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NOTAT IONS

a , b, c Coeff ic ients in the heave equat ion

B Beam of the cy lInder at the waterl ine

F(t) Heave forcing funct Ion

Force amplItude of the in phase component

‘
C 

Force amplitude of the 90 degree out of phase component

g Grav i tational acceleration

M Displaced mass of the oscillated body

Mass of the oscillated body

m Added mass

I Total run time

t Time

z Heave displacement from mean position

Heave veloc i ty

Heave accelera t ion

Heave amplitude

Non-dimensional ized added mass coefficient

B Phase angle between heave motIon and heave forcing
func ti on

6 Non-dimens l onalized damp ing coefficient

Rad i an frequency of oscillatIon
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ABSTRACT

Experimental investi gations were made on severa l two-dimensIona l

models to determ i ne the hydrodynamic coefficients of heave motIon .

The series of cylind rical models representing small waterplane a rea

twin hull configurations were oscillated vertically at the free

water surface at various amplitud es . The results , presented in

this report , indicate some si gnificant force nonlinearity with

amplitude. Both added mass and damping were appreciably affected

by cros s sectiona l hull geometry and somewhat by strut thickness.

Draf t var i a t ions least i n f l u enced the coeff i c i en ts of heave

mot ion.

• ADMINISTRATIVE INFORMATION

This  work is part  of a funda men tal study of Smal l  Wa ter p la ne Area

Twin Hull (SWA TH) forms authorized in Task Area ZFk342200l , Element

No. 62754N.
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INTRODUCTION

In th. process of deve lop i ng ana l yt i ca l prediction methods for the

moti ons of SWATH forms in waves , the Nava l Ship Research and Development

Center is deve lop i ng a theory for determining the dynamic coefficients

in the equations of motion . The theory determines the added mass and

damp i ng parameters of two-d i mens i onal heav i ng bod ies based on linear

assumptions. The coefficients of motion of the cylindrical bodies ,

into which a three-dimens i ona l hull can be divided , are then integrated

over the length of the hull to obtain the des i red parameters of the body.

Experimental determ i nation of the predicted added mass and damp i ng in the

heave mode for bu l bous cylindrica l sections is consequently very important.

This is especially true for damping which is possibl y dependent on nonlinea r

v iscojs effects not i ncorporated in the present theory . For this purpose,

severa l bu l bous cylinders consisting of completely submerged elli ptica l

hulls ~~th surface pierc i ng struts were forced to oscillate harmon i cally

in heave at several amplitudes over a g iven freQuency range. The forces

needed to impose these mot i ons were measured and the results therefrom used

- 
to comput. th. added mass and damp ing coefficients in the equations of

motion. The non-dimensiona lized form of the parameters are presented In

this report.

2
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MODEL PARTICULARS

The models used in the experiment were bu l bous cyli ndrica l bodies

23.25 inches in length. W ith reference to Table 1 , four models had

elliptica l hulls with surface piercing struts 1.28 inches in thickness.

The ratios of major axis/m i nor axis of these elliptica l hulls were 16.00,

4.00, 1 .78, and 1.00. The fourth model had a 4.00 i nch diameter hull and

a surface pierc i ng strut whose thickness could be varied with the addition

or removal of panels. The three strut thickness variations were 0.65,

1.28, and 1.90 inches. The cross-sectional area of all four hulls ,

elli ptical and circular , was constant and equal to 12.57 inches 2.

The circular cylindrical model was most representative of the various

sections of SWATH lil a , wh)ch has a circu lar hull cross-section and a

• vertical cy lindrica l strut hav i ng a bu l bous bow and stern. The strut

thickness/hull diameter ratio of SWATH li l a - sections spanning the

midsection from Station 2 to Station 18 ranged from 0.0 to 0.475 with an

average value of 0. 319. The strut thickness of 1.28 inches for the 4-inch

diameter model was derived from this ratio. This thickness may be

considered representative of a SWATH l i la  strut for each hull. The

strut thickness of 1.90 inches was derived us i ng the maximum value of

strut thickness/hull diameter. This maximum is located phys i call y between

Stations 8 to 12 on SWATH li la. The strut thickness of 0.65 i nches was

chosen to achieve equa l increments in strut thickness.

The ell i pt i ca l models were possible alternatives to the circular form.

The strut thickness of 1.28 i nches used for the circular hulled model was

also used here. a
3
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EXPER IENTAL SET UP AND TEST PR OCEDURE

Zach of the models was forced to heave slnuso ida lly at the free

water surface. The frame utilized for connecting the models to the

oscil lator is shown in Figure I. The ver tically positioned plates served

as “end plates” for the models and were used to preserve two-dimensional

flow around the cylindrica l shapes. The plates ’ bottom edges were

both sufficiently far from the model and tapered so as to minimize their

influence on the fluid flow around the two-d i mensional bodies . Although

the plates were stationary relative to the model they were not an

integral part of the model , but Instead were attached to the frame.

This allowed the model to be isolated , as shown in Fi gure 1 , with the

des i red result that only the static and dynamic forces exerted on the

two-di mensiona l body were measured by the block gage.

The osc i l la tor  (MARK I I  ) ut i l i zed  for the tests harmonical ly

oscillated the model in the heave mode via a Scotch Yoke. The frequency

of oscilla tion was determ i ned by the voltage i nput to the oscillator ’s

motor allowing any frequency within the desired range of 0.35 to 2.30

cps. The single amplitudes of oscillation chosen for the elli ptically

shaped hulls were 1.0 and 2.0 inches . The amplitudes selected for the

circular hull with a strut thickness of 1.28 inches and a draft of

7.40 Inches were 0.5, 1.0, 1.5, and 2.0 inches . The two alternative

strut thicknesses for -the circular hull were tested with single

amplitudes of oscillation of 1.0 and 2.0 Inches whereas the two

alternative drafts were tested with amplitudes of 0.5 and 1.0 inches.

a
4

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~ ~~~ ~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~



The various amplitudes selected were to check linearity of the force

coefficients. Variations in strut thickness and draft were to determine

the added mass and damp ing dependency on these parameters. An alternate

form for “draft” was also used . instead of presenting the waterplane

to keel distance , the distance from the waterplane to the center of the

ellipse is listed In Table I. From SWATH lil a draft specifications , the

waterplane to center of elli pse distance was determined to be 5.40 Inches

wh i ch was used as the mean “draft” for oscillating al l three elliptica l

hulls and the circular hull. The alternate “drafts” for the circular huii

were 3.20 and 7.25 I nches.

The vertica l forces exerted on the model were measured by a two-i nch

+ 100 lb block gauge mounted above the bodies ’ geometric centers (also their

C.G.’s). The gauge was chosen to accommodate the high forces of the flattes t

elli ptica l hulled model. In measuring the small forces of the circular

shaped hull the same block gauge was used since resolution was found to

be good. The tests were conducted on Carriage 2 of the Deep Water Basin

with the models ’ struts perpend i cular to the basin walls , which allowed

the generated waves to propagate away from the model in directions

parallel to the basin length.

DATA EVALUATION

In ana l yz i ng the data obtained from forcing the cy lindrica l models

to oscillate harmon i cally in pure heave at various amplitudes and

frequencies , the following equation of motion Is relevant:

a
,
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a 2 + b i + cz — F(t) (I)

where F(t) • force needed to impose the prescribed heave motion

z — sin (~ t + B) Is the prescribed heave motion with

amplitude ~~ , radian frequency of oscillation w, and

phase ang le B between z and F(t)

a — the mass of the model , M , plus the added mass , m , in

heave

b — heave damp ing coefficient

c — s ta t i c  heave restoring coefficient

In obtaining the acceleration and veloc i ty coefficients In the

above equations , the forc i ng function must first be reduced to its

basic components. The equation can be written as:

F( t) — F5 sin (ut) + F cos (wt) (2)

where the term F
~ 

sin (wt) Is In phase and F
~ 
cos (ut) is 90 degrees

out of phase with the heave motion. For a nearly harmonic forcing

function, F’(t), of period .~~.!. , equation (2) Is the most significant

portion of the Fourier series of F(t). The Euler formulas of the

ser ies are:

F — 4~ ~~ 
F(t) sin (wt) dt (3)

F — 4. 
ç 

F(t) cos (wt) dt (4)

1
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Inserting z and i ts derivat ives Into express ion Cl ) , equating this

to Equation (2) and equating th. coefficient s of like terms g ive the

following two parameters:

ic-F
- 5a

~~~_ 2
Lw

F
b — - ~ — (6)

Lw

The coefficient c can be obtained expe rimentall y or by computation .

Experimentally, c Is  obtained by ~t a t i c a I l y  d isp l ac i ng  the model in

heave and measuring the resultant force. Compu tatl onally , c Is obtained

by c m i c u i at i n g  the change in weight of the d isp laced wate r f rom the

geometry of the model with vertic al disp lacement. The restoring

coefficients are presented In Table I and are used in a ll subsequent

calculations. The coefficient was constant for each model since the

struts were all cyl Indric a l and only the struts pierced th. free water

surface. -

The coefficients F5 
and F

~ 
were obtained electronical l y by ana lyzing

the data in analog form during the test. The force si gna l , F ( t ) ,  was

mu lt l pl led by sin (u~t) and cos (ut) ut i lizing a ‘d na and cos i ne

pot.ntiom.ter , respectively. The potentiometers were linked mechanically

to the oscillator In order to rotate at the frequency of os cii iat ion and

In phase with the oscillation . The products F(t)~ in(wt) and F(t)cos (wt)

were then integrated over an integr al number of heave cycles rang i ng from

I to 10. Except for a few instances , the number of cycles selec ted wars

7
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2 and 4. The values for F~ and Fc were obtained by multiplying the

integrated terms by 2/1. SubstitutIng F~ and F
~ 

in to Equations (5)

and (6) together with the known values of T, c, and w a llowed the

two equations to be solved.

DI SCUSSION OF RESULTS

The static coefficients (restor i ng coefficients) are presented

In Table 1 and the experimentally determined dynamic coefficients in

the equation of motion are presented in Fi gures 2 through 17. All

dynamic parameters In the fi gures are non-dimens i onalized according

~~ ~~~~~~~~~~~~~~~~~~~~~ 
I.

to techniques Ind i cated by Program YFA4 ‘tsee—Referenc._.2) and:appu.4...
in prev i ous harmonic oscillation tests with two-dimens Ional bod i es

at the free water surface (see Reference---3). In non-dimens ionalizing

the added mass , damping and the frequency of oscillation , the following

express i ons were used :

a-M ’ m
°~~~~~~~ M —~~~~

b6 —

non-dimensiona l 
— 

w2B (
~

)
fre quency

where B — beam of the model at the mean waterplane position

g — the gravitationa l acceleration

ii — mass of the water displaced by the model

— mass of the mode l

m — added mass

a
8 
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Generally, models ar e b a l l a s ted such tha t M — N’ in Equation (7)

with the result tha t a (a/N) -l but this was not practical for the

cy l i n d r i c a l mode ls used here.

The order of presenting the non-d i mens i onal lzed added mas s and

the non-dImens ionallzed damp i ng versus the non-dimensiona lized frequency

of oscillation for the various models is the same as that g iv en in

Tabl e 1. That is , the elliptica l hulls with the constant strut thickness

are presented first with progressi vely decreasing ratios of major

ax i s/minor axis rang i ng from 16.00 to 1,00. These are followed by the two

strut variations for the circular hull and lastly by the draf t varia t ions

for the circular hull with the 1.28 inch strut. The sing le amplitudes

of oscillation 0.5, 1.0, 1.5, and 2.0 I nches are each given a plotting

symbol. Some data points represent an average of several runs at the

same cond it ion a l though the scattering of such points was not sIgnificant.

W ith referencs to Figures 2 through 9, the results of the models hav i ng

major axis/m i nor axis ratios of 16.00, 4.00, 1 .78 , and 1.00 tend to show

some nonlinear effects with amplitude for added mass , particularly In the low

frequency range and for damping over the whole frequency range investi gated . ‘

The expected decrease in magnitude of both coefficients is seen as the sub-

merged hull becomes more circul ar. Generall y, the added mass shows a relative-

ly shar p d i p for low frequencies followed by an increase which tends toward

constancy with increasing frequencies . The added mass for higher frequencies

of oscillation becomes more linea r with respect to both the amplitude of

oscilla tion and frequency. Furthermore , as the h u l l  becomes mor e ci rcular ,

the slope becomes sma l l e r  an d app roaches zero In the h igh frequency range.

9 
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Damp i ng for the four hull variations shown in Figures 6 through 9

also generally show nonilñearities In amplitude of oscillation

especiall y for the e l l i pt i cal hull whose major axis is 8.0 Inches

in Fi gure 7. The greatest variations in the velocity coefficient as with

the acceleration coefficient appear In the low frequency range.

De te rmin in g the dependen cy of ad ded mass on st ru t th icknes s was made

wi th the circular hul l hav i ng strut thicknesses of 0.65, 1.28, and 1.90

inches. The results are shown in Figures 10, 5, and ii , respectively. The

apparent increase in the frequency range used in testing the models with

increas i ng strut thickness Is due to the non-d imensiona lization method used

for the frequency of oscillation . The actua l range of frequencies was

the same for each model. As expected , the add ed mass decreases wi th

increas ing strut thickness especially in the low frequency range. The slope

increases from negative to posi t ive as the strut thickness Increases with

a tending to approach asymptotica ll y a value of approximately 0.55 for highe r

frequencies of oscillation . The correspond i ng dependency of damp ing on

decreasing strut thickness is shown In Figures 12 , 9, and 13. The decrease

In damp ing with Increasing strut thickness is noticeable mainly in the

change from 0.65 to 1.28 inches . Some nonlinear effects with amplitude appear

here also for both the acceleration and ve l ocity coefficients , although the

degree of non l i neari ty was less than for the a l r eady di scussed el l ipti cal

hull s.

10
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The added mass results for the draft variations on the circular hull

wi th strut thickness of 1.28 inches are shown in Figures 14, 5,and 15,

respectively. The drafts selected were 5.20, 7.40, and 9.25 inches. Added

mass in all three cases decreased with Increasing frequency and tended to

approach asymptotic ally a va l ue of approx imately 0.55 for lar ge frequencies

as was prev iously observed with the strut thickness variation on the same

model. Ths coefficien t can also be seen to be relatively inde penden t wi th

draft. The corresponding damp i ng characteristics of the three model con-

figura tions are given in Fi gures 1 6 , 9, and 17. The veloc i ty coefficient ,

6, general l y decreased wi th i nc reasin g draft. Both dynamic coefficients ,

a an d 6 tended to show some non l inea r i ty wi th amp l it ude here also a l though

to a relatively small degree.

CONCLUS I ONS

Four two-dimensiona l models with surface piercing struts and hull

cross sect ions rang in g from an ex treme el l ipse to a c i r c l e  were tested

to determ i ne the dynamic coefficients of heave motion . Strut thickness

and draft variation in the circular cylinder hulled model were also

investigated . Based on these results , the fol low i ng conclusions can be

made.:

1. In vary ing the elliptica l hull to become progressively more

circular , added mass was In genera l somewhat nonlinear In amp litude of

osc i l l a t ion over the range of frequencies tested whereas damp in g tended

to be s i g n i f i c a n t ly non l ine ar , par t i c u l a r l y  for the elliptica l hull
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whose major axis/minor axis — 4.0. As anticipated , both dynamic

coefficien ts of motion decreased for an Increasingly circular hull

form.

2. Strut thickness variations on the cir cular hulled model had

an apprec iab ls effec t on added mass only in the low frequency range where

the magnitude changed i nversely with thickness. Some nonlineari ty In

amp l i tude was present for added mass and even more so for damping

-
- throughout the investi gated frequencies. Genera lly, damp ing also

changed i nversel y with strut thickness.

3. VarIa tions in draft on the circular hulled model did not

app rec i ably affec t adde d mas s whereas dampi ng gen e r a l l y  changed i nversely

with draft. Nonlinsarities in amplitude were ev i dent for both added mass

and damp ing althoug h the degree of nonlinearity was not sufficient.
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