 6,1.7

14 0,21 0,83 1,49 1,67 i,4 0,89 0,20 6,74 6,77
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VAB3E 2.

3Mt0flal da1ngeoffic1ente.

,15.

-

1 5
sui of who]..

r.4áeo 6eotions. ad1

4 2,03 9,78 5,78 ,8o 4,80 2,00 -
33. 61?4 6,4 5,28 5,14 5,4 i,80 3k20 33,80

6 i,8a. 4,42 4,55 k,8 4,a 478 1,67 2634 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 2,26 275 3,35 3,91+ i53 17,75 17,49

9 1,50 1,38 1,36 1,96 a,8O 3,66 1,51 1k37 14,22

10 1,36 i,o8 0,76 l,59 2,36 3,43 1k9 11,8? 11,63
Ii i,i8 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 1921
13 o7Z '0,31 0,48 0,85 i,8a 2,98 1,49 762
14 0,46 o,aa 0,55 0,95 1,83 2,87 1q50 7,43

1 2 4 6
BUot
otioa

whole
odl

4 1, 4,53 5,08 505 5,73 6,63 2,50 31,05 y133
5 2,04 k3Qe 502 J#98 5,08 5,70 2,18 29,70 30,16
6 1,95 3195 4,32 4,4 O42 5,07 2,07 26,33 26,1

7 1,74 296 3,32 3,64 3,9? 4,66 1,99 22,28 21,87

8 1,O 1q91 225 a,8i )49 '+,38 1,94 ,8,a8 17,78

9 19 0,96 1,29 2,07 3,07 4,18 1,90 14,76
10 1,10 0,37 0,62 1,54 2,70 4,01 19O 12,24 121
11 0,92 0,04 031 1p20 2,40 3,90 191 io,68 1o,k

12 0,74 .0,15 0,21 1,01 2,18 3,81+ 193 9,76 9,0
13 053 -0,26 0,27 0,91 2,04 3,7? 1,93 919 8,oc

14 0,27 o,31 o44 o,86 201 3,67 192 8,86 7,Q
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TABLE 2b

Ueotional daij.ng ooffoi.nta.

.as.

kg, c/ma

C..)
6 eum of whole

1 2 3 aectiona mode).

4 213 4,80 5)8 - 520 3,98 7,63 2,85 33,97 35,88
5 2,12 4,02 4,82 6,28 2,56 29,86 317k
6 1q97 3k3 4,17 423 4,62 5,68 235 26,45 27,6J
7 1,71 2,59 3,29 3,56 4,10 5,40 223 22,88 23,12
8 1,48 1,58 2,28 2,83 3,68 5,21 2,19 1925 1875
9 1q21 0,66 i,k 2,22 3,31 5,07 2,17 15,98 15,24

10 0,95 .o,o6 0,60 1,68 3,00 4,96 2q20 1333 12,69
11 0,73 -o,4j 0,13 1,27 2,77 4,85 2,27 11,59 10,90
12 0,52 .o,56 -0,03 1,03 2,63 4,74 2,29 10,62 9,78
13 0,32 .0,3k 0,02 0,92 2,37 4,62 2,30 10,21

14 0,15 -0,49 011 0,94 2,64 4,49 2,26 10,10 8,60

=.30.

re4óeo
I 2 3 4 5 6 7 of

.otione
whole
model

4 I78 4,40 4,40 5,15 6,78 7,60 3309 38,1

5 1,86 3,62 4,22 4,6 ,8o 6,78 2q70 29,54 32,52
6 1,75 2,77 3,50 4,10 5,18 6,32 a,ss 26,17 28,45

7 1,51 1,92 2,64 3,41 4,79 5,99 2,51 22,77 24,6te

8 1q21 0,99 1,70 2,81 4,50 5,73 2,51 19,43 2014C

9 0,87 0,03 0,87 2,29 4,27 5,34 2,54 16,41 i6,6
10 o,66 .0,87 0,17 1,88 11,07 5,42 2,59 13,90 13,9
11 0,47 -1,40 .0,32 1,57 3,90 5,33 2,6 12,20 ii,8
12 0,42 .0,56 ..o,6 1q37 3,72 5,28 2,66 11,26

13 0,45 .1,46 4.O73. 1,23 3,56 5,19 2,66 10,90 9,96
14 0,56 .1,24 -o,k I16 5,03 2,62 10,98 10,66

.11.



5, Anasais of th teat result..

The numerical values given in Table 2 are bown in graphics].

forsi in the figures 6 and 7. Sectional damping oofficient

and sectional added mesu are platted over the length of the

ahipmode3. a. a function of frequency and forward speed. The figiw.

show that the distribution of the damping ooiffiotent chnngsa with

speed and frequency. The damping cotficit of the forward part
of the shipmodel increases when the speed is increasing. At the
same time a decrease of the damping ooffioient of the aft.rbody
is noticed. Zn some oases even "negative" damping oc.ure. A pbyei-

cal explanation of this phenomena is not readily at hand but appa-

r.nt].y the watr motion set up by the forward part of th. ship
has a strong influence on the conditiona at the afterbedy,
La noticed before the integral of the ..ottonal damping coffi-

ciente over the length af the ahipmodel does not vary much with

forward speed.

The added mass distribution hae a somewhat different oharso-

ter. It has less speed dependence than the distributio of damping

but there is a shift forward of the distribution curve for in-
creasing frequencies. "N.gative" added mass i fauni for the bow

section at low frequencies, For higher frequencies the influence

of frequency becomes very ntall,

The firat moment of the distribution curves with respect to

the centre of gravity of the model gives the cofficiente of the

heave velocity and the heave aoo.leratidn coupling terms, respec-

tively E and D. As shown in figure 8 the oofficient of the heave

velocity coupling term depends on the forward speed of th. ship-

model, as could be expected from the shift of the damping dietri-

button curves with speed, The ooffioient of the heave acos],sra-

tion term are nearly speed independent, whereas for c..<6 rad/aeo

they are negligibly small.

In ;igure 8 a comparison is made between the cross o3upling

coiffiotente derived from the damping cofficient and added mass

distributions on the one hand, and the corresponding directly

measured values as found from the test8 with the wh4e model.

connideting e absolute magnitud. of these second order cotfi-

otenta, the agreement is very eatiafactory.

- 12 -
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The experimental values for the damping coffiCtent and the ad-

ded mass an, compared with Grim's theoretical values for zero speed

[1]. In figure 9 this comparison is made for the whola model and it

follows that the calculated added mass agree, very well with th. mean

of the experimental values at the various forward speed.

Grim's damping oo.ffiaiints for zero speed are smaller than the

experimental values, but at zi.onunce (cJ7) the difference is less

than 10%.

Due to the irifluenee 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 ooffi-

cienti and th. added masses are plotted for e&oh section.

Pinally 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 shift of the

duping oofftcieflt distribution toward the afterbody for increasing

frquencies resulting in a negative velocity coupling cofficietit,

The speed rang. from 0 to n
15 is too large to permit xtx'a-

po.lation of the experimental cross coupling co.fficiants, but such

a negative offioient could certainly be in un. with the experimen-

tal values, which were found in the speed rang. F .15 to .30,

Comparison with the results of earlier measurements on the same

model reveal some differ.nce.[9]. It must be ruarked,howevsr, that

in the present case only the first harmonic of the exciting force

function is taken into account. Iu[91 th. assumption was made that

the exciting force function was purely harmonic. By representing

this funotion simply by an amplitude, a frequency and a phase angle

some influence of th. higher harmonics could have entered in the de-

termination of the ooffiaient of the motion equations.

.xp.riin.nts[8J show the influence of non linear damp-

ing terms in heave, a. do the tests by Tanaka and I(itsgaw4ll) for
pitching. Prom this last paper it follows that the linearized quadra-

tic damping can increase th. linear damping oojfficint by some 20%

at resOflaflc.

The damping coffioL*at$ found with the present experiments are

15 to 20% lower at resonance than the earlier neeults Th. added ease

values agree fairly well and also th. heave veloaity cross coupling

ooXXioientb agree ,atisfaotorI with the earlier results in the

range ) - 7 to 10 rad/sec,
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APPENII

iental determinaton of th 4apin o9t ientandjf a-

The ehipaodel performs a forced harmonic oscillation in the

vertical direction with an amplitude r and a circular frequency 0,

thus:

The linearized equations of motion wiU. be

+ b + cz F1 sin (cat + 0(1)

+ Gz H1 sin (t
+

where:

a total mass including ridded mass,

b = damping coffioiønt,
o restoring force coffioient,

D, 2, G = erase coupling coifficiente,

=
amplitude of first harsoniootekoitingfo'ce

amplitude of first harmonic of exciting màment

oc phase angles,

Substitution of (1> in (2) gives:

-a + C r = COB °i

brc F1 sin

-Drj2 + Or K1 ace

H1

The in.phae. and quadrature components of the exciting force

are measured br means of straingauge dynamometers and a data reduo

tion 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 models Thus:

1
coo = (F cos

(1)
+

cos
(2)

and:.
N1ooe(31 °°°1

(1)
(? 008

- 14 -
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where 2 is the distance between thatwo pueb-rode. Similar expres
aions are valid for the quadrature Components1 o en U are found
from

P1 N1
c=-' andG=

as a function of the forward speed of the model.

The added mass is toud from:

where is the mass of the model.
n case of the seven section model only the first two equati-

one of (3) are used for each individual section An estimation of
the sectional dasping cofficient distribution N(z) and the sac-'
tiona3. added mass distribution is found by using the rala-
tions.*

LI?
N(seotion) f N(x) dx

m(5ectior) #[ m5(x) dx

It is aloe assumed that the distributions over the length of
the ehipmodal are given by smooth curves (see figures 6 and 7),

The forces in phase with the heave displacement and those 90
degrees out of phaee with the displacement (aadr*tur components)
are found by multiplying the total measured vertical force by
ainct and coac1t and by taking the time average of the result,
thus:

iiatt. n n)t

in fcoet. tin(kA+ n

The exciting force function is nearly harmonic ad p can be
united to 2 or 3, In a similar way the nthharmonias can be found
by mulUp.yLng the force funotin by sin n-cjt-and- uoe u wt

- 15 -
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£ non linear set of equations, replacing (2) is proposed by Tanaka

and Kitagaws [ii) namely:

3

+ b1 + b2L I + + c2z2 + 035 = t ein(n c. t i' c(s)

I (k)

3

+ + E21 + Gm ein(nc.t +

Th. non linear terms in (+), however, are not considered in the pre-

sent paper. The inclusion of the term c3m3 introduces an additional

first harsonic tera since:

o3r3 sin3cjt - e3z'3( sinct - sin 5ct).

It was found, however1 that 03 is negligibly small for the wh1e

model me well as for each siction, and ctonsequsntly no correction

is necessary in the first equation of (3).
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DISTRIBUTION OF DAMPING AND ADDED MASS
ALONG THE LENGTH OF A SHIPMODEL*)

1. Introduction

During the last few years the methods for the
evaluation 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], [5] 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 mass can be 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 -sFiipmodet with experimental
val'ues 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 cx-
peHment gives 15 % to 25- % larger values than the
theoretical stripmetliod values. -:

) Publication No. 21, Shipbuilding Laboratory, Dclft.

by

Prof. Ir. J. GERRITSMA and W. BEUKELMAN

Summary

Forced heaving experiments were carried out with a seven-section model in still 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 dis'placement 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 results show a fairly large influence of frequency and forward speed 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 damping and added mass
at zero speed.

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 definite
dependence on speed was found.

The relatively small influence of speed on 'the
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 rangeof oscillation frequencies and forward speeds.

2. The model

The shipmodel is a parent model of the Series
Sixty with a blockcoefficient C13 = 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,
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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 figure 2 the principle of the experimental set-
up is given. The seven-section shipmodël 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 each section are
measured.
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TABLE 1. Main particulars of the ship model

Length between perpendiculars 2.2 58 m
Length on the waterline 2.296 in
Breadth 0.323 m
Draught 0.129
Volume of displacement 0.0657 rn3
Blockcoefficient 0.700
Waterplane area 0.572 m2
Waterplane coefficient 0.785
Coefficient of midlength section 0.986
Prismatic coefficient 0.710
L.C.B. forward L/2 0.011 in
Centre of effort of waterplane after L/2 0.038 m
Froude number of service speed 0.20

Figure 1 - off

The vertical forces acting on each section are
separated into the components in phase with the dis-
placement and into thequadrature 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 I .and cos w t
by means of -a sine-cosine synchro resolver connected
to the main shaft of the mechanical oscillator.



Averaging circuits with chopper stabilized ampli-
fiers were used to determine the mean vlues of the
in phase- and quadrature force components.

The system appeared to give accurate and con-
sisterit results. A high, accuracy is needed in partic-
ular for measuring the damping forces, which are
small ij1 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 n-times the
frequency of the main oscillator shaft, where
n = 1, 2, 3 .....

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 T[anaka and Kitagawa [11].
It was decidd to study non linear effects in a later
stage as the comparison with theoretical results
seems the most urgent at this mOment

As only two channels were available for measuring
the forces and ithe 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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namely F,i .1 , .20, .2, .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 w 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 amplitude. 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
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COMPARISON OF TIlE SUP'IS'OF SECTION RESULTS AND TIlE WhOLE MODEL RESULTS

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 'figure
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'3 and sectional added masses

are plotted over the length of the shipmodel. as
a function of frequency and forward speed. The
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
En = .15
- kg sec2/m

TABLE 2b. Sectional damping coefficients
En .15

- kg sec/rn

0)
rad/ 1. 2 3 56 sum of whole

sections model

0)
rad/ 1 2 3 4 S 6 7

sum of whole
sections model

Sec sec

4 -1,21 0,59 -.:O,54 0,87 0,4.1 -0,17 1,84 42,03 9,78 5,78 3,80 4,80 2,00 35,63
5 0,33 1;1 5 1,33 1,60 1,29 0,60 -0,05 6,25 6,49 5 3,32 6,74 6,46. 5,28 5,14 5,46 1,80 34,20 33,80
6 0,31 0,66 1,08 1,3:8 1,26 0,65 0,02 5,36 5,37 6 1,82 4 ;42 4,55 4,58 4,52 4,78 1,67 26,34 26,5 3
7 0,28 0,58 1,03 1,35 1,26 0,70 0,08 5,28 5,19 7 1,71 3,42 3,42 3,64 3,96 4,30 1,57 2 2,02 2 1,77
8 0,24 0,60 1,09 1,3,7 1,28 0,76 0,10 5,44 5,26 8 1,61 2,31 2,26 2,75 3,3:5 3,94 1,53 17,75 17,49
9 0,21 0,64 1,19 1,41 1,31 0,81 0,12 5,69 5,55 9 1,50 1,58 1,36 1,96 2,80 3,66 1,51 14,3 7 14,2 2

10' 0,20 0,69 1,29' 1,48' .1,34 0,85 0,14 5,99. 5,91 10 1,36 1,08 0,76 1,39 2,36 3,43 1,49 11,87 1 1,63

11 0,18 0,74 1,36 1,54 1,39 0,86 0,16 6,23 6,12 11 1,18 0,73 0,47 1,04 2,06 3,24 1,49 10,2 1 9,83
12 0,18 0,78 1,40, 1,60 1,45 .0,90 ' .0,17 6,48 6,39 12 0,95 0,47 0,44 0,87 1,89 3,09 1,50 9,21 8,54
13 0,19 0,82 1,44 1,66 1,51 0,94 0,17 6,73 6,69 13 0,72 0,31 0,48 0,85 1,82 2,98 1,49 8,65 7,62
14 I,23 0,84 1,47 1,70 1,56 0,95 0,16 6,91 6,88 140,46 0,22 0,55 0,95 1,83 2,87 1,50 8,38 7,43

Fn .20 Fz = .20

4 0,59 0,83 1,29 1,59 1,15 0,22 -0,27 5,40 5,63 4 1,53' 4,53 5,08 5,05 5,73 6,63 2,50 31,05 3 1,33
5 0,57 0,86 1,48 1,50 1,24 0,52 0,11 6,28 5,63 5 2,04 4,70 5,02 4,98 5,08 5,70 2,18 29,70 3 0,16
6 0,32 0,65 1,00 1,40 1,23 0,64. 0. 5,24 5,19 6 1,95 3,95 4,32 4,45 4,52 5,07 2,07 26,3 3 26,15
7 0,25 0,55 1,02 1,37 1,20 0,71 0,09 5,19 5,08 7 1,74 2,96 3,32 3,44 3,97 4,66 1,99 22,28 21,87
8 0,21 0,55 1,08 1,38 1,21 0,75 0,12 5,30 5,18 8 1,50 1,91 2,25 2,81 3,49 4,38 1,94 18,28 17,78,
9 0,19 0,59 1,15 1,43 1,26 0,78 0,13 5,53 5,44 9 1,29 0,96 1,29 2,07 3,07 4,18 1,90 14,76 14,61

10 0,19 0,65 1,23 1,49 1,33 '0,83 0,14 5,86 5,78 10 1,10 '0,37 0,62 1,54 2,70 4,01 1,90 12,24 12,14
11 0,19 0,72 1,30 1,54 1,38 0,85 0,16 6,14 6,07 11 0,92 0,04 0,31 1,20 2,40 3,90 1,91 10,6 8 10,40
12 0,20 0,77 1,37 1,60 1,45 0,88 0,17 6,44 6,32 12 0,74 -0,15 0,21 1,01 2,18 3,84 1,93 9,76 9,03
13 0,20 .0,82 1,42 1,65 1,50 0,92 ' 0,17 6,68 6,60 13 0,53 -0,26 0,27 0,91 2,04 3,77 1,93 9,19 8,00
14 0,20 0,84 1,47 1,69 1,55 0,94 0,16 6,85 6,78 14 0,27 -0,31 0,44 0,86 2,01 3,67 1,92 8,86 7,44

En. = .25 Fn = .25

4 0,86 1,09 1,26 1,66 1,20 0,16' -0,32 5,91 4,99 4 2,13 4,80 5,38 5,20 5,98 7,63 2,85 33,97 3 5,88
S 0,51 0,82 1,08 1,45 1,18 .0,44 -0;'14 5,34 5,0 6 S 2,12 4:02 4,82 4,82 5,24 6,28 2,5.6 29,86 3 1,74
6 0,33 0,65 1,01 1,38 1,19 0,55 -0,02 5,09 4,89 61,97 3,43 4,17 4,23 4,62 5,68 2,35 26,45 27,63
7 0,23 0,54 0,98 1,36 1,22 0,64 0,04 5,01 4,93 7 .1,7.1 2,59 '3,29 3,5:6 4,10 5,40 2,23 22,88 2 3,12
8 0,20 0,54 1,03 1,39 1,26 .0,68 0,08 '5,18 5,13 8 '1,48 1,58 2,28 2,8,3 3,68 5,21 2,19 19,25 18,75
9 0,19 0,57 1,09 1,42 '1,30 0,72 0,10 5,39 5,40 9 1,2,1 0,66 1,34 2,22 3,31 5,07 2,17 15,9.8 15,24

10 0,18 0,62 1,19 1,48 1,34 0,77 0,12 5,70 5,65 100,95' -0,06 0,60 1,68 3,00 4,96 2,20 13,33 12,6 9.
11 0,19 0,70 1,28' 1,54,1,40. 0,80 0,14 6,05 5,89 11 0,73 -0,43 0,13 1,27 2,77 4,8:5 2,27 11,59' 10,9 0
12 0,20 0,76 1,37 1,60 ,45 083' 0,16 .6,37 6,21 120,52: _0,56 -0,03 1,03 2,63 4,74 2,29 10,62 9,78
13 0,21 0,81 1,43 1,67 1',5O'H'0,88 0,18 6,68 6,59 13' 0,32 -0,54 0,02 0,92 2,57 4,62 2,30 10,21 9,00
14 0,21 0,85 1,46 1,72 1,53 0,91 0,18 6,86 6,84 14 0,15 -0,49 0,11 0,94 2,64 4,49 2,26 10,10 8,60

F,, = .30 En = .30

4 0,70 0,91 1,49 1,58 1,07 -0,10 -0,22 5,43 Si59 4 1,78 4,40 4,40 5,15 6,78 7,60' 2,98 33,09 38,10.
5 0,42 0,56 I ,26 1,42 1,10 0,32 -0,03 5,05 4,68 5' 1,86 3,62 4,22 4,56 5,80 6,78 2,70 29,54 32,52
6 0,25 0,44 1,15 1,39 1,07 0,45 0,07 4,82 4,51 6 1,75 2,77 3,5.0 4,10 5,18 6,32 2,55. 26,17 28,45
7 0,19 0,40 1,12 1,41 1,06 0,51 0,12 4,8:1 4,66 7 1,51 1,92 .2,64 3,41 4,79 5,92 2,51 22,77 24,64'
8 .0,16 0,42 1,14. 1,45 1,08 0,58 0,13' 4,96 4,9.3 8 ' 1,21 0,99 1,70 2,81 4,5.0 5,73 2,51 19,45 20,40
9, 0,1 5 0,47 1,18 1,46 1,1:6 0,64 0,14 5,20 5,23 9 '0,87 0,03 0,87 2,29 4,27 5,54 2,54 16,41 16,67

10 0,15 0,55 1 ,2 6 1,47 1,22 0,68 0,17 .5.,50 5,48 10 0,64 -0,87 0,17 1,88' 4,07 5,42 2,59 13,90 13,95
11 0,16 0,62 1,34 1;52 1,28 0,74 0,18 5,84 5,82 11 0,47 -1,40 -0,32 1,57' 3,90 5,35 2,63 12,20 11,85
12 0,17 0,69 1,41 1,57 1,35 0,81 0,19 6,19 6,18 12 0,42 -0,56 -0,63 '1,37 3,72 5,28 2,66 11,26 10,42
13 0,19 0,77 1,46 1,62 1,40 0,86 0,20 6, 5,0 6,47 13 0,45 -1,46 -0,73 1,23 '3,56. 5,19 2,66 10,90 9,96
14 0,21 0,83 1,49 1,67 1,45 0,89 0,20 6,74 6,77 14 0,56 -1,24 -0,54 1,16 3,39 5,03 2,62 10,98 10,46



20

10

0

20

10

0

20

10

20

10

0

20

10

61j

E

1-

20

10

20

10

U

20

10

20

10

0

20

10

20

10

0

20

10,

0

20

10

a

20

10

0

20

10

DISTRIBUTJQN Q CTIONAL DAMPING COEFFICIENT OvER TIlE LENGTH' A SIIIPMODEL

Firc 6 OQ

8

Fn.15 Fn .20

61 71 'th 2 3

Fn .25 Fn.3O



a

a

4

0

4

2

4

I.

Fn.15

0

Fn20

67

il!!Ii
Ii )6 rod/sec _=_

re/sec

Ir
u12 ed/secU......

D!STRIBUTION OF SEcTIONAL ADDED MASS OVER THE LENGTH OF. A SHIPMODEL

Figure 7 OOe - 00

.9r

W 4 od/sec

4

Fn.25. Fn.3Q

2 6



I0

4

2

2

4

6

4

2

4

2

0

6

4

2

same time.a decrease of the damping coefficient of
the afterbody is noticed. In some cases even ,,nega-
tive" damping, occurs. A physical explanation of
this phenomena is not readily at hand 'butapparently
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 he-
quencies. "Negative" added mass is found for the
bow section at low'frequencies-For-higher--frequen-

2

0

2

0

cies 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, 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 negligibly 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
'hand,an_the_corresonding directly measured
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values as found from the tests with the whole model.
Considering the absolute magnitude 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.

Gnm'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 he damping
coefficient distribution towards the afterbody for
increasing frequencies resulting in a negative veloc-
ity coupling coefficient. The speed range from

DISTRIBUTION OF DAMPING AND ADDED MASS ACCORDING TO GRIM

6.17!

rigure 11

Fn = 0 to Fn = .1 ¶ is too large to permit extra-
polation of the experimental cross coupling coëffi-.
cients, but such a negative coefficient could certain-
ly be in line with the experimental values, which
were found in the speed range F,:. = .1 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 .jj-j account. In [9] the
assumption was madethat 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 [111 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 I 5 to 20 % lower at resonance than
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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 earlier re-
sults in the range (1) 7 to 10 rad/sec.

APPENDIX

Experimental determination of the damping
coefficient and the added mass

TheshipmodeI performs a forced harmonic oscilla-
tion in the vertical direction with an amplitude r and
a circUlar frequency w, thus:

z r cos w I (1)

The linearized equations of motion will be:

a + bz + cz = F1 sin (w I + a,)
Dz + Ez + z = M1 sin (w I + j9.)

(2)
where:

a = total mass including added mass,
b = damping coefficient,
c = restoring farce coefficient,

D, E, G = cross coupling coefficients,
F1 = amplitude of fitst harmonic of exciting

force,
M1. = amplitude of first harmonic of exciting

moment,
phase angles.

Substitutionof (1) in (2) gives:

arw2 + cr=F1 cosa1

D r w2 + G r = M1 cos

brw=F1 sina3
(3)

E r w M1 cos fi,

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:

F1 cos a = (F1 cos a) (1) + (F1 CO5 01) (2)

and:

M1cosflj= {(Fjcosai) (')(Ficosai) (2)) /

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

F1 M1c= andG==-
r r

as a function of the forward speed of the model.

The added mass is found from:

.,n.zz =

where V is the massof the model.

In case of the seven section 'nodel only the first
two equations of (3') are used for each individual
section. An estimation of the sectional damping
coefficient distribuion N'22 (x.) and the sectional
added mass distribution m' (x) is found by. using
the relations:

L17

N (section) j N'22 (x) dx

L/1
nj (section) = . .ni'zz (x) dx.

0

It is also assumed that the distributions 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 w '/ and by taking the time average of the
result, thus:

F1 cos a1 = Jsincot. F,, ('ii 0) t + a0) di

., T P
F1 sin a = -- f cos w t. F0 (n w I + a,,) diT0 1

The exciting force function is nearly harmonic
and p can be limited to 2 or 3. In a similar way the
ii th harmonics can be foun.d by multiplying the
force function by sin ii w I and cos.n w I.

A non linear set of equations, replacing (3) is
proposed by Tanaka and Kitagawa [11] namely:

a+ + b
j
+ cz + c2z2+ c3z=.

= Xv. F,, sin (ii w t ± a,,)

Dz+E,z±EI ±Gz
Xi, M,, sin (n t +. a,,)

(4)

The non linear termsin (4), however, are'not con-
sidered in the present paper. The inclusion of the
term c3z3 introduces an additional first harmonic
term since:

c3z3 c3r3 sin3 w I = c3r3 ('sin w tsjn 3w 1).

It was found, however,, that c3 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).

13
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List of symbols

a = Total mass including added mass.
b = Damping coefficient (also N20).
c = Restoring -force coefficient.

C,3 = Blockcoefficient.:
D, E, G Cross coupling coefficients.

F1 = Amplitude of first harmonic of exciting
force.

Fit = Froude number.
1 = Horizontal distance between pushrods.

L = Length of shipmodel. -
M1 = Amplitude of first harmonic of exciting

moment. -

Added mass for whole model or for a
section with length- L-.

Sectional added mass.
Sectional damping coefficient.
Damping coefficient for whole model -or
for a section with 1engtl 1/ L.

z = Heave displacement.
01, fit = Phase angles.

e = Density of water.
V = Volume of displacement.

= Circular frequency.
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