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NOTATI ONS

a, b , c, 4, e, g Coefficients in heave equation

D, 8, C, A , B, C Coefficients in pitch equation

£33 Non-dimensional added mass in heave
equation

833 Non—dimensional damping in heave equation

F(t) Total heave forcing function

F’ (t) Heave forcing function near bow

F”(t) Heave forcing function near stern

F Force amplitude of in phase component of
F(t) -

F ‘ Force amplitude of in phase component
S F’(t)

F “ Force amplitude of in phase componentS F”(t)

Force amplitude of 90 . degree out of phase
component of F(t)

F ‘ Force amplitude of 90 degree out of phase
C 

- COmponent o f F ,,’ (t)

P “ Force amplitude of 90 degree out of phase
C component of F”(t)

F Froude nunber .~~ - - - - - -

[V/1(-gravitational acceleration)L]

L Length between perpendiculars (LBP )

M(t) Pitch forcing function

Moment amplitude of in~ phase component
of 11(t)

11 Moment amplitude of 90 degree out of phase
C component of 11(t)

a

iv



0

.
NOTATIONS (continued)

in Added mass in heave equation

11 
- 

Mass of the displaced water

t Time

T Total run time

x’ Forward moment arm from LCG to foiward
block gauge

Aft moment arm from LCG to aft block gauge

z, z, ~ Heave displacement with firs t and second
derivatives in time

Single amplitude in heave oscillation

p Non—dimensional frequency of oscillation

y Non—dimensionalization-’6f - - cross—coupling
• coefficient, D

I Non— dimensionali zation of cross—coupling
coefficient , E

h i , ~~~ $ Pitch displacement with firs t and second
derivatives in time

Single Amplitude i~ pitch oscillation

Radian frequency of oscillation

a Phase angle between the applied heave
force and heave displacement

B Phase angle between the applied pitch
moment and pitch displacement

.
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ABSTRACT

Pure heave oscillation tests were conducted within a

range of forward speeds, frequencies, and amplitudes of

oscillation on two single hull models representing a small

waterplane area design with prime buoyancy derived from the

well submerged bulbous hull. Geometrically, the models

diffe red only in size. Comparing the experimentally obtained

non—dimensionalized heave motion coefficients of the two

models generally showed independency of model scale, forward

speed and especially amplitude of oscillation. The effect

of twin hull interaction on the coeff icients of heave motion

was determined with additional experiments on a third model

(the twin hulls of the larger model) with the result that

interaction was fairly insignificant. The test results with

a discussion and conclusion for all three; models are presented

in this report.

ADMINISTRATIVE INFORMATION

This work is part of a fundamental study of SWATH type hull forms

authorized in Task Area ZF 434—22001, Element No. 62754 N.

1
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INTRODUCTION

In the process of developing analytical prediction methods for the

motions of SWATh (Small Waterplane Area Twin Hull) type hull forms in

waves , the Naval Ship Research and Development Center is developing a

- 
theory for determining the dynamic coefficients of the equations of

motion in the heave mode. Experimental verification of the prediction

methods for the small waterplane area hull form is important, especially

since nonlinear effects in damping and possibly added mass can be present

which are not incorporated in present theory. For this purpose two

models, differing only in size, were oscillated sinusoidally in heave

at various amplitudes and frequencies while the model was towed at

several forward speeds. Each model consisted of only a single hull

of SWATH I design. Of further interest was the degree to which the two

hulls of a SWATh type ship affected each other. Hence, a twin—hulled

model was oscillated in the same manner as that used in the single hull

oscillation work. The forces and moments needed to impose the vertical

displacements for all three models were measured and the results used

to compute the coefficients of the heave equations. The coefficients

presented here in non—dimensional form were compared to determine the

effects of model scale, forward speed, amplitude of oscillation, frequency

of oscillation, and hull interaction on heave motion.

2
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MODEL PARTICULA RS

The three models used in the pure heave oscillation tests were all

of SWATH I design. With reference to Table 1, the first model was a

single, small hull with a surface piercing strut. The second and third

models were respectively a large, single hull and large twin hulls (Model

5226) both scaled 2.25:1 with respect to the first model. Each hull was

comp letely submerged wi th only a fai red cylindrical strut extending

vertically upward piercing the free water surface as shown in Figure 1.

Consequently , the strut  had a constan t waterplane geomet ry and area with

vertical displacement. Geomet rically also the strut was symmetrical about

both the amidship and the centerline planes.. The hull was a body of

revolution about a horizontal aais lying in the centerline plane. The

body was nearly symmetrical about ami dàhip except for the stern where

design allow ances for the propeller were made. Table 1 and Figure 1

give further essential dimensions including the Q~ to Q twin hull separation

of 3. 37 feet. The separation of the twin hulls was accomplished by two

aluminum channels equally spaced from amidship. For the tes ts all three

models were rudderless , had dummy propeller hubs replacing the stock

propellers , and had no turbulance inducing sand strips at the bow . The

models were ballasted for zero trim.

I
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EXPERIMENTAL 
- 

SET UP AND TEST PROCEDURE

Each of the three mode1~ was forced to heave sinusoidally about

the design waterline (DWL) . The oscillator utilized for the tests was the

MARK II on Carriage 2 of the’ Center’s Deep Water Basin. Incorporating

the SCOTCH Yoke in its design made it possible to achieve very good harmonic

heave displacements in the desired frequency range of 0.35 to 3.0 cps.

The frequency of oscillation was adjustable by the voltage input to the

oscillator’s motor.

The block gauge location and the frame used for attaching the single

hull and twin hulls to the oscillator are shown schematically as top views

in Figure 2. For the small single hull , two ± 25 pound, 2 inch block gauges

were mounted equidistant from ’ ~~amidship~ • - - and secured to the

oscillator by means of a 1 inch thick aluminum plate. The large single hull

was similarily mounted using two ± 500 pound , 4 inch block gauges and an

“I” beam structurally connecting the gauges to the oscillator. The same

frame with the two ± 500 pound block gauges was used to attach the twin hulls

to the oscillator. In this case, of course, the gauges were mounted onto the

two aluminum channels connecting the twin hulls.

In determining scale and speed effects on the heave motion coefficients

for the small and large single hulls of SWATH I , Froude scaling was used .

The selected speeds in equal increments were Tn 0, 0.20, 0.40, and 0.60,

which corresponded to 0, 1.47, 2.93, and 4.40 knots for the small model.

and 0, 2.20, 4.40, and 6.60 knots for the large model. Single amplitudes -

of oscillation were 0.17 , 0.22, 0.63, and 1.20 inches for the small model,

0.38, 0.50, l.40,and 2.70 inches for the larg. single hull and 1.40, 2.00,

and 2.70 inches for the large twin hull configuration. For each of the

4
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speeds and amplitudes, the heave oscillat ion was within 0.53 and 3.00 cycles

per second for the small model and 0.35 to 2.00 cps for the large models with

the exception of the twin hull configuration where higher frequencies had to

be deleted due to excessive forces.

Concurrent to oscillating the twin hulls in heave, an attempt was

made to datermine the height of the craft generated waves between the two

hulls by placing an ultrasonic. transducer at various stations sd.dway

between the hulls . However, because a standing wave pattern existed for

all investigated speeds , frequencies , and amplitudes , f requent signal

“drop out” occurred. This occurred whenever the wave slope was significantly

large in the area of the transducer. This problem could have been alleviated

by using a horizontal array of transducers ; however, considering the-~

• difficulties encountered with the ultra sonic probe together with possible

interference effects between them an alternative transducer should be used

as for example the electrical resistivity of vertically stretched wires in

a horizontal array. Since this method was beyond the intended scope of th.

experiments and since the data obtained with the single ultrasonic probe was

meaningless, no quantitative twin hull generated wave results are prss.nt.d

in this report.

•
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with the in and 90 degrees out of phase heave force components F~~ and

Fc given by the expressions 
-

P5 — F ’  + F5
1’ 

~i0)

P — F ’ + F ” (11)
C C C

Inserting z and its derivatives into expression (3), and equating

the coefficients with like terms gives the following two parameters: -

- z c — F  -

a —  — 2  (3.2)

F - 
-

- b — - - - ~ (13)- -

.

Experimentally obtaining c is achieved by vertically displacing the model

and measuring the resultant force. Comp utationally, the weight of the

displaced water for a given vertical displacement must be determined from

the geomet ry of the model. The restoring coefficient -for each of the

three models tested are presented in Table 1 and are used in all subsequent

calculations . The coefficient was a constan t for each model since only the

cylindrical strut , which had a constant waterp lane area, ever pierced

the f ree water surface .

The cross—coupling coefficients D and E can be obtained in a manner very

similar to that already used for obeaining the dynamic coefficients of the

force equation’.. The moment function, M(t), in its basic components can
.

be written as:

M(t) — sin (wt) + M cos (wt) (14)

8



For the harmonic oscillation tests conducted in pure heave only,

equations (1) and (2) can be simplified. Since pitching motion is totally

absent , ~ji and its derivativeà ~p and i~
, ‘are all equal to zero. Equations

(1) and (2) then become respectively

a z + b ~~+ c z F(t) (3)

Dz + E z + G z  — M(t) (4)

(btaining the acceleration and velocity coef ficients in force equation

(3), the function must first be reduced to its basic components, i.e.:

F(t) — P sin (ut) + F cos (wt ) (5)

• where the term P5 sin (wt) is in phase and F~ cos (wt ) is 90 degrees out

of phase with the heave motion. For a- náarly lia*ionic forcing function of

period ~~~~~ , equation (5) is the most significant portion of the Fourier

series of F(t), ,Re ference ~1. The forcing function F(t) , given here is

furthermore the sum of the forward force function F’ (t) and the aft

force function F” (t) . The Euler formulas of the series are: -

- 

F8’ — 
~ 

F’ (t) sin (tu t) dt 
- 

(6)

— 
2 

~

. T 
F” (t ) sin (wt ) dt (7)

q~~o

2 T

~c’ ?S F’ (t) cos (ut) dt (8)

— 
~ \ F” (t) cos (wt) dt (9)

S “ 0

7
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The force signal in analog form of the forward block gauge, F’ Ct),

and the aft block gauge , F”(t) , were used to electronically obtain

F ” , F~ ’ and Fe” . Each of the two signals was multiplied by sin (wt)

and cos (wt) utilizing two sine and two cosine potentiometers respectively.

The potentiometers were linked mechanically to the oscillator in order to

rotate ~t the frequency of oscillation and in phase with the oscillation.

The products F’ (t) sin (wt) , F”(t) sin (wt) , F’(t) cos (wt), and F”(t) ) -

cos (~ t) were then integrated over an integral nuirber of cycles ranging

f rom 1 to 10 cycles of oscillation. Multiplying each of the four integrated

values by 2/T gave F9
’, F5”, Fe

’, and F ” . These force amplitudes were

substituted into equations (10) thru (13) together with the known values of

z and c to get a and b. Similarly a substitution into equations (15) thru

(18) with the known vilues of , C, and w allowed equations (15) and (16)

to be solved for D and E.

DISCUSSION OF RESULTS 
- 

-

All of the experimentally determined dynamic coefficients presented

here are non—dimensionalized by the techniques used in previous harmonic

oscillation tests with a catamaran , see ’1e feteuee—~L], and the techniques

indicated by Program YFl7 , see Re fe rence ~~~~~~. The static restoring ~~

coefficients, c, for the three models are constants within the heave

amp litudes investigated and are presented in Table 1. The cross—coupling
S

coefficient , C, is zero as stated earlier. Before non—dimensionalizing the

previously calculated dyna mic coefficients of the force equation , a must

fi rst be expressed in terms of its two components, i.e.

10•



a — M + m  (19) -

where M — mass of the displaced water

m added mass

The added mass , a, damping coefficient, b , and the frequency of heave

oscillation ~z , become in non—dimensionalized form:

A33 M

- B 3 — b ‘ 

(21)
- - ~ Mlgravit~uonai acçeleration/L

— wit/gravitational acceleration 
- 

(22)

• where L - length between perpendiculars (LBP)

Non—dimensionalizing the dynamic cross—coupling coefficients, D and B,

, of the moment equation , the following results were obtained

4”- -

A53 —~~~

—EB —
MLigravitational acceleration /L

The non—dimenajonalized added mass and the non—dinmnsianalj zed

damping versus non—dimensionalized frequency are presented in Figure. 3a

thru 8d with first the small , single hull model followed by the large,

single hull model and finally the large , twin hulls. The figure subgrouping
-

. a , b , c, and d are for the four speeds P~ — 0, 0.20 , 0.40 , and 0.60 ’

respectively. In general, the added mass and damping for all three models

indicated good repeatability. The ncn—dimenaionalized coefficients A53
and B53 were found to bs very small in magnitude. This was anticipated

- 

—
b 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 1_
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since all th ree models were nearly symmetrical about midship. Due toC

the insignificanceiof the results forrn the - two - crossrcoupling - coefficients,

theylare not presented in - this.~repor~ .; ~~~~~~ - . - . -  “:~o.

In discussing the effects of amplitude of oscillation, model speed,

and scaling on the added mass and dancing of a single hull of SWATH I ,

- refe rence is made to Figures 3a thru 6d. Except for a few isolated

incidents, both added mass and damping were markedly linear with oscillation

amplitude in the investigated non-dimensionalized frequency range of 1.2 to

7. 4 and the speed range of F~ — 0 to 0.6 for both models. The exceptions

were primarily at the very lowest frequencies where i c.:.. r~i~ia3 in

measurement can be expected , se..rIIeferanee 4, Both dynamic coefficients

£33 and B33~ were also generally independent of forward model speed. The

added mass for the small model in Figures 3a thru 3d showed a coi~non trend

of being inversely proportional to frequency up to about ‘~a — 2.7 ,

whereafter £33 increased with frequency almost asymptotically to an

approximate value of A33 — 0.43. Wi th increasing model speed , the slope

decreased slightly for frequencies greater than i.t — 2.7. Damping for the

same model, given in Figures 4a thru 4d , showed some dependency on speed in

the low frequency range up to ~ — 2.7 . Here the damping coefficient 833
increased ~,ith increasing model speed particularly for Froude nuabers

greater than 0.2. For frequencies greater - than 1~ — 2 .7 , damping became

both independent of model speed and linear with frequency. The added

mass - for the large , single hull SWA~H I (Figures 5a thru 5d) was almost

12 - -
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identical to the results obtained for the small model with the exception

that the dip in A33 at the frequency of ~ — 2.7 was almost not noticeable

and the asaptotic value of £33 — 0 4 3  was approached much faster with

- 
increasing frequencies. The damp ing coefficients (Figures 6a thru 6d)

showed trends similar to those encountered with the small model except -

for a~ -reduction in magnitudes- especially for higher frequencies and a - -

- ~~~~ -

negligible Speed dependenty. ~— Comparir~g~tbe non~-dimensiona1Lzed added -

mass of the two models differing only i~ éize thus showed general m dc—

pendedce to model scale whereas-the non—ditnensionalized damping indicated

some scale’ dependency primarily t~ the high frequency range.

Hull interaction effect on added mass and damping is discussed with

reference to Figures 5a thru 6d for the large single hull and Figures 7a

thru 8d for the large twin hulls • The added mass for~the large single

hull, as discussed earlier (see Figures Sa thru 5d) , was generally

inversely proportional to frequency up to approximately p — 2.7 where a

constant value of A33 — Ô.43 was reached. Linearity with amplitude of

oscillation and speed tn~tependency was especially good for frequencies

greater than ~,& — 3. Damping for the same model (see Figures 6a thru 5d)

was speed independent and linear with amplitude. The twin hull., having

£ to f hull separation of 3.37 feet , has va2ues for A33 that differed

somewhat from the single hull case in both magnitude and trend. . With - .

reference to Figures 7a thru 7d , the slope of A~~. for low frequencies

gradually became more positive with increasing model speed as opposed to

the consistently negative slope for the single hull. With increasing -

• frequency , £33 approached a constant value of about A33 — 0.50 as compared

to the single hull case of £33 — 0.43.

13



Damping characteristics for the twin hull model shown in Figures 8a thru 8d ,

were similar to the trends for the single hull. In both cases damping

generally decreased up to a frequency of p — 2.7 and increased linearily

with frequency. Hull interaction was thus found to affect the non—

dimensionalized added mass , especially 6or higher model speeds whereas

non-dimensionalized damping was not notably affected.

CONCLUSIONS

Ba~ed on the results of harmonically oscillating two single hulls

differing in size and one twin hull configuration all of SWATH I design,

the ~foiLlowing conclusions are made concerning the effects of model scale,

forward speed , amplitude of oscillation , and hull interaction on the

dynamic coefficients of the heave equation : -

- 1. Model Scaling — Froude scaling is applicable within the limits of

the investigated single hull model sizes and frequency range for added mass.

For damping , Froude scaling is applicable primarily in the low frequency

range.

2 • Forward Model Speed — Added mass and damping are generally -

independent of forward speed for the th ree models-. Notable exceptions are:

a. For the small single hull the dip- -in-added - müa. at p.~ 2.7

disappeared with increasing speed. Damping also increased with

speed at the very lowest frequency of p — 1.2.

- 14 
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• b. For the large twin hulls added mass decreased with speed

at the low frequency range of p — 1.2 to about 2. -

3. Force Linearity with Amplitude — Force linearity with amp litude

of oscillation is clearly present in all instances within the speed and

frequency ranges tested of both single hulls and twin hulls.

4. Hull Interaction — No noticeable hull interaction on damping is

evident but the affect on added mass is a decrease in the - low frequency

range for’ higher mode], speeds and an approximate 16 percent increase

for frequencies greater than p — 2.
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- TABLE !

MODEL PARTICULARS FOR SMALL WATERPLANE AREA
TWIN HULL SHIP I (SWATH I)

Static and Geomet ric Small Large Large
Characteristics Single Single Twin

Hull Hull Hulls

Scale Ratio of Small Model 
-

to Large Model 1:2.25

LBP, ft. 4.77 10.74 10.74

Beam at Midship , ft.  0.19 0.42 3.79

Hull Separation from to - 3.37

Vertical distance from baseline
to WL , ft .  0.62 1.39 1.39

Waterplane Area, ft .2 0.80 - 4.05 8.10

LCG aft of P.P., ft. 2.32 5.21 5.21

Wate r Surface Piercing
• Cylindrical Struts(s) :

Length, ft. 4.77 10.74 10.74

Beam, ft.  0.19 0.42 0.42

Circular Submerged Hull(s) :
Overall length f rom -

bow to end of propeller
hub , f t .  5.71. 12.85 12.85

Diameter at Midship , f t .  0.33 0.75 0.75

Fresh Water Displacement , lbs 42.1 479.1 958.2

Model Weight , lbs 44.7 539 947

Fresh Water Restoring Coef ficient
- in Heave (within the limits of
± 0.63 f t .  from DWL) , lbs/ft.  49.9 252.5 505.0

S 
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Block Gauges 

• 
_

_

Figure 2 — Test Configuration ( Top View ) for Oscillating
• the Single Huil and the Twin Hulls of SWATh I

• in Heave
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