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ABSTRACT 

E x p e r i m e n t s were c o n d u c t e d on a s m a l l w a t e r p l a n e a r e a , t w i n - h u l l 

(SWATH) model d e s i g n a t e d as-SWATH 6A t o d e t e r m i n e t h e hyd rodynam ic 

c o e f f i c i e n t s a s s o c i a t e d w i t h t h e f o l l o w i n g f i n - b o d y c o m b i n a t i o n s : 

bare h u l l , ba re h u l l w i t h f o r w a r d f i n , ba re h u l l w i t h a f t f i n , and 

bare h u l l w i t h f o r w a r d and a f t f i n s . Three t y p e s o f e x p e r i m e n t s were 

c o n d u c t e d a t s e v e r a l speeds : c a l m - w a t e r t o w i n g f o r v a r i o u s f i x e d d r a f t s 

and t r i m a n g l e s , f o r c e d o s c i l l a t i o n i n b o t h t h e p i t c h and heave modes, 

and t o w i n g i n r e g u l a r head waves. The o b j e c t i v e o f t h e i n v e s t i g a t i o n was 

t o v e r i f y the c o m p u t a t i o n a l methods u t i l i z e d f o r p r e d i c t i n g t h e m o t i o n s 

o f a SWATH s h i p i n waves . 

I n g e n e r a l agreement between measured and computed h y d r o d y n a m i c 

c o e f f i c i e n t s c o n f i r m e d t h e v a l i d i t y o f t h e c o m p u t a t i o n a l method u s e d . 

The s t u d y a l s o p r o v i d e d v a l u a b l e i n s i g h t f o r i m p r o v i n q b o t h t h e methods 

o f c o m p u t i n g t h e hyd rodynamic c o e f f i c i e n t s and t h e method o f m e a s u r i n g 

t he f o r c e s and moments o f SWATH m o d e l s . 

ADMINISTRATIVE INFORMATION 

T h i s p r o j e c t was sponso red by t h e Naval Sea Systems Command as p a r t 

o f t h e High Per fo rmance V e h i c l e Hydrodynamic Program o f t h e S h i p P e r f o r m a n c e 

D e p a r t m e n t , Dav id W. T a y l o r Naval S h i p Research and Deve lopment C e n t e r . 

Fund ing was p r o v i d e d under Task Area SF43421202, Task 18247 , Work U n i t 

1 -1507 -200 . 



INTRODUCTION 

One o f t h e p o t e n t i a l advan tages o f a smal 1 - w a t e r p l a n e - a r e a , t w i n - h u l l (SWATH) 

c o n f i g u r a t i o n o v e r c o n v e n t i o n a l s h i p s i s i t s s e a k e e p i n g p e r f o r m a n c e a t h i g h speeds 

Two f a c t o r s t h a t p r o v i d e good s e a k e e p i n g q u a l i t i e s , i n modera te seas a r e ( 1 ) t h e 

r e l a t i v e l y l a r g e r n a t u r a l p e r i o d s o f SWATH s h i p s i n t h e h e a v e , p i t c h and r o l l 

modes compared t o monohu l l s h i p s o f e q u i v a l e n t d i s p l a c e m e n t , and ( 2 ) t h e r e l a t i v e l 

s m a l l w a v e - e x c i t i n g v e r t i c a l f o r c e due t o t h e submerged main h u l l s o f SWATHs. 

However , t h e a f o r e s a i d advan tage was f o u n d t o be t r u e o n l y when s t a b i l i z i n g f i n s 

a r e a t t a c h e d . The f i n s p r o v i d e n e c e s s a r y v e r t i c a l - p l a n e s t a b i l i t y and damp ing . 

Deve lopment o f t h e SWATH c o n c e p t n e c e s s i t a t e d t h e c a p a b i l i t y t o o r e d i c t 

t he b e h a v i o r o f SWATH c o n f i g u r a t i o n s i n waves . Such an a n a l y t i c a l method 

has been d e v e l o p e d and d e s c r i b e d . ^ I t s v a l i d i t y l a r g e l y depends on t h e 

a c c u r a c y o f t h e e v a l u a t i o n o f t h e hyd rodynamic c o e f f i c i e n t s i n v o l v e d i n t h e 

e q u a t i o n s o f m o t i o n . The v a l i d i t y o f computed hyd rodynamic c o e f f i c i e n t s 

i s n o r m a l l y assessed by compar i ng n r e d i c t e d v a l u e s w i t h e x p e r i m e n t a l d a t a . The 

p r e s e n t work i s a imed a t v e r i f y i n g t h e methods used i n e v a l u a t i n g t h e 

c o e f f i c i e n t s a n d , f u r t h e r m o r e , i n f i n d i n g ways t o improve t h e e v a l u a t i o n , i f 

n e c e s s a r y . , 

I t i s a f o r m i d a b l e t a s k t o d e t e r m i n e t h e hyd rodynamic c o e f f i c i e n t s o f 

a SWATH c o n f i g u r a t i o n w i t h t h e degree o f a c c u r a c y needed t o p r o v i d e r e l i a b l e 

p r e d i c t i o n s o f i t s m o t i o n i n waves . C o n s i d e r a t i o n must be g i v e n n o t o n l y 

t h e hyd rodynamic i n t e r a c t i o n s between t h e two h u l l s b u t a l s o t o t h e i n t e r ­

a c t i o n s between the body and t he f i n s and t o t h e i n t e r a c t i o n between t h e 

s e p a r a t e f i n s . The f r e e s u r f a c e and u n s t e a d y e f f e c t s o f t h e l i f t i n g 

c h a r a c t e r i s t i c s o f t h e f i n s a r e o t h e r d i f f i c u l t p rob lems e n c o u n t e r e d . 

1 
Lee , C.M , " T h e o r e t i c a l P r e d i c t i o n o f M o t i o n o f Sma11 -Wa te rp l ane -A rea , 
T w i n - H u l l (SWATH) Sh ips i n Waves, " DTNSRDC Reno r t 76-0046 ( D e c ' 1976) 



I t was i m p o s s i b l e t o i n c l u d e a l l o f t h e above hyd rodynamic e f f e c t s 

i n the t h e o r e t i c a l c a l c u l a t i o n o f t h e c o e f f i c i e n t s by u s i n g t h e p r e s e n t 

s t a t e o f deve lopmen t i n f l u i d m e c h a n i c s . A c c o r d i n g l y , v a r i o u s a s s u m p t i o n s 

and a p p r o x i m a t i o n s were n e c e s s a r y i n o r d e r t o e v a l u a t e t h e h y d r o d y n a m i c 

c o e f f i c i e n t s , and so t h e r e l i a b i l i t y o f t h e t h e o r e t i c a l v a l u e s needs t o -

be c h e c k e d . 

The r e l i a b i l i t y o f t h e c a l c u l a t i o n methods was checked by e x p e r i m e n t s 

w i t h a SWATH model d e s i g n a t e d as SWATH 6A. The e x p e r i m e n t s were d e s i g n e d 

to e n a b l e e x a m i n a t i o n o f t he s p e c i f i c hyd rodynam ic e f f e c t s o f s i q n i f i c a n c e 

under v a r i o u s c o n d i t i o n s . The p r e s e n t r e p o r t examines o n l y t h o s e h y d r o -

dynamic c o e f f i c i e n t s i n v o l v e d i n t h e l i n e a r , c o u p l e d heave and p i t c h 

e q u a t i o n s o f m o t i o n . 

The f i r s t s e c t i o n d e s c r i b e s t h e a n a l y t i c a l methods o f e v a l u a t i n g t h e 

hyd rodynamic c o e f f i c i e n t s i n v o l v e d i n t h e h e a v e - p i t c h e q u a t i o n s o f m o t i o n . 

The second s e c t i o n d e s c r i b e s t h e e x p e r i m e n t a l s e t u p , p r o c e d u r e s , and a n a l y s i s 

o f t h e measured v a l u e s . The t h i r d s e c t i o n compares and d i s c u s s e s t h e 

t h e o r e t i c a l and e x p e r i m e n t a l r e s u l t s . 

I t was f o u n d f r o m t h i s s t u d y t h a t i n g e n e r a l t h e l i n e a r h e a v e - p i t c h 

e q u a t i o n s o f m o t i o n used i n t h e c a l c u l a t i o n methods a r e s a t i s f a c t o r y f o r 

p r e d i c t i n g t he hyd rodynamic c o e f f i c i e n t s o f SWATH c o n f i g u r a t i o n s w i t h 

h o r i z o n t a l s t a b i l i z i n g f i n s . 

THEORETICAL PREDICTION OF HYDRODYNAMIC COEFFICIENTS 

The added mass c o e f f i c i e n t s A ^ j , damning c o e f f i c i e n t s B^^ , and wave-

( p ) 

e x c i t i n g f o r c e s F̂ - ' f o r i , j = 3 and 5 appear i n t h e e q u a t i o n s o f 

m o t i o n f o r c o u p l e d heave and p i t c h m o t i o n as f o l l o w s : 

3 



M and are r e s p e c t i v e l y the d i s p l a c e d mass o f the sh i p and p i t c h moment 

o f i n e r t i a , no t i n c l u d i n g the mass o f the f i n s , and are heave and p i t c h 

d i sp lacemen t f rom the i n i t i a l mean p o s i t i o n , C.^ are the h y d r o s t a t i c r e s t o r ­

i ng c o e f f i c i e n t s , and j = / T T 

The s u b s c r i p t e d c o e f f i c i e n t s A , B and F^^^ are o b t a i n e d by s t r i p 

t h e o r y as (Tab le 4 i n Lee^ ) . 

= ƒ ^ 3 3 ^ - ^ ^ ^ + Cm'.^\ a'":. :> (3) 

^33 = ƒ 1^,3 (^) Jx + / a ' / ^ / ^ ; , 

A 3S 

ch 

t r L P t f ^^^^ ° ^ ^ ^ " " ^ s t r a i g h t f o r w a r d expe r imen ta l da ta a n a l y s i s , a 

(5 ) 

ƒ ^3 Jx ^ fa^u JS^u)c(^ + f u 2: ^f'c,^, 
L 

^ U a , s d . - ^ J % , ^ . - i ^ a . u ' j B ^ j , 

^3S = - dx ^ U - fa^ Ü Ja 8^ d^ 

(7) 

^ f u l / ; a ' ^ c : , ^ ^ . ( 8 ) 

4 



^S3 - - j Xhj^dx - U ^33 - f^oÜ JxB^Jx 

•;here 

a ^ ^ ü O = s e c t i o n a l heave added mass 

^ ^^^33 i " "^^^"^^ added mass o f a p a i r o f the i t h f i n 

A. = p r o j e c t e d p lane area o f a p a i r o f the i t h f i n 

a^ = v i scous l i f t c o e f f i c i e n t (= 0 .07 ) 

( x ) = d iame te r o f submerged h u l l a t a c ross s e c t i o n 
m 

C Lpji - l i f t - c u r v e s lope o f the i t h f i n 

= l o n g i t u d i n a l d i s t a n c e f rom LCG to the q u a r t e r - c h o r d 
p o i n t o f the i t h f i n ; p o s i t i v e i f t he f i n i s f o r w a r d 
o f LCG and n e g a t i v e o t h e r w i s e 

m ( f ) 
1 

; 

= mass o f a p a i r o f the i t h f i n 

N = number o f f i n s per h u l l 

U = sh i p speed 

f ~ wa te r d e n s i t y 

= f reguency o f o s c i l l a t i o n o f s h i p 

= i n t e g r a t i o n over s h i p l e n g t h 

The h y d r o s t a t i c r e s t o r i n g c o e f f i c i e n t s are o b t a i n e d by: 

C33 = r3 

C55 = S>3^^ CIw/-]^ - sd ) - f u X l; A':*'c^^-

A^ = wa te rp l ane area 

= wa te rp l ane area moment about the p i t c h a x i s 

( 9 ) 

(10) 

5 



= w a t e r p l a n e a rea moment o f i n e r t i a a b o u t t h e p i t c h a x i s 

•V- = d i s p l a c e d volume o f s h i p 

g = g r a v i t a t i o n a l a c c e l e r a t i o n 

BG = v e r t i c a l d i s t a n c e between t h e c e n t e r s o f g r a v i t y and buoyancy 

The l i f t c u r v e s l o p e o f a f i n i s o b t a i n e d by 

S a = ( ^ ( B ) ^ S ( w ) ) S a ^ ° ^ s t a t i o n a r y f i n s ( 11a ) 

S a = ' ^ B ( w ) ^ S a ^ ° ^ " ^ ' ' ' ^ ^ ^ ^^'"^ ^^^^^ 

' ^w (B) ' S ( 1 V ) ' • ^ ( B ) ' ^ ' ^ ' ^ ' ^B(w) o b t a i n e d f r o m F i g u r e 1 w h i c h shows 

v a l u e s o f l i f t r a t i o s based on s l e n d e r body t h e o r y . The a b s c i s s a o f 

F i g u r e 1 r e p r e s e n t s t h e r a t i o r / r ^ where r i s t h e r a d i u s o f t h e submerged 

h u l l c r o s s s e c t i o n a t wh i ch t h e f i n i s a t t a c h e d and r i s t h e t r a n s v e r s e 
0 

d i s t a n c e f r o m the c e n t e r l i n e o f t he h u l l t o t h e t i p o f t h e f i n . C|^^^°^ 

r e p r e s e n t s t h e l i f t - c u r v e s l o p e o f f i n a l o n e w h i c h i s o b t a i n e d by 

'^Lo< = — — per radian U-^ i 

f o r f i n s w i t h o u t sweep a n g l e . The e f f e c t i v e . a s p e c t r a t i o i s 

2 
d e f i n e d by¬

e ave rage cho rd ^'^^^ 

The e x p r e s s i o n g i v e n by E q u a t i o n (12 ) i s i d e n t i c a l t o t h a t o b t a i n e d by 

Wh i cke r and Feh lner ' ^ e x c e p t t h e d e f i n i t i o n o f A ^ . 

F i g u r e s a r e g rouped a t t h e end o f t h e t e x t . 

^ P i t t s , W.C. e t a l . , " L i f t and Cen te r o f P r e s s u r e s o f W i n g - B o d y - T a i l 
' C o m b i n a t i o n s a t S u b s o n i c , T r a n s o n i c , and S u p e r s o n i c S p e e d s , " NACA 

Repo r t 1307 (1959) 

3 
W h i c k e r , L . F . and L . F . F e h l n e r , " F r e e - S t r e a m C h a r a c t e r i s t i c s o f F a m i l y o f 
L o w - A s p e c t - R a t i o , A l l - M o v a b l e C o n t r o l S u r f a c e s f o r A p p l i c a t i o n t o S h i p 
D e s i g n , " DTMB R e p o r t 933 ( 1 9 5 8 ) . 



( e ) f e ) 
The w a v e - e x c i t i n g heave f o r c e F^^ ' and p i t c h moment F^^ ' a r e g i v e n 

by 

( I A ) 

(15) 

where 

A = wave a m p l i t u d e 

= wave f r e q u e n c y 

K = — = wave number 
0 g 

= v e r t i c a l component o f t h e u n i t normal v e c t o r p o i n t i n g 
i n t o t h e body on t h e submerged c r o s s - s e c t i o n c o n t o u r 

d . j ( x ) = d e p t h o f t h e maximum b r e a d t h p o i n t o f a c r o s s s e c t i o n 

d-|^. = d e p t h o f t h e mean t h i c k n e s s o f t h e i t h f i n 

^ = t w o - d i m e n s i o n a l v e l o c i t y p o t e n t i a l r e p r e s e n t i n g t h e f l u i d 
d i s t u r b a n c e s caused by f o r c e d heave o s c i l l a t i o n o f a c r o s s 
s e c t i o n (see t h e d e f i n i t i o n i n Append i x 1 o f R e f . [ 1 ] 

^ - i n t e g r a t i o n o v e r t h e immersed c o n t o u r o f a c r o s s 
' -^^ s e c t i o n o f b o t h h u l l s a t t h e mean p o s i t i o n o f t h e s h i p 
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( p ) ( p ) 

As g i v e n by E q u a t i o n s ( 1 4 ) and ( 1 5 ) , F ^ ^ ' and F ^ ^ ' a r e i n t h e 

f o r m o f complex a m p l i t u d e s . The r e a l a m p l i t u d e s , F ^ ^ ^ ^ ^ and F^q^^^ and 

t h e phase a n g l e s and w i t h r e s p e c t t o t h e wave c r e s t above t h e LCG 

o f t h e s h i p a re o b t a i n e d by 

» ta„'' ( - J „ f " ' /Re. F,'") ( 1 8 ) 

^ t.^-' ( - 1 - F / V ( 1 9 ) 

where Re and Im, r e s p e c t i v e l y , i n d i c a t e t h e r e a l and i m a g i n a r y p a r t s o f 

what f o l l o w s . 

The hyd rodynamic c o e f f i c i e n t s o b t a i n e d i n t h e f o r e g o i n g a r e n o n -

d i m e n s i o n a l i zed as shown i n T a b l e 1 . An o v e r b a r deno tes t h e n o n d i m e n s i o n a l 

f o r m o f t h e c o e f f i c i e n t . 
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TABLE 1 

D i v i d i n g F a c t o r s f o r N o n d i n e n s i o n a l i z n a t h e Hydrodynamic 
C o e f f i c i e n t s 

N o n d i m e n s i o n a l 
C o e f f i c i e n t D i v i d e d by C o e f f i c i e n t 

B33 P ^ / ^ R33 

^35 ^VL A35 

B35 P V / ^ B35 

• ^ 5 
pVL/gL 

^53 . A53 

B53 p V ^ B53 

S ^ ^ ^ PVgA ^ ^ ( e ) 



EXPERIMENTALLY DETERMINED HYDRODYNAMIC COEFFICIENTS 

Expe r imen t s were c o n d u c t e d w i t h a SWATH model d e s i g n a t e d as SWATH 

6A; see F i g u r e s 2 and 3. The p r i n c i p a l c h a r a c t e r i s t i c s o f t h e model 

a r e g i v e n i n Tab le 2 . The d i m e n s i o n s o f t h e s t a b l i z i n g f i n s used i n t h e 

e x p e r i m e n t s a r e i n d i c a t e d i n T a b l e 3 t o n e t h e r w i t h t h e i r l o n a i t u d i n a l 

l o c a t i o n s . 

The e x p e r i m e n t s i n c l u d e d t h e f o l l o w i n g : 

1 . S t a t i c t e s t s . 

2 . Forced p i t c h o s c i l l a t i o n t e s t s . 

3. Forced heave o s c i l l a t i o n t e s t s . 

4 . Towed model t e s t s i n r e g u l a r head waves . 

E x p e r i m e n t a l c o n d i t i o n s f o r t h e s t a t i c t e s t s a r e shown i n T a b l e 4 . Thp 

ba re h u l l c o n f i g u r a t i o n p r o v i d e d r e s t o r i n g c o e f f i c i e n t s C^^ , C^^ , C^^ and 

Cgg a t d i f f e r e n t speeds . The h u l l w i t h f o r w a r d f i n was t e s t e d t o d e t e r m i n e 

t h e l i f t and moment c o n t r i b u t e d by t h e f o r w a r d f i n and t o v e r i f y E q u a t i o n s 

( 11a ) and ( l i b ) . 

The h u l l was t e s t e d s e p a r a t e l y w i t h a f t f i n A and a f t f i n B t o - d e t e r m i n e 

t h e l i f t and moment c o n t r i b u t e d bv a f t f i n s t o two d i f f e r e n t a s p e c t r a t i o s anc 

t o v e r i f y E q u a t i o n s ( 1 1 a , b ) and ( 1 2 ) . The c o n f i g u r a t i o n c o n s i s t i n g o f t h e 

h u l l w i t h f o r w a r d f i n and a f t f i n A was i n v e s t i g a t e d t o d e t e r m i n e t h e downwash 

e f f e c t s o f t h e f o r w a r d f i n on t h e a f t f i n . 
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TABLE ?. 

P r i n c i p a l D imens ions o f SWATH 6A Model 

A c t u a l W e i n h t , kq ( l b ) 254 .47 (561) 

D i s p l a c e d Water W e i q h t , ka ( l b ) 2 ^ 9 . 9 3 (551) 

Main H u l l L e n q t h , m ( f t ) 3 .25 ( 1 0 . 6 7 ) 

S t r u t L e n o t h , m ( f t ) 2 . 3 3 ( 7 . 6 6 ) 

D r a f t , m ( f t ) 0 .361 (1 . 19 ) 

Beam o f One H u l l a t W a t e r l i n e , m ( f t ) 0 .098 ( 0 . 3 2 ) 

S e p a r a t i o n between C e n t e r l i n e s o f Tv/o H u l l , m ( f t ) 1.016 ( 3 . 3 3 ) 

Maximum H u l l D i a m e t e r , m ( f t ) 0 .203 ( 0 . 6 6 7 ) 

Main H u l l P r i s m a t i c C o e f f i c i e n t 0.35 

W a t e r p l a n e Area C o e f f i c i e n t 0 . 8 5 

L o n o i t u d i n a l D i s t a n c e f r o m Nose o f " a i n 
H u l l t o Fon'JarH s t ^ u t FnH, m ( f t ) n.?7P ( 1 . 2 3 ) 

L o n g i t u d i n a l D i s t a n c e f r o m T a i l o f Main 

H u l l t o Rear S t r u t End, m ( f t ) 0 .542 ( 1 . 7 8 ) 

L o n g i t u d i n a l Cen te r o f Buoyancy f r o m Nose o f 

Main H u l l , m ( f t ) 1.576 ( 5 . 1 7 ) 

V e r t i c a l Cen te r o f Buoyancy f r o m K e e l , m ( f t ) 0 .151 ( 0 . 4 9 6 ) 

V e r t i c a l C e n t e r o f G r a v i t y f r o m K e e l , m ( f t ) 0 .562 ( 1 . 5 1 6 ) 

L o n g i t u d i n a l Cen te r o f F l o t a t i o n f r o m Nose 

o f Main H u l l , m ( f t ) 1.566 ( 5 . 1 4 ) 

Rad ius o f G y r a t i o n f o r P i t c h / M a i n H u l l Lenq th 0 .221 
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TABLE 3 

DIMENSIONS OF STABILIZING FINS 

( R e c t a n g u l a r P l a n f o r m w i t h M o d i f i e d NACA 16 S e r i e s S e c t i o n ) 

F i n 

D e s i g n a t i o n 
Chord 

cm 
Span 

cm 

Max 
T h i c k n e s s 

cm 

P r o j e c t e d 
F i n ^ r e a 

cm2 

F i n 
L o c a t i o n 

cm 

Forward F i n n .51 13 .82 1.72 159 .1 

111 

7 6 . 2 

A f t F i n A 19 .91 2 3 . 8 3 2 . 9 8 4 7 4 . 5 2 7 6 . 6 

A f t F i n B n .51 2 3 . 8 3 1 .72 2 7 4 . 3 2 7 6 . 6 

^ D i s t a n c e f r o m t h e h u l l nose t o t h e q u a r t e r - c h o r d p o i n t 

TABLE 4 

EXPERIMENTAL CONDITIONS FOR THE STATIC TESTS 

•—-2 LD deg 

Bare H u l l 2 9 . 8 0 0 0 , 0 . 1 9 2 , 0 . 3 8 4 , 0 .538 o 

0 

0 

3 6 . 1 2 0 , ^ 1 . 5 , - 3 . 0 0 . 1 9 2 , 0 . 3 8 4 , 0 .538 

I ^^-^^ 0 0 . 1 9 2 , 0 . 3 8 4 , 0 .538 

W i t h Forward 

3 6 . 1 2 0 , t l . 5 , t 3 . 0 0 . 1 9 2 , 0 . 3 8 4 , 0 .538 o 

W i t h A f t F i n A 3 6 . 1 2 0 , ^ 1 . 5 , ^ 3 . 0 0 . 1 9 2 , 0 . 3 8 4 , 0 . 5 3 8 0 , ^5 

i i o , ^ i ' 5 

W i t h A f t F i n B 36 .12 0 , ^ 1 . 5 , ^ 3 . 0 0 . 1 9 2 , 0 . 3 8 4 , 0 . 5 3 8 

'lid IflTit a ' ' " ° ' - ^ - 5 ' - 3 - 0 0 . 1 9 2 , 0 . 3 8 4 , 0 .538 0 

a t F^ = 0 . 3 8 

0 

1 2 



E x p e r i m e n t a l c o n d i t i o n s f o r t h e f o r c e d o s c i l l a t i o n t e s t s ( T a b l e 5 ) 

were chosen to d e t e r m i n e t he added mass and damping c o e f f i c i e n t s A^.^ and 

B - j f o r i , j = 3 and 5 f o r t h e bare h u l l w i t h and w i t h o u t f i n s i n o r d e r t o 

check t h e v a l i d i t y o f t h e t h e o r e t i c a l e v a l u a t i o n s o f t h e s e c o e f f i c i e n t s 

as exp ressed by E q u a t i o n s ( 3 ) t h r o u g h ( 1 0 ) . 

T e s t s i n r e q u l a r wave ( T a b l e 6 ) were c o n d u c t e d t o v e r i f y the e v a l u a t i o n s 

o f F^^^^ and F^^^^ w h i c h a r e q i v e n by E q u a t i o n s ( 1 4 ) and ( 1 5 ) . 

EXPERIMENTAL SETUP 

For b o t h the s t a t i c and t he r e q u l a r wave t e s t s , t h e model was r i q i d l y 

a t t a c h e d t o t h e c a r r i a g e by two v e r t i c a l s t r u t s . The model was towed w i t h 

f i x e d d r a f t s and t r i m s d u r i n g t he s t a t i c t e s t s . The d e s i r e d d r a f t s and t r i m s were 

se t by u s i n g a d j u s t a b l e - l e n g t h s t r u t s between t h e p i v o t s and t he c a r r i a n e m o u n t s . 

For t e s t s i n r e g u l a r waves , an u l t r a s o n i c n robe was p l a c e d 6 . 7 8 m 

ahead o f t h e LCG and used t o measure the a m p l i t u d e o f t h e i n c o m i n g waves . 

The a f t s t r u t was c o n n e c t e d t o t h e v e r t i c a l o s c i l l a t o r a t r e s t and t h e " 

f o r w a r d s t r u t was a t t a c h e d t o a f i x e d p o i n t o f t h e t o w i n g c a r r i a g e as shown 

in the l o w e r p o r t i o n o f F i g u r e 3. 

For t h e f o r c e d o s c i l l a t i o n t e s t s , t h e model was c o n n e c t e d by a v e r t i c a l 

s t r u t t o a harmon ic o s c i l l a t o r d e s i g n a t e d as t h e DTNSRDC MARK I I V e r t i c a l • 

' O s c i l l a t o r ; see F i g u r e 4 . The s t r u t was c o n n e c t e d t o a s c o t c h y o k e w h i c h 

was e l e c t r i c a l l y d r i v e n by a h o r i z o n t a l r o t a t i n g s h a f t . The e c c e n t r i c i t y 

^ f the s c o t c h yoke c o u l d be c o n t i n u o u s l y v a r i e d t o o b t a i n t h e d e s i r e d 

^ " ^p l i t ude o f o s c i l l a t i o n up t o 10 cm, and t h e v o l t a g e i n p u t t o t h e e l e c t r i c 

" o t o r c o u l d be c o n t i n u o u s l y v a r i e d t o s e t t h e s c o t c h yoke a t t h e d e s i r e d 

•"requency o f o s c i l l a t i o n w i t h i n t he range o f 0 t o 1 .2 Hz. 

Two b l o c k o r modu la r f o r c e gages were a t t a c h e d t o each s t r u t as shown 
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TABLE 5 

EXPERIMENTAL CONDITIONS FOR FORCED HEAVE 
AND PITCH OSCILLATION TESTS 

(Speeds o f F = 0 , 0 .384 and 0 . 5 3 8 were employed f o r each c o n f i g u r a t i o n 
and e x p e r i m e n t a l c o n d i t i o n ) 

H u l l 

C o n f i g u r a t i o n 
D r a f t 

cm 

Heave P i t c h 
A m p l i t u d e A m p l i t u d e 

cm deg 

F requency o f 
O s c i l l a t i o n 

( r a d / s e c ) 

Bare H u l l 36 .12 

W i t h A f t F i n A 3 6 . 1 2 

Wi th Forward F i n 
and A f t F i n A 36 .12 

* I n i n c r e m e n t s o f 0 .2 

Approx 3 . 8 Approx 1,5 

Approx 3 . 8 Approx 1.5 

Approx 3 . 8 Approx 1.5 

2 . 0 - 4 . 0 * 

2 . 0 - 4 . 0 * 

2 . 0 - 4 . 0 * 

TABLE 6 

EXPERIMENTAL CONDITIONS FOR TESTS IN 
REGULAR HEAD WAVES 

H u l l c o n f i g u r a t i o n : ba re h u l l w i t h Forward f i n and A f t F i n A, 

Wave l e n g t h / W a v e a m p l i t u d e : 120 ~300 

D r a f t : 36 .12 cm 

Speed ( F ^ ) 
Wave Leng th 
S h i p Leng th (3 .25m) 

0 

0 .384 

0 . 5 3 8 

0 . 8 •- 5 . 0 (11 wave l e n g t h s ) 

2 . 5 ~ 7 .5 (11 wave l e n g t h s ) 

2 . 5 ~ 7 .7 (12 wave l e n g t h s ) 
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i n F i q u r e 4 . The measurement c a p a c i t y o f each b l o c k qage was 500 l b 

( 2 2 6 . 8 N ) . One qage (X gaqe) was o r i e n t e d t o measure l o n q i t u d i n a l f o r c e 

and t he o t h e r (Z gage) t o measure v e r t i c a l f o r c e . A s i n g l e p i t c h o i v o t 

was a t t a c h e d t o t h e f o r w a r d gaqe assembly w h i c h was p l a c e d d i r e c t l y above t he 

c e n t e r o f g r a v i t y and .a d o u b l e p i t c h p i v o t was a t t a c h e d t o t h e s t e r n gage assemb ly 

The d o u b l e p i v o t a l l o w e d a l i g n m e n t o f t h e model i n t h e l o n g i t u d i n a l d i r e c t i o n . 

D i s p l a c e m e n t d u r i n g t h e heave o s c i l l a t i o n was measured by an u l t r a s o n i c 

probe p l a c e d on t h e deck o f t h e model t h a t e m i t t e d a c o u s t i c 

s i g n a l s t o a h o r i z o n t a l r i q i d p l ane f i x e d benea th the c a r r i a g e . The 

p i t c h a n g u l a r d i s p l a c e m e n t was measured by an a n g l e p o t e n t i o m e t e r d u r i n g 

the p i t c h o s c i l l a t i o n t e s t s . 

In t h e h e a v e - o s c i l l a t i o n t e s t s a t ze ro s n e e d , t h e model was p l a c e d t r a n s ­

v e r s e l y t o the t a n k t o a v o i d wave r e f l e c t i o n s f r o m t h e t a n k s i d e w a l l s . A l t n u u c h 

"he same o r i e n t a t i o n was d e s i r a b l e f o r t h e p i t c h - o s c i l l a t i o n t e s t , i t was 

•ot done because o f the d i f f i c u l t y o f a p p a r a t u s s e t u p . 

To be c o m p a t i b l e w i t h t h e t h e o r e t i c a l p r e d i c t i o n w h i c h i s based on s l e n d e r -

ï'ody a s s u m p t i o n , i t was d e s i r a b l e t o e l i m i n a t e t h e p i t c h moment c o n t r i b u t i o n by 

'-he l o n g i t u d i n a l f o r c e s . For SWATH m o d e l s , t h e upper deck p r o v i d e s t he most 

^-^ractical l o c a t i o n t o i n s t a l l t h e f o r c e gages . However , u n u s u a l l y h i g h l o c a t i o n 

" f the f o r c e gages w h i c h i s abou t t w i c e t h e h e i g h t o f t h e c e n t e r o f g r a v i t y 

•^rom the keel can impose l a r g e l oads on t h e Z gages s i n c e t h e Z gages have t o 

' • ' 'S t ra in the p i t c h moment c o n t r i b u t e d by t h e l o n g i t u d i n a l f o r c e s i n a d d i t i o n 

t h a t c o n t r i b u t e d by t h e v e r t i c a l f o r c e s . Such an i m p o s i t i o n o f e x t r a l o a d s 

to the drag on Z gages can degrade t h e a c c u r a c y o f t h e a n a l y s i s o f p i t ; h 

f n t c o n t r i b u t e d by t h e v e r t i c a l hyd rodynamic f o r c e s a l o n e . T h u s , i n 

' i t t p i i i p t t o reduce t he u n d e s i r a b l e e x t r a l oads on Z g a g e s , t h e x - compone t 

f o r c e s was m i n i m i z e d by a d j u s t i n g t h e rpm o f t h e p r o p e l l e r s t o c o u n t e r a c t 
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t he d r a g o f t h e model a t each t o w i n g s p e e d . T h i s was done a t each speed by 

d e t e r m i n i n g t h e p r o p e l l e r rpm w h i c h m i n i m i z e d t h e r e s u l t a n t X-gage 

r e a d i n g s w h i l e t h e model was towed w i t h z e r o t r i m . The rpm v a l u e s so d e t e r ­

mined were used d u r i n g t h e t o w i n g t e s t s . 

Each run was made, under t h e c o n d i t i o n t h a t no r e s i d u a l f l u i d d i s t u r b a n c e ; 

f r om t h e p r e c e d i n g runs were i n c l u d e d i n t h e measuremen ts . 

INSTRUMENTATION 

The main i n s t r u m e n t a t i o n sys tem used i n t h e e x p e r i m e n t s c o n s i s t e d o f 

an o n - c a r r i a g e m i n i c o m p u t e r sys tem ( I n t e r Data Model 7 0 ) , d i o i t a l and 

a n a l o g tape r e c o r d e r s , TV M o n i t o r s and tape r e c o r d e r , and s t r i p c h a r t s . 

The m i n i c o m p u t e r p e r f o r m e d harmon ic a n a l y s i s o f t h e m o t i o n and f o r c e 

r e c o r d s , and computed t he a m p l i t u d e s , p h a s e s , and t h e hyd rodynam ic 

c o e f f i c i e n t s i n v o l v e d i n E q u a t i o n s ( 1 ) and ( 2 ) . 

ANALYSIS OF DATA 

S t a t i c T e s t s 

I f t h e r e a d i n g s f r o m t h e v e r t i c a l f o r c e gage a t t h e r e a r s t r u t and a t 

the f o r w a r d s t r u t a r e r e s p e c t i v e l y deno ted by F^ and F^ and t h e s e p a r a t i o n 

d i standee between t h e two s t r u t s c o n n e c t e d t o t h e s e f o r c e gages i s d e n o t e d 

by I , t hen t h e t o t a l heave f o r c e F^ and p i t c h moment Fg abou t t h e l o n o i t u d i n 

c e n t e r o f q r a v i t y e x e r t e d on t h e model a r e e a s i l y o b t a i n e d by 

S = ^1 ^ S 
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The sense o f i s t a k e n t o be p o s i t i v e upward and t h a t f o r F^ as p o s i t i v e 

when t h e bow o f t he model goes down. 

The r e s t o r i n g c o e f f i c i e n t s C^^ and C^^ f o r g i v e n t r i m a n g l e s d 

t h a t a r e p o s i t i v e f o r bow-down t r i m can be o b t a i n e d by 

C 
^35 = - A 9 

'55 /\ e 

where A d e s i g n a t e s t h e d i f f e r e n c e . 

The r e s t o r i n g c o e f f i c i e n t s C^^ and C^^ a r e o b t a i n e d f o r g i v e n s i n k a g e s h 

which a r e n e g a t i v e downward by 

C r3_ 

c 

33 A h 

'53 ^ ^ 

Because t he X f o r c e ( d r a g ) was n o t z e r o f o r a l l r u n s , t h e c o e f f i c i e n t s 

had t o be m o d i f i e d t o a c c o u n t f o r t h e nonze ro d r a g . I f t h e p o s i t i v e " d i r e c t i o n 

o f t h e X f o r c e i s t a k e n t o w a r d t h e bow, t h e d r a g - c o n t r i b u t e d p i t c h moment 

i s g i v e n by 

Dg - -l^iX^ + X ^ ) * 

where i s t h e v e r t i c a l d i s t a n c e between t h e X gages and c e n t e r o f t h e n e t 

X f o r c e . 

T h i s e x p r e s s i o n t a c i t l y i m p l i e s t h a t t h e d r a g and t h r u s t a r e c o l i n e a r s i n c e 
i n r e a l i t y , t h e r e c o u l d be t h e case t h a t Dg ^ 0 even i f X-j + X2 = 0 . 
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The c o e f f i c i e n t s a r e now g i v e n as 

Z3 e ( 2 0 ) 

Aè AB ^ ( 2 1 ) 

/ \ ^ ( 2 2 ) 

These r e s t o r i n g c o e f f i c i e n t s were o b t a i n e d a t each model t o w i n g s p e e d . 

Forced O s c i l l a t i o n T e s t s 

Heave O s c i l l a t i o n s 

The heave e q u a t i o n s o f m o t i o n a r e e x p r e s s e d by 

( M ' ^ A 3 3 ) ^ - B , 3 ^ - ^ = F ^ ^ o " (24) 

^^53 } } - C^, ^ = ( 2 5 ) 

I 

where M i s t he mass o f t h e model and a p p a r a t u s a f f e c t i n g t h e r e a d i n g s 

o f t he Z gages . 

L e t 

I = s;n c^t ^26) 
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iere üj i s t he o s c i l l a t i o n f r e q u e n c y , t h e s u b s c r i p t O i n d i c a t e s t h e a m p l i t u d e , 

s u b s c r i p t s 1 and 2 , r e s p e c t i v e l y , d e s i g n a t e f o r c e s a t t h e a f t and f o r w a r d 

v e r t i c a l f o r c e gage p o s i t i o n s and a i s t h e phase a n g l e w h i c h i s p o s i t i v e 

when t h e f o r c e l e a d s t h e m o t i o n . 

S u b s t i t u t i n g E q u a t i o n s ( 2 6 ) and ( 2 7 ) i n t o ( 2 4 ) and ( 2 5 ) , r e p l a c i n g 

Fg by ZFy and decompos ing t h e cos w t te rms and s i n ( i t t e r m s , we have 

A33 = C C - f^o ^ Fzo a>^-<z ) _ ^ ' . ( 2 8 ) 

- ( - ; 

•here M i s t he mass o f t h e mov ing p a r t s o f t h e model and a p p a r a t u s , 

^ i t c h O s c i l l a t i o n 

The p i t c h e q u a t i o n s o f m o t i o n a r e e x p r e s s e d by 

C 1' + A^s ) è' 4 S^^ é ^ C^^ 6 - Jl F, Ct) ( 3 0 ) 

A\3s 6 -f é + 6 = F3 tó; ( 3 1 ) 

••'here I i s t he mass moment o f i n e r t i a o f t h e model and a p p a r a t u s a b o u t 

'•'le p i t c h a x i s t h r o u g h t h e p i v o t a t t h e f o r w a r d s t r u t . 
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S u b s t i t u t i o n o f 

6 = e. Sin CJt ( 3 2 ) 

and F3 g i v e n by E q u a t i o n ( 2 7 ) i n t o E q u a t i o n s ( 3 0 ) and ( 3 1 ) y i e l d s 

CO'- ^ - — ; — ; - I 

A^^ = T T . ( C , , - < ^ cK. ^ ( 3 3 ) 

0 . 

CJd„ ( ho s;. ^ , ^ 5 ; . ) ( 3 4 ) 

Removal o f t h e p i t c h moment c o n t r i b u t e d by t he X f o r c e changes some o f t h e 

f o r e g o i n g e q u a t i o n s as f o l l o w s : 

' ) ( 3 5 ) 

The added mass and damping c o e f f i c i e n t s o b t a i n e d i n t h e f o r e g o i n g 

a r e n o n d i m e n s i o n a l i z e d a c c o r d i n g t o T a b l e 1 . 
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••j iar-Wave Tes t s 

:he a m p l i t u d e s and phases o f t h e w a v e - e x c i t i n g heave f o r c e and p i t c h 

- n t abou t the LCG o f t h e model were o b t a i n e d as f o l l o w s , 

' h e heave f o r c e was o b t a i n e d by 

= r^o s-.y^ C Có-t + ) 

r.|p and F^Q a r e r e s p e c t i v e l y t h e a m p l i t u d e s o f t h e f o r c e s o b t a i n e d a t 

: r t and f o r w a r d gage l o c a t i o n s . P o s i t i v e phase a n g l e s a.| and ^^e 

leads w i t h r e s p e c t t o t h e wave noda l p o i n t o f p o s i t i v e s l o p e above t h e 

. S ince t he wave p robe was l o c a t e d 6 . 7 8 m ahead o f t h e LCG, an a d j u s t m e n t 

•':ase s h i f t s h o u l d be made. I f we l e t t h e d i s t a n c e between t h e wave p robe 

; the LCG be x ^ , t h e n t h e e l e v a t i o n o f p r o g r e s s i v e p l a n e s i n u s o i d a l waves 

:-?eo w a t e r can be g i v e n by 

^ = A Sin (coL + -f'^^o) 

'-'^re A i s t he a m p l i t u d e , and ÜJ t h e wave f r e q u e n c y w h i c h i s r e l a t e d t o wave 

9 n ° 
'ngth A by CO = ( - ^ ) . The e n c o u n t e r f r e q u e n c y co can be o b t a i n e d f o r 

0 A 
:--;d waves by 

U i s t he t o w i n g speed and T^ i s t h e wave p e r i o d . 

2T 



T h u s , 

where a' ^ and a ' ^ a r e r e s p e c t i v e l y t h e phase a n g l e s o f t h e v e r t i c a l f o r c e s 

o b t a i n e d a t t h e a f t and f o r w a r d g a g e s , w i t h r e s p e c t t o t h e wave m o t i o n 

r e c o r d e d a t t h e p r o b e , and £.| (= 72 .1 cm) and ( = 15 .25 cm) a r e t h e 

d i s t a n c e s f r o m t h e LCG t o t h e c e n t e r o f t h e v e r t i c a l f o r c e g a g e s . 

From E q u a t i o n ( 3 9 ) , 

fso"' = C F / . F / r ( 4 0 ) 

where 

and 

F,c, c^s c^, -t /^^ C^s 

< y = ^cty.-' ( Fs / F. ) 

The w a v e - e x c i t i n g p i t c h moment was o b t a i n e d by 

( 4 1 ) 

= Ji F,c Sin ( coh ) 
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( 4 2 ) 

'^P - t a . " C FJ / fJ ) ( 4 3 ) 

•ro 

f J = s. Fo cösc^, - L CKo <^-s^, ^ a ; , ^ r ^ z . ) 

RESULTS AND DISCUSSION 

The r e s u l t s a r e p r e s e n t e d f i r s t f o r t h e s t a t i c t e s t s , and t h e n f o r t h e 

: i n a t i o n and r e g u l a r - w a v e t e s t s . 

t - i gu res 5a - 5e show t h e p i t c h moment and v e r t i c a l f o r c e v e r s u s t r i m a n g l e 

•-•r v a r i o u s c o n f i g u r a t i o n s o f t he model a t t h r e e f o r w a r d speeds and F i g u r e 6 

^ • id ica tes t he moment and f o r c e ve rsus s i n k a g e f o r t h e ba re h u l l . Va lues a r e 

• iven i n u n i t s o f Newton -me te rs (N-m) and Newton (N) f o r p i t c h moment and l i f t 

r e s p e c t i v e l y . S t r a i g h t l i n e s a re drawn t h r o u g h e x p e r i m e n t a l p o i n t s t o i n d i c a t e 

the s l o p e s . N e g a t i v e v a l u e s f o r measured f o r c e s and moment were c o n v e r t e d t o 

- o s i t i v e i n o r d e r t o show p o s i t i v e v a l u e s f o r t h e r e s t o r i n g c o e f f i c i e n t s . 

Each p o r t i o n o f F i g u r e 5 shows a d i f f e r e n t f i n - b o d y c o m b i n a t i o n . The s l o p e 

the cu rves i n t h e upper and l o w e r p o r t i o n s o f F i g u r e s 5a and 6 f o r F^ = 0 

should r e s p e c t i v e l y c o r r e s p o n d t o C^^ , C^^, C53, and C33 w h i c h a r e d e f i n e d 

below E q u a t i o n ( 1 0 ) . The computed and measured v a l u e s o f t h e s e r e s t o r i n g 
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c o e f f i c i e n t s a r e shown i n T a b l e 7. T h e o r e t i c a l l y , f o r s m a l l s i n k a g e and t r i m 

C^g and s h o u l d be i d e n t i c a l . The s l i g h t d i f f e r e n c e f o u n d i s a t t r i b u t e d 

t o i n a c c u r a c y i n e x p e r i m e n t a l v a l u e s r e s u l t i n g f r o m t h e minimum measurement l i m i 

o f t h e f o r c e gages used ( a b o u t + 0 .227 Kg o r + 0 . 5 l b ) . 

As can be seen f r o m F i g u r e 5 a , t h e s l o p e o f t h e c u r v e o f p i t c h moment d e ­

c r e a s e d as t h e speed o f t h e model i n c r e a s e d . A t F^ = 0 . 5 3 8 , t h e s l o p e becomes z( 

w h i c h means t h a t t h e r e i s no p i t c h - r e s t o r i n g c a p a b i l i t y and t h u s i n s t a b i l i t y o f 

t h e body can e x i s t between t h e speeds = 0 . 3 8 4 and 0 . 5 3 8 . The t h e o r e t i c a l l y 

computed speed o f i n c e p t i o n o f i n s t a b i l i t y ^ i n t h e v e r t i c a l p l a n e modes was 

F^ = 0 . 4 2 3 . The v a l u e s o f C^g o b t a i n e d f r o m t h e e x p e r i m e n t f o r t h e ba re h u l l 

a t F^ = 0 . 1 9 3 , 0 . 3 4 8 , and 0 . 5 3 8 were r e s p e c t i v e l y 9 . 3 , 3 . 9 6 , and 0 . N -m/deg . 

The d i f f e r e n c e i n Cgg a t d i f f e r e n t speeds f o r t h e ba re h u l l s h o u l d be i n d i c a t i v e 

o f t he s o - c a l l e d Munk moment w h i c h i s ab o u t U A ^ ^ . The v a l u e s o f l\^.^/{py) ohU 

f r o m t h e d i f f e r e n c e s i n Cgg a t t h e f o r e g o i n g speeds a r e shown i n T a b l e 8 . For 

a d e e p l y submerged s u b m a r i n e , t h e v a l u e s shown i n T a b l e 8 c o r r e s p o n d to- t h e 

s o - c a l l e d M ^ (see G e r t l e r and Hagen ) w h i c h a r e a l s o shown i n T a b l e 8 . 

E x p e r i m e n t a l da ta on submar ine models show t h a t f o r t h e d i a m e t e r - t o - l e n g t h r a t i c 

( 0 . 0 6 2 5 ) c o r r e s p o n d i n g o n l y t o t h e body o f r e v o l u t i o n w i t h o u t t h e s t r u t o f t h e 

p r e s e n t m o d e l , M i s a p p r o x i m a t e l y 0 . 0 0 4 f o r a l l s p e e d s . The d i f f e r e n c e 

between t h i s r e s u l t and t h a t Of t h e p r e s e n t case may be a t t r i b u t e d t o t h e 

f r e e - s u r f a c e e f f e c t and t h e d i f f e r e n c e i n t h e h u l l g e o m e t r i e s . 

Lee , C M . , and M. M a r t i n , " D e t e r m i n a t i o n o f S i z e o f S t a b i l i z i n g F i n s 
f o r Smal l W a t e r p l a n e A r e a , T w i n - H u l l S h i p s , " DTNSRDC R e p o r t 4495 (1974 ) 

G e r t l e r , M. and G.R. Hagen, " S t a n d a r d E q u a t i o n s o f M o t i o n f o r Submar ine 
S i m u l a t i o n , " DTNSRDC Repor t 2510 (1967 ) 
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The p i t c h moments shown i n t h e p r e s e n t r e p o r t a r e assumed t o be c o n t r i b ­

uted by t h e v e r t i c a l f o r c e s o n l y . The e x p e r i m e n t a l a n a l y s i s was made by 

s u b t r a c t i n g w h i c h i s d e f i n e d j u s t b e f o r e E q u a t i o n ( 2 0 ) . The moment arm 1^ 

was t a k e n as t h e v e r t i c a l d i s t a n c e between t h e main body a x i s t o t h e gage 

l o c a t i o n wh i ch was 72 .15 cm. T h i s c h o i c e o f v e r t i c a l moment arm assumes 

t h a t t h e x -componen t o f t h e hyd rodynamic f o r c e a c t s t h r o u g h t h e m a i n - b o d y a x i s ; 

u n f o r t u n a t e l y , t h e r e does n o t seem t o be any adequa te method t o d e t e r m i n e 

the c o r r e c t v a l u e o f l^. For s i m i l a r f u t u r e e x p e r i m e n t s , i t i s recommended 

t h a t a b e t t e r means o f d e t e r m i n i n g s h o u l d be e s t a b l i s h e d t o a v o i d s i m i l a r 

a m b i g u i t y e n c o u n t e r e d i n t h e p r e s e n t a n a l y s i s . 

The s l o p e s o b t a i n e d f r o m F i g u r e s 5 and 6 a r e shown i n T a b l e 9 . The 

c o e f f i c i e n t s d e f i n e d i n t h e f r e q u e n c y domain as shown i n E q u a t i o n s ( 3 ) and 

(9 ) may be a p p r o x i m a t e l y c o n v e r t e d t o t h e s t e a d y case by e x c h a n g i n g t h e 

speed-dependen t t e rms i n A . , t o C . . . When t h i s i s d o n e , t h e r e s t o r i n g 
"1 J "I J 

c o e f f i c i e n t s a re e x p r e s s e d as 

-33 

-3S 

?3 A^ 

f3 ^ u J h^^ 4 ^ 

( 4 4 ) 

( 4 5 ) 

( 4 6 ) 

-sr P9-^ ( I w / - V - ) S3 ( 4 7 ) 

25 



TABLE 7 

HEAVE AND PITCH RESTORING COEFFICIENTS 
OF SWATH 6A a t F^ = 0 

C o e f f i c i e n t Theory E x p e r i m e n t 

C33L / (pgV) 5 .55 5 . 3 3 

C33 / (pgV) - 0 . 0 1 6 • - 0 . 0 2 3 

Cg3 / (pgV ) - 0 . 0 1 6 - 0 . 0 2 7 

Cg5 / (pgVL) 0 .093 0 . 0 9 4 

TABLE 8 

EQUIVALENT HEAVE ADDED MASS COEFFICIENT 
FOUND FROM STATIC TRIM TESTS 

F A.,., M ' 
n 33 w 

^ 

0 .192 0 .74 0 .00504 

0 .384 0 .446 0 .00325 

0 .538 0 .326 0 .00285 
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TABLE 9 

HEAVE AND PITCH RESTORING COEFFICIENTS FOR VARIOUS FIN-BODY 
COMBINATIONS AT DIFFERENT SPEEDS 

H u l l F^ Ss S s Ss 

C o n d i t i o n s N-m/deg N/deq N-m/m N/m 

Bare H u l l 0 13 .12 - 0 . 9 7 8 - 6 5 . 1 6 3948 .9 
0 192 9 . 3 0 0 - 4 8 . 9 3 3927 .9 
0 .384 3 .95 2 .94 - 7 3 . 3 9 3742 .3 
0 . 5 3 8 0 12 .23 8 5 . 6 2 3765 .0 

Wi th F o r w a r d 
F in 0 

0 .192 8 .64 0 . 4 8 
0 .384 2 .60 8 .91 
0 .538 - 2 . 6 0 18 .41 

Wi th A f t 
F in A 0 

0 .192 13 .54 4 . 7 4 
0 .384 16 .52 2 0 . 5 9 
0 . 5 3 8 33 .18 4 1 . 4 2 

With A f t 
F i n ' B 0 

0 .192 12 .89 5 .22 
0 .384 16 .30 14 .56 
0 . 5 3 8 28 .21 37 .19 

Wi th For-ward 
Fin and A f t 
F in A 0 

0 .192 12 .55 4 . 8 1 
0 .384 14 .35 2 1 . 0 8 
0 . 5 3 8 27 .07 51 .21 
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The measured v a l u e s shown i n T a b l e 9 s h o u l d c o r r e s p o n d t o t h e d e f i n i t i o n s 

o f C . . g i v e n above . 

I n o r d e r t o o b t a i n C|^_^., t h e v a l u e s o f C^^ o f t h e ba re h u l l a t each spee 

were s u b t r a c t e d f r o m . those o f t h e f i n n e d b o d i e s a t t h e c o r r e s p o n d i n g s p e e d , 

and s i m i l a r l y f o r C^^. T h u s , 

A C^r ^ - f ü ' I . (t,Af'c,^^ ( 4 9 ) 

f r om w h i c h two v a l u e s o f C^^ .̂j can be o b t a i n e d . The v a l u e s o f l i f t - c u r v e 

s l o o e a r e shown i n T a b l e 10 . The t h e o r e t i c a l v a l u e s o b t a i n e d 

f r om E q u a t i o n (11a ) a re shown i n t h e l a s t c o l u m n . As can be s e e n , t h e 

v a l u e s as o b t a i n e d f r o m E q u a t i o n s ( 4 8 ) and ( 4 9 ) d i f f e r e d c o n s i d e r a b l y . As 

e x p l a i n e d e a r l i e r , t h e t h e o r e t i c a l v a l u e s o f C, . were o b t a i n e d under v a r i o u s 
L a i 

s i m p l i f i e d assump t i ons and t h e r e f o r e , t h e y may n o t n e c e s s a r i l y be be more 

r e l i a b l e than t h e e x p e r i m e n t a l v a l u e s . The v a l u e s o b t a i n e d f r o m E q u a t i o n (48 

e x h i b i t e d more s c a t t e r t h a n t h o s e o b t a i n e d by E q u a t i o n ( 4 9 ) . I n t u i t i v e l y , 

the v a l u e s o b t a i n e d by E q u a t i o n ( 4 8 ) wou ld be e x p e c t e d t o be more r e l i a b l e 

than t h e o t h e r s ; however , t h e s c a t t e r o f t he d a t a does n o t s u p p o r t t h a t . 

The v a l u e s o b t a i n e d by E q u a t i o n ( 4 9 ) a t = 0 . 3 8 4 were g e n e r a l l y s m a l l e r 

t han t h o s e a t o t h e r speeds . The downwash e f f e c t s o f t h e f o r w a r d f i n on A f t 

F in A can be measured a p p r o x i m a t e l y . I n f a c t , t h e two v a l u e s o f C, f o r 
L a 

A f t F i n A i m p l y t h a t t h e downwash e f f e c t s r educed Cj^^ f o r t h e a f t f i n . 

Except f o r t h e f o r w a r d f i n , t h e t h e o r e t i c a l l y e s t i m a t e d v a l u e s seemed t o 

be l o w e r t han t h e e x p e r i m e n t a l v a l u e s . 
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TABLE 10 

LIFT-CURVE SLOPE* OF VARIOUS FINS 

F in From Eq. ( 4 8 ) From Eq. (49 ) Theo ry 

Speed ' F f o u d e number) Speed (Froude number) 
0 .192 0 .384 0 .538 0 .192 0 .384 0 . 5 3 8 

Forward 
F i n 1.46 4 . 5 8 2 .42 2 . 2 4 1.19 1.16 4 . 3 8 

A f t F i n A 3 .86 5 . 1 0 3 .52 3 .74 2 .77 3 . 7 4 3 .20 

A f t F i n A 
( w i t h Forward 
F i n ) 3 .50 2 . 5 0 4 . 3 2 3 .45 2 . 5 9 3 .34 3 .20 

A f t F i n B 10 .50 6 .91 6 .33 5 .52 4 . 7 3 5 .52 4 .75 

Given i n " p e r r a d i a n " 

An i n c r e a s e i n a s p e c t r a t i o w o u l d be e x p e c t e d t o y i e l d l a r g e r v a l u e s 

o f C^^; t h i s seemed t o be t h e case when t h e v a l u e s were compared f o r 

A f t F i n A and A f t F i n B. The a s p e c t r a t i o was a b o u t t w i c e as h i g h f o r 

F in B t h a n f o r F i n A. The v a l u e o f C, = 10 .50 f o r F i n B a t F„ = 0 . 1 9 2 
La n 

appears t o be u n r e a l i s t i c a l l y h i g h . 

F i g u r e 6 shows t h e p i t c h moment and t h e v e r t i c a l f o r c e g e n e r a t e d on 

the ba re h u l l a t o t h e r t h a n the d e s i g n d r a f t ( 3 6 . 1 2 c m ) . The u p p e r p o r t i o n 

o f t he f i g u r e shows a sudden change i n t h e sense o f p i t c h moment when t h e 

speed i n c r e a s e s f r o m F^ = 0 .384 t o F^ = 0 . 5 3 8 . Such a change i n t h e sense 

o f t h e p i t c h moment w i t h changes i n speed changes i s due m a i n l y t o t h e 
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f r e e - s u r f a c e e f f e c t . An e a r l i e r model e x p e r i m e n t by K o r v i n - K r o u k o v s k y , e t a l 

and an a p p l i c a t i o n o f s l e n d e r - b o d y t h e o r y by M c C r e i g h t ^ have c o n f i r m e d t h a t 

t h e d e p t h o f submergence and t h e speed can s i g n i f i c a n t l y change b o t h t h e 

m a g n i t u d e and sense o f t h e p i t c h moment on a body . The l o w e r p o r t i o n o f 

F i g u r e 6 shows an a l m o s t c o n s t a n t s l o p e f o r a l l f o u r s p e e d s . The upper 

p o r t i o n p r o v i d e s C^^ and t h e l o w e r p o r t i o n C^^ ; t h e s e v a l u e s a r e shown i n 

Tab les 7 and 9. 

F i g u r e 7 shows t h e p i t c h moment and t h e v e r t i c a l f o r c e i n d u c e d by a n g l e s 

o f a t t a c k o f t h e body f o r a l l t h e f i n - b o d y c o m b i n a t i o n s a t t h e v a r i o u s speeds . 

The t r e n d s o f t h e c u r v e s i n F i g u r e 7 a r e as e x p e c t e d . T h a t i s , t h e most 

e f f e c t i v e r e s t o r i n g p i t c h moment i s c o n t r i b u t e d by t h e a f t f i n s whereas t h e 

most r e s t o r i n g v e r t i c a l f o r c e i s c o n t r i b u t e d by b o t h f i n s . These t r e n d s 

become more d i s t i n c t as speed i n c r e a s e s . I t can be o b s e r v e d f r o m F i g u r e 7c 

t h a t t h e f o r w a r d f i n c o n t r i b u t e s a d e s t a b i l i z i n g p i t c h moment when t h e 

model speed i n c r e a s e s . 

F i g u r e 8 i n d i c a t e s t h e p i t c h moment and v e r t i c a l f o r c e g e n e r a t e d when A f t 

F i n A i s d e f l e c t e d f r o m i t s z e r o - a n g l e o f a t t a c k p o s i t i o n , i . e . , t h e f i n cho rd 

l i n e p a r a l l e l t o t h e main h u l l a x i s . A p o s i t i v e f i n a n g l e i s d e f i n e d i n t h e 

c o n v e n t i o n a l l e a d i n g - e d g e - u p w a r d p o s i t i o n . The body was h e l d a t z e r o t r i m and 

s i n k a g e and was towed a t a c o n s t a n t speed o f F^ = 0 . 3 8 4 . The l i f t and t h e 

p i t c h moment c o n t r i b u t e d by t h e f i n a r e l i n e a r up t o 20 deg rees f o r p o s i t i v e 

^ K o r v i n - K r o u k o v s k y , B.V. e t a l , " T h e o r e t i c a l and E x p e r i m e n t a l I n v e s t i g a t i o n 
o t t he I n t e r a c t i o n o f a Free S u r f a c e and a Body o f R e v o l u t i o n Mov ing under 
I t , " E x p e r i m e n t a l Towing T a n k , S tevens I n s t . T e c h . R e p o r t 390 ( 1 9 5 0 ) . 

' ' M c C r e i g h t , W.R . , "Heave Force and P i t c h i n g Moment on a Submerged Body o f 
R e v o l u t i o n i n F i n i t e D e p t h , " MIT D e p t . Ocean Eng. R e p o r t 70 -7 ( 1 9 7 0 ) . 
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' ig les o f d e f l e c t i o n and 15 degrees f o r n e g a t i v e a n g l e s o f d e f l e c t i o n . The 

••^sul ts i m p l y t h a t t h e f i n - b o d y i n t e r f e r e n c e e f f e c t may be e x p e c t e d t o be 

•near up t o + 15 degrees o f d e f l e c t i o n o f an a f t f i n o f low a s p e c t r a t i o 

• - r SWATH s h i p s s i m i l a r t o SWATH 6A. 

The l i f t - c u r v e s l o p e (per r a d i a n ) o b t a i n e d by E q u a t i o n ( l i b ) t o g e t h e r w i t h 

' i q u r e 1 i s 2 .42 and t h e e x p e r i m e n t a l v a l u e a b o u t 2 . 5 1 . The d i f f e r e n c e i s 

i'!ss than 4 p e r c e n t o f t h e t h e o r e t i c a l v a l u e , w h i c h i s q u i t e s a t i s f a c t o r y 

fo r an e n g i n e e r i n g a p p r o x i m a t i o n . 

F i g u r e 9 shows t h e e x p e r i m e n t a l l y o b t a i n e d heave and p i t c h added mass 

'id damping c o e f f i c i e n t s v e r s u s f r e q u e n c y o f o s c i l l a t i o n f o r t h e b a r e h u l l 

jnd two f i n - b o d y c o m b i n a t i o n s . E x p e r i m e n t a l d a t a were a n a l y z e d a c c o r d i n g 

-0 Equa t i ons ( 2 8 ) , ( 2 9 ) , and (33 ) t o ( 3 8 ) . The c o n t r i b u t i o n by t h e x - componen t 

' c r ces t o t h e p i t c h moments were s u b t r a c t e d by t a k i n g t o be t h e v e r t i c a l 

d is tance f r o m t h e main h u l l a x i s t o t h e X-gage p o s i t i o n w h i c h was 7 2 . 1 5 cm. 

'he bar s i g n s i n d i c a t e t h e d i m e n s i o n l e s s q u a n t i t i e s . T a b l e 1 g i v e s f h e 

d i v i d i n g f a c t o r s t o n o n d i m e n s i o n a l i z e d A . ^ and B.^ f o r i , j = 3 and 5 and co 

is d e f i n e d as w = t o / L / g . 

F i g u r e 9 shows t h e speed and f r e q u e n c y e f f e c t s on h y d r o d y n a m i c c o e f f i ­

c i e n t s A . j and B . ^ . A l t h o u g h E q u a t i o n ( 3 ) i n d i c a t e s no speed e f f e c t on A ^ ^ , 

the e x p e r i m e n t a l r e s u l t s shown i n t h e upper p a r t o f F i g u r e 9a r e v e a l some ' 

o f t h i s e f f e c t on A^^ even f o r t he ba re h u l l , e x p e c i a l l y a t F^ = 0 . 3 8 4 . The 

e f f e c t o f f r e q u e n c y on A^^ appears t o be l e s s p ronounced t han f o r c o n v e n t i o n a l 

" lonohu l l s h i p s . 

E q u a t i o n (7 ) p r e d i c t s t h a t f o r w a r d speed w i l l s t r o n g l y a f f e c t A ^ ^ , and 

t h i s i s c o n f i r m e d e x p e r i m e n t a l l y ; see t h e l o w e r p a r t o f F i g u r e 9 a . A c c o r d i n g 
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t o E q u a t i o n ( 7 ) , speed and f r e q u e n c y e f f e c t s a r e r e p r e s e n t e d by U ^ / / . 

The e x p e r i m e n t a l r e s u l t s appear t o c o n f i r m t h i s i n t h e l o w e r f r e q u e n c y 

r e g i o n . 

F i g u r e 10 p r e s e n t s t h e heave and p i t c h damping c o e f f i c i e n t s B.,., 

and Bgg. For t he bare'" h u l l ( F i g u r e 10a) t he s p e e d - d e p e n d e n t t e r m i n t h e 

e x p r e s s i o n o f B^^ i n E q u a t i o n ( 4 ) i s pa^ufS.^dx 

Th i s i m p l i e s t h a t an i n c r e a s e i n B33 f r o m t h e z e r o - s p e e d v a l u e s i s e x p e c t e d 

t o be p r o p o r t i o n a l t o t h e s p e e d . A c c o r d i n g t o E q u a t i o n ( 8 ) , t h e i n c r e a s e 

i n Bgj. f r o m t h e z e r o - s p e e d v a l u e s f o r t h e ba re h u l l i s c o n t r i b u t e d by 

^33 + ƒ a. a jT dix 

F i g u r e 10a e x h i b i t s t h e e x p e c t e d t r e n d s a l t h o u g h t h e y a re n o t as c l e a r f o r 

^55 ^ 3 3 ' because o f t h e s c a l i n g o f the g r a p h s . As e x p e c t e d f r o m 

E q u a t i o n s ( 4 ) and ( 8 ) , t h e a d d i t i o n c f f i n s t o t h e ba re h u l l s i g n i f i c a n t l y 

i n c r e a s e s t h e damping c o e f f i c i e n t s . To check t h e a c c u r a c y o f t h e p r e d i c ­

t i o n o f speed e f f e c t s , t he speed r a t i o o b t a i n e d by = 1.4 can be ' 

compared t o r a t i o o b t a i n e d by 

where t h e s u b s c r i p t s i n d i c a t e t h e Froude numbers . Bare h u l l ( F i g u r e 1 0 a ) , 

A f t F i n A ( F i g u r e 10b) and b o t h f i n s ( F i g u r e 10c) a l l g i v e t h e v a l u e s between 

1.3 and 1.5 f o r t h i s r a t i o ; t h i s d e m o n s t r a t e s t h a t t h e speed e f f e c t on B.,., 

i s s a t i s f a c t o r i l y r e p r e s e n t e d by E q u a t i o n ( 4 ) . I t i s i n t e r e s t i n g t o n o t e t h a t 

f r e q u e n c y has v e r y l i t t l e e f f e c t on B^^ . 
bb 

The c o u p l e d added mass c o e f f i c i e n t s a r e shown i n F i g u r e 1 1 . As w o u l d be 
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expec ted f r o m E q u a t i o n ( 5 ) , t h e speed e f f e c t i s s i g n i f i c a n t f o r A^^ because 

o f the f i n e f f e c t . The c o u p l e d damping c o e f f i c i e n t s a r e shown i n F i g u r e 1 2 ; 

note t h a t t h e v a l u e s o f B^^ and B^^ a r e c l o s e t o z e r o a t z e r o speed f o r a l l 

t h r e e h u l l c o n d i t i o n s . One can s e e , f r o m E q u a t i o n s ( 6 ) and ( 1 0 ) , t h a t one o f 

the s p e e d - d e p e n d e n t te rms UA^^ i s a d d i t i v e f o r B^^ and s u b t r a c t i v e f o r B^^ ; 

t h i s e f f e c t can e a s i l y be o b s e r v e d i n F i g u r e 12 . 

F i g u r e s 13 t o 18 compare t h e o r e t i c a l and e x p e r i m e n t a l v a l u e s o f t h e 

hydrodynamic c o e f f i c i e n t s a s s o c i a t e d w i t h h e a v e - p i t c h m o t i o n . 

The v a l ues o f and A^^ f o r t h r e e SWATH 6A c o n f i g u r a t i o n s a t F = 0 a r e 

shown i n F i g u r e 13. The mass m.^^^ (when t h e d a t a i s n o t g i v e n ) and t h e 

heave added mass 9 3 3 ^ - o f t h e f i n s were e s t i m a t e d i n t h e t h e o r y by 

= f f c 

where t . , c . , and s . a r e r e s p e c t i v e l y t h e ave rage t h i c k n e s s , c h o r d , and span 

o f t he i t h f i n , and 

I n o t h e r w o r d s , t h e mass o f f i n i s assumed t o be t h e same as t h e d i s p l a c e d w a t e r 

mass o f a f i n w i t h e l l i p t i c a l f o i l s e c t i o n s , and a ^ ^ ] i s t h e same as t h e w a t e r 

mass d i s p l a c e d by a c i r c u l a r c y l i n d e r w h i c h has a d i a m e t e r eoua l t o t h e c h o r d 

o f t h e f i n and a l e n g t h equa l t o t h e span . 

The f o l l o w i n g v a l u e s were used f o r t h e t h e o r e t i c a l r e s u l t s ; see E q u a t i o n s 

( 3 ) t o ( 1 0 ) : 
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O, = 0.0 7 

The p r o j e c t e d a reas o f t he f o r w a r d and a f t f i n s were r e s p e c t i v e l y 

/ ) / ^ ^ - 2 X / S f . I CM^ 

and 

and t he l o c a t i o n o f t he f i n s were 

and 

A ^ - / / ' ? C/r) 

C o n s i d e r a b l e d i s c r e p a n c i e s can be n o t i c e d between t he e x p e r i m e n t a l 

and t h e o r e t i c a l r e s u l t s f o r A ^ ^ . S i m i l a r p l o t s f o r t h e o t h e r two speeds 

a re shown i n F i g u r e s 13b and 13c . A l t h o u g h , a c c o r d i n g t o t h e t h e o r y , 

speed has no e f f e c t on A 2 3 , t he e x p e r i m e n t a l r e s u l t s have i n d i c a t e d some 

speed e f f e c t s b u t t h e y a re n o t s i g n i f i c a n t . I t can be o b s e r v e d f r o m 

F i g u r e s 13a t o 13c t h a t t h e d i s c r e p a n c y between t h e o r y and e x p e r i m e n t i s 

a l m o s t a c o n s t a n t v a l u e o v e r t h e f r e q u e n c y range shown. The c o n s t a n t 

appears t o be g r e a t e r f o r t h e f i n n e d b o d i e s . A t F^ = 0 . 3 8 4 , e x p e r i m e n t a l 
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v a l u e s f o r A^^, a r e a b o u t 20 t o 30 p e r c e n t h i g h e r f o r f i n n e d b o d i e s t h a n f o r 

t h e bare h u l l s , as shown i n F i g u r e 13b . No s a t i s f a c t o r y e x p l a n a t i o n can be 

o f f e r e d a t t h i s t i m e f o r such a l a r g e e f f e c t o f s m a l l f i n s on A ^ ^ . I n 

t h e a v e r a g e , t h e t h e o r e t i c a l v a l u e s o f A^^ and A^^ a r e a b o u t 10 t o 15 p e r c e n t 

l e s s than t h e e x p e r i m e n t a l v a l u e s . T h i s d e m o n s t r a t e s t h e case t h a t t h e 

s t r i p a p p r o x i m a t i o n does n o t n e c e s s a r i l y a lways o v e r e s t i m a t e t h e v a l u e s o f 

^33 ^55- "^^^ ^^'^96 e x p e r i m e n t a l v a l u e s o f A^^ a t t h e l o w e r f r e q u e n c i e s 

a t = 0 . 5 3 8 c o n f i r m t h e e f f e c t o f t h e t e r m ^ A^^ i n E q u a t i o n ( 7 ) . The 

b e t t e r agreement between t h e two r e s u l t s f o r Anr a t F = 0 .538 i s c o n s i d e r e d 
o OO n 

11 
t o be due t o t h e d o m i n a n t m a g n i t u d e o f ^ A^^ o v e r o t h e r t e rms i n E q u a t i o n ( 7 ) . 

To be c o m p a t i b l e w i t h t h e t h e o r e t i c a l l y o b t a i n e d added mass c o e f f i c i e n t s , 

t h e r e s t o r i n g c o e f f i c i e n t s C.^ used i n E q u a t i o n s ( 2 8 ) , ( 3 3 ) , ( 3 5 ) , and ( 3 6 ) 

s h o u l d be t h e v a l u e s o b t a i n e d a t z e r o speed e x c e p t Cg^ w h i c h i s speed dependen t 

as d e f i n e d e a r l i e r by 

(See page 5) 

We can o b t a i n t h e v a l u e s o f Cgg d e f i n e d i n t h e above by r e m o v i n g t h e te rms 

- L / M 3 J - f^^^'J^xB^ Jx f r o m E q u a t i o n ( 4 7 ) as f o l l o w s : 

Si nee 

(C55) = Y C ^ - 5 ^ ) 
^ Bare h u l l a t F = 0 

n 

and 

( c „ ) - f3^ - - "^^^ss 
Bare h u l l a t F^ > 0 ^ 
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we can e a s i l y f i n d t h a t 

(C55) 
Bare h u l l a t F = 0 

n 

Bare h u l l a t F > 0 
n 

T h u s , we f i n d t h a t a t each Froude Number F , t he v a l u e s o f C r r can be 

o b t a i n e d by 

(Cgg) = [ ( ^ 5 5 ' ) ^ i n T a b l e 9 + { ^ ^ ^ ' ) ^ o f b a r e h u l l i n T a b l e 

( C g g ' ) " o f ba re h u l l i n T a b l e 9 ] x 180/ t t ( N - m / r a d ) 

T a b l e 11 shows t h e v a l u e o f C^^ used i n E q u a t i o n ( 3 6 ) 

TABLE 11 

VALUE OF Zrr USED IN EQUATION ( 3 6 ) TO OBTAIN 
EXPERIMENTAL VALUES OF A55 

H u l l C o n d i t i o n 
" 5 5 

N-m/ rad 

Bare H u l l 

W i t h A f t F i n A 

0 
0 .384 
0 .538 

0 
0 .384 
0 .538 

7 5 1 . 5 
751 .5 
7 5 1 . 5 

751 .5 
1 4 7 1 . 9 
2 6 5 2 . 8 

W i th Foreward F i n 
and A f t F i n A 0 

0 .384 
0 .538 

751 .5 
1347 .6 
2 3 0 2 . 7 
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The va lues o f B^^ and B^^ are shown i n F igu re 14 f o r t h r e e c o n f i g u r a ­

t i o n s and speeds. The peak a m p l i t u d e s o f heave and p i t c h mot ion are most 

s e n s i t i v e t o these c o e f f i c i e n t s . The i n h e r e n t l y smal l heave and p i t c h damp­

ing was s i g n i f i c a n t l y augmented by the f i n s . Thus, success i n r e l i a b l y 

p r e d i c t i n g the mot ions o f SWATH sh ips w i t h f i n s depends l a r g e l y on the 

accuracy w i t h which the damping c o e f f i c i e n t s c o n t r i b u t e d by the f i n s can be 

p r e d i c t e d . I t can be observed f rom t h e o r e t i c a l exp ress ions f o r B^^ and B^^ 

( g i v e n i n Equat ions (4 ) and ( 8 ) ) t h a t f i n - c o n t r i b u t e d damping i s dependent on 

the l i f t - c u r v e s lope Cj^^. Due t o the wide s c a t t e r i n e x p e r i m e n t a l v a l u e s 

o f C '̂̂  o b t a i n e d f rom the s t a t i c t e s t s (Tab le 1 0 ) , the t h e o r e t i c a l va lues 

o b t a i n e d by Equat ions (11) t o (13) and shown i n Table 10 were used t o e v a l u a t e 

B22 and Bgg i n Equat ions (4) and ( 8 ) , r e s p e c t i v e l y . Good agreement between 

exper iment and t h e o r y was o b t a i n e d by us ing the a f o r e s a i d t h e o r e t i c a l va lues 

o f C^^, as shown i n F igu res 14a to 14c. P r e d i c t e d heave and p i t c h mo t i on o f 

SWATH 6A based on these damping c o e f f i c i e n t s c o r r e l a t e d w e l l w i t h the model 

expe r imen ta l r e s u l t s . ' ' 

Agreement between t h e o r e t i c a l and expe r imen ta l va lues o f A^^ and A^^ 

(F igu re , 15) was good except f o r A^^ a t F^ = 0.538 ( F i q u r e 1 5 c ) . One can see 

from Equat ion (35) t h a t C^^ i s i n v o l v e d i n o b t a i n i n q the e x p e r i m e n t a l v a l u e 

o f Ag^ . The va lue o f C^^ a t F^ = 0.538 as w e l l as t h a t f o r C^^ shown i n Table 

9 changed s i g n i f i c a n t l y f rom the va lues a t o t h e r speeds. Reca l l t h a t t h e va lues o f 

and used i n o b t a i n i n q A^^ and A^^ were those o f the bare h u l l a t zero 

speed. Thus, i t can be judged t h a t the sudden o p p o s i t e t r e n d e x h i b i t e d f o r the 

expe r imen ta l va lues o f A^^ a t F^ - 0.538 must be r e l a t e d to the change i n C^^ 

a t t h a t speed. However, even though a l a r g e i nc rease i n C^^ a t F^ = 0 .538 i s 

observed (see Tab le 9 ) , agreement between the e x p e r i m e n t a l and theo^^e t i ca l r e s u l t s 

f o r A^j^ i s e x c e l l e n t as can be seen i n F igures 15a to 15c. One source o f the 

d i sc repancy f o r A^^ may be an i n a c c u r a t e e s t i m a t e o f the v e r t i c a l moment arm 
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(see E q u a t i o n ( 3 5 ) ) used t o s u b t r a c t t h e p i t c h moment c o n t r i b u t e d by t h e 

x - c o m p o n e n t f o r c e s . F u r t h e r m o r e , i t s h o u l d a l s o be n o t e d t h a t t h e m a g n i t u d e s 

o f a r e r e l a t i v e l y sma l l compared t o t h o s e o f A ^ ^ . Hence even s m a l l e r r o r s 

i n t h e measurement o r i n t h e c a l c u l a t i o n can a m p l i f y t h e d i s c r e p a n c y . D e s p i t e 

t h e d i s c r e p a n c y o b s e r v e d f o r A ^ ^ , t h e r e was good agreement between p r e d i c t e d 

heave and p i t c h m o t i o n i n waves and model e x p e r i m e n t a l r e s u l t s . T h i s i m p l i e s t h a t 

t h e p r e s e n t method o f e v a l u a t i n g A^^ may s t i l l be v a l i d and t h u s t h a t t h e A^^ t e r m 

may n o t s i g n i f i c a n t l y a f f e c t t h e m o t i o n p r e d i c t i o n a f t e r a l l . 

I t can be seen f r o m the c o m p a r i s o n f o r t h e c o u p l e d dampinn c o e f f i c i e n t s B..r 

and ( F i g u r e 16) t h a t t h e r e i s a c o n s t a n t d i s c r e p a n c y between t h e o r y and 

e x p e r i m e n t f o r b o t h c o e f f i c i e n t s f o r a l l h u l l c o n d i t i o n s a t speeds o t h e r t h a n 

z e r o . A c a r e f u l e x a m i n a t i o n o f E q u a t i o n s ( 6 ) and ( 1 0 ) r e v e a l s t h a t t h e 

cause o f t h e d i s c r e p a n c y may be a s s o c i a t e d w i t h t h e t e r m fa^u ƒ dx. 

T h i s t e r m was d e r i v e d f r o m t h e s o - c a l l e d c r o s s - f l o w e f f e c t , as d i s c u s s e d e a r l i e r . ^ 

The m a j o r u n d e r l y i n g a s s u m p t i o n i n d e r i v i n g t h i s t e r m i s t h a t t h e c r o s s - f l o w v e l o c i l 

i n d u c e d by v e r t i c a l o c s i l l a t i o n o f t h e body w h i l e r u n n i n g a t a c o n s t a n t speed i s 

t h e same a t each c r o s s s e c t i o n o f t h e body . T h i s a s s u m p t i o n , t o a e t h e r w i t h t h e 

a s s u m p t i o n o f : a c o n s t a n t v a l u e o f t h e v i s c o u s - l i f t c o e f f i c i e n t a^ a t any c r o s s 

s e c t i o n , may be i n c o r r e c t . An a p p r o x i m a t e ^0 p e r c e n t i n c r e a s e i n t he v a l u e o f t h e 

i n t e g r a l \ - j X \ wou ld b r i n g t h e t h e o r e t i c a l v a l u e s o f B^ . and B ^ , 

c l o s e t o t h e e x p e r i m e n t a l v a l u e s i n t h e p r e s e n t c a s e . 

The r e s u l t s o f t h e w a v e - e x c i t i n g heave f o r c e and p i t c h moment a re shown 

r e s p e c t i v e l y i n F i g u r e s 17 and 18 . \ i s t h e l e n g t h o f t he wave and L t h a t o f 

t h e ' main h u l l . There i s good agreement between e x p e r i m e n t a l and t h e o r e t i c a l 

v a l u e s f o r t h e heave f o r c e a m p l i t u d e s and phases ( F i g u r e 17) b u t n o t f o r t h e 

p i t c h moment a m p l i t u d e s and phases ( F i g u r e 1 8 ) . The e x p e r i m e n t a l r e s u l t s f o r 
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p i t c h moment are a p p r o x i m a t e l y t w i c e the p r e d i c t e d va lues and show phase 

angles t o be a lmos t c o n s t a n t f o r a l l wave l e n g t h s . A t long waves, the phase 

angle o f the p i t c h moment would be expected to approach -tt/2. I t i s d i f f i c u l t 

to e x p l a i n these d i s c r é o a n c i e s a t p r e s e n t , bu t i t i s c o n j e c t u r e d t h a t i n the 

expe r imen ta l data a n a l y s i s an e r r o r cou ld have been made i n s u b t r a c t i n g the n i t c h 

moment c o n t r i b u t e d by the x-component f o r c e s . I f the p r e d i c t e d va lues were w rong , 

i t would be d i f f i c u l t t o e x p l a i n the good agreement i n p i t c h mot ion o b t a i n e d 

between the t h e o r e t i c a l and e x p e r i m e n t a l r e s u l t s . ^ 

CONCLUDINP REMARKS 

The p resen t i n v e s t i g a t i o n r e v e a l s t h a t i n aenera l the t h e o r e t i c a l methods o f 

p r e d i c t i n g the hydrodynamic c o e f f i c i e n t s o f a SWATH c o n f i g u r a t i o n w i t h s t a b i l i z i n n 

f i n s a re v a l i d f o r p r e d i c t i n g heave and p i t c h mot ion i n waves. 

The f o l l o w i n g i n f o r m a t i o n was o b t a i n e d f rom the p resen t i n v e s t i n a t i o n : 

1 . Values o f the l i f t - c u r v e s lopes o f the s t a b i l i z i n g f i n s o b t a i n e d i n 

s t a t i c t e s t s changed s i g n i f i c a n t l y f o r d i f f e r e n t speeds i n d i c a t i n g t he presence 

o f f r e e - s u r f a c e e f f e c t s . However, when the t h e o r e t i c a l v a l u e s , wh ich are o b t a i n e d 

f o r s teady c o n d i t i o n i n an unbounded f l u i d , were used i n the e v a l u a t i o n o f the 

hydrodynamic c o e f f i c i e n t s o f the f i n n e d bodies i n o s c i l l a t o r y m o t i o n , good a g r e e ­

ment was o b t a i n e d w i t h the data o b t a i n e d f rom the o s c i l l a t i o n e x p e r i m e n t s . The 

downwash e f f e c t s o f the f o r w a r d f i n s on the a f t f i n s tend to reduce t he l i f t on 

the a f t f i n s but no t s i g n i f i c a n t l y . 

2. The t r e n d o f the hydrodynamic c o e f f i c i e n t w i t h r e s p e c t t o f r e q u e n c y 

and spppd n r e r i i c t e d hv the thenry a re cnn f i rmeH hy the oyneriment excen t f o r A 

at F̂^ = 0.538. 
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3. I t appears t h a t t h e v a l u e s o f t he t e r m f u \ x &^ dx 

i n t h e t h e o r y s h o u l d be r e s p e c t i v e l y i n c r e a s e d 1.3 and 1.5 t i m e s i n o r d e r t o 

ag ree w i t h t h e e x p e r i m e n t a l l y o b t a i n e d v a l u e s o f B.,. and B^^ . 
ob bo 

4 . The t h e o r e t i c a l v a l u e s o f w a v e - e x c i t e d p i t c h moment o f SWATH 

c o n f i g u r a t i o n s s h o u l d be v e r i f i e d . The f o r w a r d speed e f f e c t f o r A^^ a t 

h i g h Froude numbers s h o u l d be reexamined t h e o r e t i c a l l y , a l t h o u g h i t does n o t 

appea r t o s i g n i f i c a n t l y a f f e c t t h e a c c u r a c y o f t h e p r e d i c t i o n o f m o t i o n . 
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F i g u r e 2 - SWATH 6A Model and E x p e r i m e n t a l Set 



44 



UI 

1 .219 M 

1.016 M 

U P P E R D E C K 

2 . 1 9 4 M 

S T R U T A : L = 2 . 3 3 3 M T = 0 . 0 9 8 M C W P = 0 . 8 5 

0.271 M 

-h^ ^ 

0 . 2 0 3 M 

_ t _ D I A M 

F i g u r e 3 - Top and Side Views o f SWATH 6A Model 



H E A V E O S C I L L A T I O N /ÖTnX H A R M O N I C 

82 .3 

S l y O S C I L L A T O R 

I 
111,1 

59.1 

C H A N N E L 

8 7 . 3 -

27 .9 

15.2 

- W L -

8 .57 

C G 

4 5 . 9 7 

i 
3 2 5 

C A R R I A G E 

C H A N N E L 

157 .6 

T 
36.1 

P I T C H O S C I L L A T I O N 

C A R R I A G E 

82 .3 

F i g u r e 4 - D e t a i l s o f E x p e r i m e n t a l Setup f o r Forced O s c i l l a t i o n T e s t s 

(Lengths a r e i n c e n t i m e t e r s ) 

46 



F i g u r e 5 - P i t c h Moment and V e r t i c a l Force v e r s u s T r i m Angle f o r 

V a r i o u s C o n f i g u r a t i o n s o f SWATH 6A 
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F i g u r e 6 - P i t c h Moment and V e r t i c a l Force v e r s u s D r a f t f o r SWATH 6A 
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F i g u r e 7 - P i t c h Moment and V e r t i c a l Force v e r s u s T r i m Angle f o r 

SWATH 6A a t V a r i o u s Speeds 
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F i g u r e 9 - Heave and P i t c h Added Mass C o e f f i c i e n t s v e r s u s 

Frequency f o r SWATH 6A 

0 O 
0.384 • 

0 .538 A 

d u f f ' s < a 

1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 

A A 

• • 
• • A 

^ A . 

QO-r4 O O r 
C 

) O 3D ^ 

' * L 

> cP QO-r4 

1 

C 
) O 3D ^ 

—' L J • 
1 

.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 

Ö3 

F i g u r e 9a - Bare H u l l 

1.2 

1.0 

^33 
.0 

.6 

.4 

J L 

57 



1.4 

1.2 

1.0 

' 3 3 

' 5 5 

.16 

.14 

.12 

.10 

.08 

.06 

.04 

O O 
0.384 • 

0 .538 A 

J L J I I L 
.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 

O) 

A 
A 

A 
A 

• 
A 

• • 
A 

O O O O O ° 
• 

J L J L 
.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 

F i g u r e 9b - W i t h A f t F i n A 

58 



' 3 3 

1.4 

1.2 

1.0 

.8 

.6 

.4 

8 
• • 

A A ^ ^ ^ O A^ 

J I \ \ 1 I L 
.8 1.0 1.2 1.4 1.6 1.8 2.0 

ÖJ 

2.2 2.4 

' 55 

.16 

.14 

.12 

.10 

.08 

.06 

A 
A 

A 

• 
A 

A 

O O O o i f ^ f è c P B c S ^ ^ 

J L 
.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 

03 

F i g u r e 9c - W i t h Forward F i n and A f t F i n A 

59 



F i g u r e 10 - Heave and P i t c h Damping C o e f f i c i e n t s v e r s u s 
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F i g u r e 11 - H e a v e - P i t c h C o u p l i n g Added Mass C o e f f i c i e n t s v e r s u s 
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F i g u r e 12 - Heave-Pitch C o u p l i n g Damping C o e f f i c i e n t s v e r s u s 

Frequency f o r SWATH 6A 
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F i g u r e 13 - Comparison o f T h e o r e t i c a l and E x p e r i m e n t a l Values o f 

A and A^^ f o r SWATH 6A 
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