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ABSTBACT 

FACULTY OF ENGINEERING 

SHIP SCIENCE 

Maste r of P h i l o s o p h y 

MEASUREMENT OF THE WAVE PATTERN RESISTANCE OF ASYMMETRIC HULL FORMS BY 
THE LONGITUDINAL CUT METHOD 

by Derek Alan Colman 

Much work has been done on t h e measurement of t h e wave p a t t e r n r e s i s t a n c e of 

h u l l s and a c o m p l e t e l y automated sys tem has been deve loped by Hogben a t N.P .L. 

However, t h i s work has been concerned a lmos t e n t i r e l y w i t h symmetric h u l l 

forms and wave p a t t e r n s . This p r e s e n t work i s concerned wi th t h e measurement 

of b o t h symmetr ic and asymmetr ic wave p a t t e r n s and t h u s e s t a b l i s h i n g t h e wave 

p a t t e r n r e s i s t a n c e of symmetr ic and asymmetr ic h u l l fo rms . 

The wave p a t t e r n i s measured by f o u r wave p robes spaced a c r o s s t h e t ank such 

t h a t t h e f i r s t and f o u r t h a r e e q u i d i s t a n t f rom t h e c e n t r e - l i n e and s i m i l a r l y 

f o r t h e second and t h i r d . Thus t h e symmetr ic and a n t i s y m m e t r i c components of 

t h e asymmetr ic wave p a t t e r n a re found r e s p e c t i v e l y by h a l v i n g t h e sum and 

d i f f e r e n c e of each p a i r o f p robes and t h e i r c o n t r i b u t i o n t o r e s i s t a n c e i s 

t h e n c a l c u l a t e d s e p a r a t e l y . The wave p a t t e r n expans ion i s as a F o u r i e r 

s e r i e s and t h e a n a l y s i s makes a l e a s t s q u a r e s f i t over p o i n t s measured , 

f o l l o w e d by t h e G a u s s - S e i d e l method t o s o l v e t h e r e s u l t i n g s imu l t aneous 

e q u a t i o n s , i n o r d e r t o f i n d t h e c o e f f i c i e n t s i n t h e e x p a n s i o n . In g e n e r a l 

t h e a n a l y s i s of t h e symmetr ic component i s good b u t i n t h e an t i symmet r i c case 

t h e weaknesses of t h e method a re more pronounced and t h e r e s u l t s consequen t ly 

p o o r . 

P l o t s of t h e t o t a l r e s i s t a n c e and wave p a t t e r n r e s i s t a n c e f o r t h e u p r i g h t 

symmetr ic model show t h a t t h e i r d i f f e r e n c e , t h e v i s cous r e s i s t a n c e , i s of t h e 

magni tude and b e h a v i o u r e x p e c t e d . P r e v i o u s wind t u n n e l r e s u l t s imply t h a t 

t h e t o t a l wave p a t t e r n r e s i s t a n c e s h o u l d i n c r e a s e w i t h yaw. However, r e s u l t s 

show t h a t any i n c r e a s e i s i n f a c t s m a l l so t h e g r e a t e r i n c r e a s e w i t h yaw i n 

t o t a l r e s i s t a n c e i n t h e t a n k over t h a t i n t h e t u n n e l must be sought w i t h i n 

t h e v i s c o u s and i n d u c e d r e s i s t a n c e s . 



NOTATION 

b t a n k b r e a d t h 

e t a n k depth 

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 

U model v e l o c i t y 

x , y , z c o o r d i n a t e axes 

X p a r a l l e l t o model d i r e c t i o n , p o s i t i v e a s t e r n 

y pe i -pend i cn l a r t o x and h o r i z o n t a l 

z v e r t i c a l , p o s i t i v e upwards 

u , v , w v e l o c i t y p e r t u r b a t i o n s i n d i r e c t i o n s x , y , z 

a L.W.L. o f model 

d model d r a u ^ t , 

A w e t t e d s u r f a c e a r e a 

S u n d e r w a t e r p l a n a r e a 

C wave e l e v a t i o n , p o s i t i v e upwards 

5 symmetr ic wave e l e v a t i o n 

a n t i s y m m e t r i c wave e l e v a t i o n 

6 wave a n g l e 

X wave leng th 

c wave v e l o c i t y = U cos 0 

Y = 2Tr/X 

cos 8 i n expans ion o f symmetr ic wave p a t t e r n 

= Yjjj cos i n expans ion o f a n t i s y m m e t r i c wave p a t t e r n 

^ h ' % c o e f f i c i e n t s i n e x p a n s i o n of symmetric wave p a t t e r n 

^m' ^m c o e f f i c i e n t s i n expans ion o f a n t i s y m m e t r i c wave p a t t e r n 

N number o f symmetr ic wave harmonics 

M number o f a n t i s y m m e t r i c wave harmonics 

h d i s t a n c e be tween s a m p l i n g p o s i t i o n s i n x - d i r e c t i o n 

K number o f samples t a k e n f rom each wave p robe 



t o t a l r e s i s t a n c e o f model 

v i s c o u s r e s i s t a n c e 

R j induced r e s i s t a n c e 

R^ wave p a t t e r n r e s i s t a n c e 

R^^ symmetr ic wave p a t t e r n r e s i s t a n c e 

R^^ a n t i s y m m e t r i c wave p a t t e r n r e s i s t a n c e 

6R^ r e s i s t a n c e component o f one wave harmonic 

Cjj r e s i s t a n c e c o e f f i c i e n t i n t h e towing t a n k 

= R/apu^s 

J r e s i s t a n c e c o e f f i c i e n t i n t h e wind t u n n e l 
t u n n e l 

Froude number = 
U 

Re R e y n o l d ' s number = — v k i n e m a t i c v i s c o s i t y 

_ . . . r . m . s . r e s i d u a l 
qu 1 y o 1 r . m . s . wave h e i g h t 



1 . INTRODUCTION 

E s s e n t i a l t o t h e model t e s t i n g of h u l l forms i n t h e towing t a n k i s 

an u n d e r s t a n d i n g o f t h e components of t h e t o t a l r e s i s t a n c e t o motion 

e x p e r i e n c e d by t h e model . 

F o l l o w i n g Wi l l i am F r o u d e ' s e a r l y h y p o t h e s i s t h a t t h e t o t a l r e s i s t a n c e 

can b e d i v i d e d i n t o two components , t h e s k i n - f r i c t i o n r e s i s t a n c e due t o 

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

r e s i s t a n c e , due t o normal p r e s s u r e f o r c e s , mainly comprised o f wave 

p a t t e r n r e s i s t a n c e , K e l v i n made a g r e a t s t e p fo rward i n t h e u n d e r s t a n d i n g 

o f t h e wave p a t t e r n when, i n 190^ , he p u b l i s h e d h i s l i n e a r i s e d t h e o r y 

o f s h i p waves . I n s p i t e o f t h e r a t h e r d r a s t i c approx imat ion of r e p r e -

s e n t i n g t h e s h i p by a s i n g l e p o i n t d i s t u r b a n c e t h e wave p a t t e r n s o p r o -

duced b e a r s a c l o s e r e semblance t o t h e g e n e r a l wave p a t t e r n shape of a 

r e a l s h i p . Havelock c o n t i n u e d t h e o r e t i c a l work on wave p a t t e r n s ( r e f . 3) 

and c o n s i d e r e d a wave p a t t e r n moving a t v e l o c i t y U comprised of waves 

moving w i t h t h e wave p a t t e r n b u t a t an a n g l e 0 t o i t s d i r e c t i o n and 

o b t a i n e d 

7r/2 

C = I F(e-) s in{K s e c ^ e ( x cos 6 + y s i n 0 + e ( 0 ) ) } d e 

-•ir/2 

2irc^ 

where K = — , F(0) i s t h e a m p l i t u d e f a c t o r and e (0 ) i s p h a s e , 

f o r t h e wave e l e v a t i o n . 

By drawing l i n e s r e p r e s e n t i n g t h e c r e s t s of waves a t v a r i o u s v a l u e s 

o f 0 , Havelock found t h a t t h e enve lope of t h e s e l i n e s produced t h e 

t y p i c a l wave p a t t e r n c o n ^ r i s i n g b o t h d i v e r g i n g and t r a n s v e r s e waves , as 

seen b e h i n d a s h i p . 



WAVE PATTERN BEHIND A SHIP 

AC i s p a r a l l e l t o c r e s t s of waves of a n g l e 35° . From the f i g u r e 

i t i s seen t h a t t h e t r a n s v e r s e waves a r e comprised o f waves w i t h an a n g l e 

e < 35° w h i l e t h e d i v e r g e n t sys tem i s comprised of waves w i t h 8 > 35° . 

Also a n g l e AOB i s t h e K e l v i n wave a n g l e of a p p r o x i m a t e l y 1 9 ° . 

At t h e 11 I n t e r n a t i o n a l Towing Tank Confe rence t h e coupon en t s of 

r e s i s t a n c e were d i s c u s s e d and t h e f o l l o w i n g d iagrammat ic break-down of 

t o t a l r e s i s t a n c e r e s u l t e d : ( o v e r l e a f ) 



Total Resistance 

Normal Pressure 

Forces 

Tangential Shear or 

^kin- iFrict ion Forces 

Induced Resistance Total Wave Making 

Resistance 

Viscous Pressure 

or Form prag 

Wave Pattern 

Resistance 

Wave Breaking 

Resistance 

Total Viscous • 

Resistance as from 

Wake Traverse 

Tota l Resistance 

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

normal p r e s s u r e and t h e t a n g e n t i a l s h e a r f o r c e s o r s k i n f r i c t i o n which 

when i n t e g r a t e d o v e r t h e h u l l w i l l r e s u l t i n t h e t o t a l r e s i s t a n c e . However, 

a c t u a l d i r e c t measurement of t h e s e two q u a n t i t i e s i s obv ious ly n o t con-

v e n i e n t on any a r b i t r a r y model , so o t h e r con^onen t s of r e s i s t a n c e a r e 

sought by measurement, away from t h e h u l l , o f t h e e f f e c t of t h e h u l l upon -

t h e s u r r o u n d i n g w a t e r . 

I t i s n e c e s s a r y t o d e f i n e t h e components measured such t h a t t h e y have 

a c l e a r p h y s i c a l meaning and can be measured . Three components of 

r e s i s t a n c e emerge: 

1 . The wave r e s i s t a n c e : t h e f o r c e n e c e s s a r y t o m a i n t a i n t h e energy of 

t h e wave p a t t e r n , and can be c a l c u l a t e d f rom measurements w i t h i n 

t h e wave p a t t e r n . I t i s n o t t h e t o t a l wave making r e s i s t a n c e of t h e 



h u l l s i n c e t h a t i n c l u d e s t h e energy d i s s i p a t e d i n t o t h e wake 

th rough wave b r e a k i n g . 

2 . The v i s c o u s r e s i s t a n c e : t h a t r e s i s t a n c e a s s o c i a t e d w i t h c r e a t i n g 

v o r t i c i t y and t u r b u l e n c e , and can b e measured by making a wake 

t r a v e r s e a s t e r n of t h e model . C l e a r l y t h i s component w i l l i n c l u d e 

t h e s k i n - f r i c t i o n r e s i s t a n c e and t h e form d r a g o r v i s c o u s p r e s s u r e 

r e s i s t a n c e due t o boundary l a y e r t h i c k n e s s and s e p a r a t i o n e f f e c t s . 

Also i n c l u d e d i s t h e wave b r e a k i n g r e s i s t a n c e ment ioned above. 

3. The i n d u c e d r e s i s t a n c e : t h a t r e s i s t a n c e caused by t h e g e n e r a t i o n of 

t r a i l i n g v o r t i c e s . When t h e h u l l i s n o t c r e a t i n g a n e t si deforce 

t h i s component w i l l i n g e n e r a l be n e g l i g i b l e . However, w i t h t h e 

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

i nduced r e s i s t a n c e w i l l become s i g n i f i c a n t . U n f o r t u n a t e l y , a t 

p r e s e n t t h e r e i s no c o n v e n i e n t way of measu r ing t h i s component. I t 

s h o u l d b e n o t e d t h a t amb igu i ty can a r i s e i f t h e induced r e s i s t a n c e 

i s d e f i n e d as t h e d i f f e r e n c e between t h e t o t a l r e s i s t a n c e a t yaw 

and t h e t o t a l r e s i s t a n c e a t z e r o s i d e f o r c e when i t might w e l l i n c l u d e 

some wave and v i s c o u s r e s i s t a n c e . 

Thus t h e t o t a l r e s i s t a n c e can b e s u b d i v i d e d : 

I t has i n t h e p a s t been e x p e r i m e n t a l p r a c t i c e , when w i s h i n g t o s c a l e 

up measurements on s h i p mode l s , t o assume t h a t t h e wave r e s i s t a n c e i s 

e q u a l t o t h e t o t a l r e s i s t a n c e minus an e s t i m a t i o n f o r v i s cous r e s i s t a n c e 

b a s e d on t h e s k i n f r i c t i o n of a f l a t p l a t e t i m e s some s u i t a b l e form 

f a c t o r , c a l c u l a t e d a t low Froude number. However, v a r i o u s t e c h n i q u e s f o r 

measu r ing t h e wave r e s i s t a n c e have been deve loped and t h e s e can be 

d i v i d e d i n t o two main c a t e g o r i e s . 

In t h e f i r s t i n s t a n c e measurements of t h e wave p a t t e r n a r e made and 

t h e wave r e s i s t a n c e i s c a l c u l a t e d f rom t h e e x p r e s s i o n f o r t h e energy of 

t h e measured wave p a t t e r n . Th i s method can b e f u r t h e r s u b d i v i d e d i n t o 

1;. 



two b a s i c means of measurement . 

F i r s t l y t h e l o n g i t u d i n a l c u t method, as u sed i n t h i s p r e s e n t work 

and by Gadd and Hogben ( r e f . 2 ) , i n which measurenen t s of t h e wave 

p a t t e r n a r e - made by t a w i n g t h e model p a s t f i x e d wave p r o b e s and t h u s 

o b t a i n i n g l o n g i t u d i n a l wave t r a c e s . Secondly t h e t r a n s v e r s e c u t method 

xased by Eggers ( r e f . 1 ) , i n which measurements a r e made a c r o s s t h e wave 

p a t t e r n a t two f i x e d d i s t a n c e s b e h i n d t h e model . An advan tage of t h i s 

s econd method i s t h a t t h e measu r ing a p p a r a t u s i s c a r r i e d w i t h t h e model 

t h u s a v o i d i n g t h e n e c e s s i t y of h a v i n g s e p a r a t e shore -moun ted wave p r o b e s . 

A l l t h e s e methods a r e i n f a c t a p p r o x i m a t e , s i n c e t h e y r e l y on t h e 

a p p l i c a t i o n o f l i n e a r i s e d theory t o t h e r e a l d i s t u r b a n c e , a l t h o u g h i n 

g e n e r a l t h e y - w i l l b e s u f f i c i e n t l y a c c u r a t e o u t s i d e t h e wake and t h e 

v i c i n i t y of t h e model . 

The second means o f measu r ing t h e wave p a t t e r n r e s i s t a n c e i s by 

making measurements w i t h i n t h e wave p a t t e r n t h a t l e a d d i r e c t l y t o an e s t i -

mat ion of t h e r e s i s t a n c e w i t h o u t a c t u a l l y e s t a b l i s h i n g an e x p r e s s i o n f o r 

t h e wave p a t t e r n i t s e l f . Ward ( r e f . 12) c a l c u l a t e s t h e wave p a t t e r n 

r e s i s t a n c e f rom measurements o f f o r c e s e x e r t e d by t h e p a s s i n g wave p a t t e r n 

on a l o n g c i r c u l a r c y l i n d e r h e l d v e r t i c a l l y i n t h e w a t e r s u r f a c e . This 

s econd approach does n o t p r o v i d e as much i n f o r m a t i o n about t h e wave p a t t e r n 

as t h e f i r s t b u t i t s c h i e f advan tage i s t h a t i t does n o t use any F o u r i e r 

a n a l y s i s , a t e c h n i q u e u s e d i n a l l c a se s of t h e f i r s t i n s t a n c e , and which 

can l e a d t o a n a l y s i s p r o b l e m s , as found i n t h e p r e s e n t work. 

Work on wave p a t t e r n r e s i s t a n c e a t Southampton U n i v e r s i t y was 

s t a r t e d i n I 9 7 1 i n a p r o j e c t by Wynne ( r e f . l4). He used t h e l o n g i t u d i n a l 

c u t method t o s t u d y symmetr ic wave p a t t e r n s and so a l l t h e b a s i c equipment 

n e c e s s a r y f o r t h i s method was a l r e a d y a v a i l a b l e . This equipment has been 

m o d i f i e d d u r i n g t h e c o u r s e o f t h e p r e s e n t work and a more s o p h i s t i c a t e d 



means o f a n a l y s i s adop ted f o r c a l c u l a t i n g b o t h t h e symmetr ic arid a n t i -

symmetr ic con^onen t s o f wave r e s i s t a n c e found i n an assymmetr ic wave 

p a t t e r n . For a l l e x p e r i m e n t s a l / 6 t h s c a l e model of t h e 5 - 5 me t r e y a c h t 

' A n t i o p e ' was u s e d , a l t h o u ^ t h e pu rpose o f t h i s p r e s e n t work was no t so 

much t o measure t h e wave p a t t e r n r e s i s t a n c e o f ' A n t i o p e ' , h u t r a t h e r t o 

d e v e l o p e a r e l i a b l e means o f measur ing symmetr ic and asymmetr ic wave p a t t e r n s 

and hence t h e c o r r e s p o n d i n g r e s i s t a n c e i n t h e t owing t a n k . 

The r e s u l t s f rom symmetr ic wave p a t t e r n s o b t a i n e d f rom t h e u p r i ^ t 

model a r e c o n s i d e r e d good f rom comparison of wave r e s i s t a n c e w i t h t h e 

t o t a l measured r e s i s t a n c e and t h e h i g h q u a l i t y of f i t of t h e c a l c u l a t e d 

wave p a t t e r n s t o t h e measured wave p a t t e r n s . However, when t h e model i s 

yawed, t h u s p r o d u c i n g asymmetr ic wave p a t t e r n s , t h e r e s u l t s o b t a i n e d 

d e t e r i o r a t e . The a n a l y s i s o f t h e symmetr ic component i s s t i l l good b u t 

t h e a n t i s y m m e t r i c coiiponent of r e s i s t a n c e canno t be c o n s i d e r e d r e l i a b l e . 



2 . THEORY 

2 . 1 Components o f T o t a l R e s i s t a n c e from C o n s i d e r a t i o n of Momentum 

W.L W.L 
t \ 

u 
< 

\ ' 

/ / / / / / / / / / / / / / / / / / / 

DIAGRAM OF THE MODEL IN THE TANK 

Cons ide r a model moving w i t h c o n s t a n t v e l o c i t y U i n a towing t a n k 

o f b r e a d t h b and dep th e . Le t axes x , y , z , h a v i n g o r i g i n i n t h e s u r f a c e 

a t t h e model c e n t r e , move w i t h t h e model and deno te l o n g i t u d i n a l , t r a n s -

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

v e l o c i t y p e r t u r b a t i o n s . I t i s assumed t h a t t h e f low about t h e model and 

w i t h i n t h e wake and wave p a t t e r n i s s t e a d y r e l a t i v e t o t h e c o o r d i n a t e axes 

X, y , z. Th i s a s sumpt ion may n o t be s t r i c t l y t r u e i f t h e model i s f r e e 

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

L e t A and B be two p l a n e s p e r p e n d i c u l a r t o t h e x a x i s and such t h a t 

A i s i n u n d i s t u r b e d w a t e r u p s t r e a m of t h e model and B i s a s i m i l a r 

d i s t a n c e downstream of t h e model . Cons ide r t h e c o n t r o l volume d e f i n e d by 

t h e p l a n e s A and B, t h e w a l l s and f l o o r of t h e t a n k , t h e f r e e s u r f a c e and 

t h e w e t t e d s u r f a c e of t h e model . I f i t i s assumed t h a t t h e f r i c t i o n a l 

f o r c e s a t t h e w a l l s and f l o o r of t h e t a n k and a l s o a t t h e f r e e s u r f a c e a r e 



n e g l i g i b l e t h e n t h e n e t f o r c e i n t h e x d i r e c t i o n a c t i n g upon t h e c o n t r o l 

volume i s 

( t h e i n t e g r a l of p r e s s u r e ove r A) 

( t h e i n t e g r a l o f p r e s s u r e over B) F„ 
B 

- ( t h e t o t a l r e s i s t a n c e of t h e model) 

and t h i s must e q u a l t h e change i n t h e f l u x o f momentum i n t h e x d i r e c t i o n 

t h r o u ^ t h e c o n t r o l volume, 

( f l u x o f momentum / / x t h r o u ^ A) 

- ( f l u x o f momentum / / x t h r o u ^ B) Mg. 

Mow suppose c ( x , y ) i s t h e s u r f a c e d i s p l a c e m e n t o r wave h e i g h t a t 

( x , y , O) , t h e n a t A, ? = 0 and u = v = w = 0 and so by c o n t i n u i t y 

s i n c e t h e r e i s no f l ow t h r o u g h t h e t a n k w a l l s and t h e s u r f a c e i s o f 

c o n s t a n t s h a p e , t h e n e t f low i n t o t h e c o n t r o l volume a t A must e q u a l t h a t 

f l o w i n g o u t a t B 

b / 2 Gg 

Ube = 

-b/2 

Momentum f l u x a c r o s s A i s 

b/2 ^3 
= nTT̂T~i<a ~ riTT 

A 

(U + u) dzdy (1) 

—e 

= p lA)e = pU I I (U + u)dzdy (2) 

- b / 2 - e 

Momentum f l u x a c r o s s B i s 

b / 2 ^B 

Mg = p j 

-b/2 

(U + u ) ^ dzdy (3) 

Now f rom B e r n o u l l i ' s p r i n c i p l e i f p r e s s u r e s a r e measured r e l a t i v e t o 

a tmosphe r i c p r e s s u r e t h e t o t a l head a t A can be e q u a t e d t o t h e t o t a l 

head a t B 
p 

' B .0 o o 

(W 

p p 

- J + + gz - - J + i((u + u ) ^ + v^ + w^) + gz + ^ 



where Ap i s t h e v i s c o u s p r e s s u r e l o s s and w i l l t h e r e f o r e be z e r o o u t s i d e 

wake t h e wake. Also on t h e s u r f a c e a t A, = 0 and z = 0 , so t h e t o t a l head 

IS 

Hence t h e p r e s s u r e f o r c e on A i s 

b/2 0 

1 1 ? ^ dzdy = ipgbe^ 

—b/2 —e 

(5) 

and t h e p r e s s u r e f o r c e on B i s 

b / 2 

B ! 1 
Pg dzdy 

- b / 2 - e 

b / 2 ^B 
f , f 

-t/2 -e 

- ~ I j" {pgz + Ap + ip(2Uu + u^ + + w^)}dzdy 

= 5pgbe^ - )pg 

- T 

^B 

- e 

b / 2 

- b / 2 

Apdzdy r j 

b / 2 ^3 

I I 
- b / 2 - e 

(2Uu + u^ + + w^)dzdy 

(6) 

Now f rom above 

^ " ^A " ^B + ^A " 

o r 
b / 2 b / 2 ^B 

Rg, = i p g Cg dy + 

- b / 2 

Ap dzdy + 5p 

- b / 2 - e 

b / 2 ^ 

I (v^ + w" 

—b/2 - e 

u^)dzdy 

(7) 

I t i s c l e a r t h a t t h e f i r s t t e r m c o n t r i b u t e s t o wave r e s i s t a n c e w h i l e 

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

t h e t h i r d t e r m w i l l c o n t r i b u t e t o wave p a t t e r n r e s i s t a n c e , v i s c o u s r e s i s -

t a n c e w i t h i n t h e wake and a l s o i n d u c e d r e s i s t a n c e due t o t r a i l i n g v o r t i c e s . 

Now d e f i n e u such t h a t 

9. 



+ J ( ( u + u) + V + w ) + gz 

X • G • } 
- \ 2 K u + u) i (u + u ) ^ + 

P 

and u w i l l d i f f e r f rom u o n l y w i t h i n t h e wake. Hence, e q u a t i o n (7) 

becomes 

b/2 b/2 

=' i p g J dy + ip J I (v^ + w^ - u^)dzdy 

- b / 2 

( J 

- b / 2 - e 

{Ap + i p ( u ^ - u ^ ) } dzdy 

wake 

and t h e l a s t t e r m can b e i d e n t i f i e d as t h e t o t a l v i s cous r e s i s t a n c e and 

w i l l b e ze ro o u t s i d e t h e wake. 

The second t e r m must now b e d i v i d e d i n t o i nduced r e s i s t a n c e and some 

wave p a t t e r n r e s i s t a n c e . From t h e t h e o r y of g r a v i t y waves , g iven t h e 

wave p a t t e r n %(%, y ) , t h e a s s o c i a t e d o r b i t a l v e l o c i t i e s u ^ , v , w can 

be c a l c u l a t e d . Thus con^onen t s of r e s i s t a n c e can be d e f i n e d : 

Wave p a t t e r n r e s i s t a n c e 
b / 2 b/2 Cg 

R , = ^pg / Cg dy + ^P / / ( 

- b / 2 - b / 2 - e 

2 2 
" l + " l 

- u^ ) dzdy (8) 

Viscous r e s i s t a n c e 

R 

wake 

Induced r e s i s t a n c e 

I [ AP + i p ( u ^ - u^) ] dzdy 

R; = ZP 

and 

b / 2 
f / 2 ^ 2 - 2 2 ( v + w - u - v^ 

- b / 2 - e 

w^^ + u^^) dzdy 

(9) 

(10) 

(11) 

10. 



2 . 2 Wave R e s i s t a n c e Using Weighted Mean Square Method 

The f o l l o w i n g method o f c a l c u l a t i n g t h e wave p a t t e r n r e s i s t a n c e was 

g iven by Gadd and Hogben ( r e f . 2) i n one o f t h e i r e a r l y p a p e r s on wave 

p a t t e r n r e s i s t a n c e . The wave p a t t e r n o f a model i n a t o w i n g t a n k i s com-

p r i s e d o f waves moving a t v a r i o u s a n g l e s 8 t o t h e d i r e c t i o n of motion of 

t h e model . 

Cons ide r f i r s t t h e case o f t r a n s v e r s e waves moving w i t h t h e model so 

0 = 0 . 

Taking t h e mean o f e q u a t i o n (8) i n t h e x d i r e c t i o n 

b / 2 b / 2 _ _ _ _ _ 

w -K" I <3y + ip f - -u^^) dzdy 

/ 2 - b / 2 - e 

5 = i p g 

low ~ t h e motion b e i n g s t e a d y and v = 0 s i n c e t h e waves b e i n g 

c o n s i d e r e d a r e t r a n s v e r s e and hence have no t r a n s v e r s e mo t ion . In deep 

p p 

w a t e r waves t h e p a r t i c l e s move round i n c i r c l e s ; hence = o. 

Thus 
b / 2 

= ] - f 2 
w 

-b/2 

R = 4pg I Cg" dy . (12) 

Now midway be tween a c r e s t and a t r o u g h g = 0 and a l s o u^^ = = 0 i n 

e q u a t i o n (y) b u t w^^ i s a maximum, t h e r e f o r e 

b/2 

By = 5p ] I dzdy 

- t / 2 *** 

b/2 

- i p g dy (13) 

-b/2 

In an o b l i q u e wave t r a i n where B ¥ 0 e q u a t i o n (13) w i l l s t i l l be v a l i d and 

the average value of (v^^ _ u^2) ig (gin^Q _ cos^e)*^^ gince the 

r e s u l t a n t of u^ and v^ i s t h e h o r i z o n t a l component of p a r t i c l e mot ion . 

/ e A 

in I 



Whence f o r an o b l i q u e wave t r a i n of ang l e 8 

b / 2 b / 2 

Ry. = 5Pg I dy + ip I I ( l - cos^e) dzdy 

- b / 2 - b / 2 - e 

b/2 b ^ Cg 

= &Pg <3y + 5P ( l - cos^6)dzdy 

-b/2 -b/2 ̂  

g 2 
s i n c e i s s i n i i s o i d a l and so -v = 2w , 

max 
Hence f rom e q u a t i o n ( l 3 ) 

b/2 _ 

R = i pg (2 - cos e) 
W 

(14) 

± / 2 _ 

f o r an o b l i q u e wave t r a i n of ang le 8 . 

The wave r e s i s t a n c e f o r a complete p a t t e r n i s d e r i v e d by choosing an 

e f f e c t i v e average va lue f o r Cos 8 i n e q u a t i o n (14 ) . Gadd & Hogben a l s o 

d e s c r i b e a s o - c a l l e d F o u r i e r s t r i p method of a n a l y s i n g a s e r i e s of 

l o n g i t u d i n a l p r o f i l e s and Hogben l a t e r developed a l e a s t squa re f i t t i n g 

t e c h n i q u e known as the ' M a t r i x ' method a p p l i c a b l e to more g e n e r a l a r r a y s 

and used in the automated system d e s c r i b e d in r e f e r e n c e 6 . 

2 . 3 F o u r i e r Expansion of t h e Wave P a t t e r n 

From work by Kelvin and Havelock i t i s seen t h a t t h e wave p a t t e r n beh ind 

a s h i p i s composed of wave t r a i n s moving a t v a r i o u s ang les 8 t o t h e d i r e c -

t i o n of motion of t h e model. 

Cons ider waves o f angle 8 , wave leng th X and wave v e l o c i t y c 

c o n t a i n e d i n t h e wave p a t t e r n of a model moving a long t h e c e n t r e - l i n e of 

a t a n k of b r e a d t h b wi th v e l o c i t y U. 

12. 



A TYPICAL WAVE TRAIN 

There a r e t h r e e c o n d i t i o n s which must b e s a t i s f i e d : 

( a ) The laws f o r g r a v i t y waves a r e obeyed . 

(b) The wave p a t t e r n moves w i t h t h e model . 

( c ) There i s no f low t h r o u g h t h e t a n k w a l l s . 

Now X cos 8 - y s i n 8 = c o n s t a n t a l o n g l i n e s . p a r a l l e l t o t h e waves . 

Hence t h e e q u a t i o n f o r t h e wave e l e v a t i o n i s 

A c o s ( x cos 6 - y s i n 8 + E) 2? 
(15) 

where A and e a r e c o n s t a n t s . 

From c o n d i t i o n ( a ) ^ ~ ^ 

and f rom (b) c = U cos 8 . 

T h e r e f o r e 

2 1 = . 
X 

i f cos^8 

Whence expand ing (15) 

= Y ( say ) (16) 

^ ' = A cos [ y ( x cos e + e ) ] . c o s[Y y s i n 8] 

+ A sin[y(x cos 6 + e)].sin[Y y sin e] ( l ? ) 

Now c o n s i d e r t h e wave t r a i n c f a n g l e - 8 which w i l l no t n e c e s s a r i l y be 

e q u a l i n magni tude o r p h a s e s i n c e t h e wave p a t t e r n may n o t be s y m m e t r i c . 

13. 



5 ' " = B cos [Y ( X COS 9 + 6 ) ] . cos [y y s i n e] 

- B s in [Y (x cos 6 + 6 ) ] . s i n [ Y y s i n s ] 

Now summing ( l ? ) and ( l 8 ) and expanding 

(18) 

c = c* + v~ 

= [g C O S ( Y X cos e) + n sinCy x cos e)] C O S ( Y y s i n e) 

+ [y C O S ( Y X cos e) + V sinCy x cos 6)] sinCy y s i n e) ( l 9 ) 

where c o n s t a n t s A, B, e and 5 have been absorbed i n t h e c o e f f i c i e n t s g , 

n, y> V. 

I t i s immedia te ly seen t h a t t h e f i r s t t e r m i s symmetric about t h e 

c e n t r e - l i n e y = 0 w h i l e t h e second i s an t i symmet r i c about y = 0 . 

To s a t i s f y c o n d i t i o n (c) i t i s s u f f i c i e n t t o apply t h e c o n d i t i o n f o r 

r e f l e c t i o n a t t h e w a l l s 

AS. 
dy 

0 a t y = + — V X . 

Whence f o r t h e symmetric p a r t 

o r 

/ b . 6 \ ^ r\ 
s i n l y % s i n ) - 0 

^ s i n 6 = (n - l)Tr 

y s i n e = n i n t e g e r 5 1 (20) 

and f o r t h e an t i symmet r i c p a r t 

o r 

C O S ( Y •g s i n e ) = 0 

s i n 6 = 

, 3 i n e = I S s ^ " m i n t e g e r $ 1 (21) 

(Note: Only p o s i t i v e v a l u e s of m and n a re t a k e n s i n c e n e g a t i v e va lues 

l e a d t o n e g a t i v e v a l u e s of 6 which a re i n c l u d e d from equa t ion ( 1 8 ) . ) 

Hence i t i s seen t h a t f o r a model moving i n a t ank of b r e a d t h b 

lU. 



w i t h v e l o c i t y U t h e r e s u l t i n g wave p a t t e r n i s composed of a d i s c r e t e 

s e t of symmetr ic and an t i symmet r i c waves given by e q u a t i o n s ( 2 0 ) , ( 2 l ) 

and ( 1 6 ) . 

Thus f o r t h e whole wave p a t t e r n 

^ ~ ^symmetric ^an t i symmet r i c 

= T [5 cos(w x) + n sin(a) x ) l cos 
L^n n n n -* o 

n = l 

+ I « ) 8 ( r ^ d + V ^ s i n ( r ^ 0 ] (2m " D i r y 
m=l 

where cos 8^ 

I'm = I'm 

y s i n 6 = 
'n n D 

n 

and 

Y. 

R 

- 7 ; ; ? 

and £ , n , u , v a r e c o n s t a n t c o e f f i c i e n t s , 
n n m m 

2.k The Wave R e s i s t a n c e From t h e Wave P a t t e r n 

The wave r e s i s t a n c e f o r an o b l i q u e wave t r a i n as an i n t e g r a l of t h e 

mean wave h e i g h t squa red has been c a l c u l a t e d ( e q u a t i o n ( l 4 ) ) , 

b/2 

= 5Pg(2 - cos^e) I dy 

- b / 2 

15. 



and t h e wave p a t t e r n i s e x p r e s s e d i n e q u a t i o n ( 2 2 ) . 

To a r r i v e a t an e x p r e s s i o n f o r t h e wave r e s i s t a n c e i n te rms o f t h e 

c o e f f i c i e n t s i n t h e wave p a t t e r n expans ion i t i s conven ien t t o c o n s i d e r 

b 
a t a n k o f w i d t h b ' = 2b and w i t h a c e n t r e - l i n e such t h a t y ' = y - ^ -

THE SYMMETRIC WAVE PATTERN IN THE DOUBLE TANK 

The wave p a t t e r n now r e l a t e d t o a t a n k of b r e a d t h b ' r e p r e s e n t s t h e 

p a t t e r n o b t a i n e d f rom two o p p o s i t e l y asymmetr ic models moving i n t a n k s of 

b r e a d t h b w i t h one c o i n c i d e n t w a l l , as shown. The r e s u l t i n g wave 

p a t t e r n w i l l b e symmet r i c . 

4 ( n - l ) % ( y ' + 
C = Z [?n cos(Yj^x cos 6^) + s i n f y ^ x cos 0 ^ ) ] . c o s 

n = l 

oo 2 (2m- l ) t r (y ' + 
+ y FU COSCY X cos e ) + V s inCy x cos 8 ) ] . s i n — 

L^m m m m m m b 
m=l 

= ^ cosCy^x cos 6^) + s i n f y ^ x cos 6 ^ ) ] - c o s ( ^ ^ " b ' ^ ( n - l ) i r ) 
n = l 

I [%* C08(Y,z COS 6^; + 8 in (Ya % cos 8 ^ ) ] . s i n ( 2 t 2 2 _ _ _ l l 5 Z l 
m=l 

+ nrn - ̂ ) 

= I [a^ C O S ( Y ^ X COS 6^) + s inCy^x cos 8^)] cos 2 ( r ^ l ) n y 
r = l 

(23) 

16. 



where i f r i s odd a_ = + E r + 1 
- 2 

g_ = + 9 r + 1 

r + 1 
2 

r + 1 

even »•+ 

odd -

and i f r i s even «_ = + 

6^ = ± ^ f 

even + 

odd o-

and 

_g_ 

if cos^e 

2U^ . 

The t o t a l wave p a t t e r n r e s i s t a n c e R^' w i l l b e t h e sum of t h e wave 

r e s i s t a n c e s o f each of t h e harmonics o f t h e wave p a t t e r n . 

R ' = 5pg I (2 - cos e ) 
^ r = l 

b ' / 2 

-b'/2 

Gr ay'. 

Now when r = 1 , 

and s o 5pg (2 - cos 8 ) 

( a , + g. ) s i n c e 8, = 0 
/i 1 

dy ' = 5 p g b ' ( a ^ ^ + g ^ ^ ) . 

-b'/2 

and when r % 1, = 2(^ 2 + g 2)2^^2 2(r - l)i,y' 
' r r r 

b ' / 2 

and 2pg(2 - cos e^) i(a^ + ).cos 2\ 2(r - l)%r' ay, = 

-tV2 

= 5 p g b ' ( l - i cos e ^ ) ( a ^ + )• 

Thus 

R ' = 2 p g b ' ( a . ^ + g-,^) + 5pgb' I ( l - i c o s^e ) ( a ^ + g ^ ) . 
w -L X t=2 

(2L) 

Now t h e a c t u a l wave p a t t e r n r e s i s t a n c e = g R ^ ' ; t h u s h a l v i n g e q u a t i o n 

(2^) and s u b s t i t u t i n g b ' = 2 b , 

17. 



R = 3pgb(a^^ + e,^) + Jpgb I (1 - i cos^G )(a ^ + $ ^) 
w X X r==2 

= apg&{ I ' ( 1 - a cos^e ) . ( e 2 + n 2 ) } 
n-1 

+ Jpgb { ^ ( l - i c o s 2 e ^ ) . ( y ^ ^ + Vg^)} (25) 
m=l 

00 

where t h e n o t a t i o n t h e t e r m . i n n = 1 i s doub led . 

2 . 5 A n a l y s i s o f Measurements 

The wave e l e v a t i o n ? i s measured a t f o u r p o s i t i o n s a c r o s s t h e tank 

^1* ^ 2 ' ^ 3 K v a l u e s o f x f rom h t o Kh i n i nc r emen t s o f h , such 

t h a t y = and Now c o n s i d e r i n g j u s t one p a i r of y measure-

ments , y and - y , f rom e q u a t i o n (22) 

c (y ) = c_ (y ) + s_ (y ) 

and by d e f i n i t i o n 

Gg(y) = 2 ( c ( y ) + c ( - y ) ) 

? J y ) = iCcCy) - G ( - y ) ) . 

Hence t h e v a l u e s o f C and 5 a r e known a t t h e p o i n t s ( x . , y ) 
s a J 

and ( % . , y j where 1 ( j ( K and x . = j . h . Cons ide r t h e symmetric 
J 2 J 

p a r t 

2 (n - l ) n y (26) r = y f 5 cos(a) x) + n s i n ( w x ) ] cos — — 
n n n n •' d ^ n = l 

and assume t h a t wave harmonics g r e a t e r t h a n N have n e g l i g i b l e c o e f f i c i e n t s 

(see Appendix 3 ) . 

L e t C- = C ( x . , y ) , m u l t i p l y e q u a t i o n (26) by cos(u)^x.) where 

0 S J d 

1 a r 3 N, and sum ove r j . Whence 

18. 



K 
% C; cos(w X.) 

j = l J f J 

K N 
I I { [ cos(a) x . )cos{aj X.) + n_ sin(u) x . )cos( to x ) ] 

j = l n = l ° ^ ^ ^ ^ ^ ^ 

.COS } 
D 

= r 2 ^ cos 2 (8 " . iXfZ ^ [5 i (cos(a) + w )hj + cos(w - w )hj) 
n=l ° 3=1 

+ n^5(sin<u)^ + m^)h j + s in (w^ - w ^ ) h j ) ] } 

K 
+ % cos ~ ^)'"y { 5 | ( c o s ( 2 w h j ) + 1 ) + n i -s in(2(u h j ) } 

D r r T T , 
J X 

? 2(n - l)*y rr 1 ,co8 + WyihCE + l).sin 3(0^ + w^JhK 
= r I cos sin 3(w + w )h 

n=l n r 

cos i ( u - u) )h(K + 1) s i n i(a) - w )hK 
* ' — ' . 1 . 1 - ^ ) b ° ' ' 

s i n g (w + u )h(K + l ) s i n i (o) + w )hK 
+ n i ( —r-^r-T w 

n s i n 5 (o)^ + u)^)h 

s i n i (w - w )h(K + l ) s i n 5 (u - oj )hK 

* ""sin ; - . y l h " — — ' ] 

. .OS - 1 ) ^ J , ^ cos .^h(K . 1) s i n 

b ^ r s i n 0) h 
r 

s i n w h(K + l ) s i n w hK 

" s i n M ^ h — ] 

N 
where t h e n o t a t i o n r ^ => t h e sum omits t h e r t e rm . 

n = l 

Now m u l t i p l y by sin(WyXj) and sum over j . 
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K 
Cj . i n ( u . ^ x , ) 

K N 
~ I % { [Sa cosCu^h j) . s in(a)^h j) + s in(a j^h j ) s in (a )^h j )] . cos 

j=l n-1 

N , _ t K 
= r y { cos —JLZ—JjlZ. _ ^ [ 5 5(sin(u) + w ) h j - s in (w - w )h j) 

n=l G j=i n n r n r 

- r)ni(cos(u)^ + Wy)hj - cos(w^ - w ^ j h j ) ] } 

+ % COG 2 ( r ( E p j s i n ( 2 w ; h j p + - c o 6 ( 2 W ; h j ) ) } 
j-1 

? 2(n - l),v , ^ '"n •" ^'"n * "r'" 
r ^ cos ^ sin i(w + w )h 

n - 1 n r 

s i n 5(a) - 0) )h(K + l ) . s i n Kw - w )hK 
J _ n T n r 

s i n iiu3 - u, )h n r 

cos Kw + w )h(K + l ) . s i n i(a) + w )hK 
_ 1 / n r n r 

"̂ n s i n + a)^)h 

cos Koj - 0) )h(K + l ) . s i n g(w - w )hK 
n r n r 

2 ( r - l)iTy 1 
+ cos t"'*' [E .5-

s i n i ( u ^ - (i)^)h 

s i n a)^h(K + l ) . s i n oi^hK 

s i n 0) h 
r 

cos m h(K + l ) . s i n w hK 

+ "sin w,h (Z^) 

(Note : t h e summation r e l a t i o n s used above a r e g iven i n Appendix 1 . ) 

Thus a s e t of 2N s i m u l t a n e o u s e q u a t i o n s i n and n ^ j 1$ n$ N 

i s formed 

= a (29) 

where p . = E- I 3 i < N 
1 

' i -N N + Ig i ( 2N. 
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s i m i l a r l y f o r t h e a n t i s y m m e t r i c p a r t i t i s assumed t h a t harmonics 

g r e a t e r t h a n M have n e g l i g i b l e c o e f f i c i e n t s 

= I K x) + V sin(r %)] sin (30) 
a m m m m 

nF=l 

t f C- - C ( x . , y ) m u l t i p l y e q u a t i o n (30) by c o s { r x . ) where 1 $ r 3 M 
J n J r J 

and Sim o v e r j . Whence 

K 
I C. c o s ( r X.) 
j=l J ^ J 

" ! r ( K cos(r^Zj).cos(r^%j) + sin(r^%j).cos(r^%j)].8in 
j = l m=l 

and as above 

M . ( 2 , - l l n r r , + r,Jh(K + l ) s i n i ( r ^ t r^)hK 

r I S I " b L V ' ' s i n i ( r +r )h 
m=l ni r 

COG a(r - r )h(K + i).sin a(r_ - r^)hK 
m r m r \ -

s i n 2 ( r - r ^ ) b 

sin a(r + r )h(E + i).8in + r )hK 
1 / in r in x 

+ v ^ 5 . ( s i n i ( r ^ + r ^ ) h 

+ 
sin - r^JhCK + i ) . s i n - r^lbK 

s i n i ( r - r )h 
m r 

)] 

. cos r h(K + l i . s i n r hK 
+ > 

r 

s i n r^h(K + l ) . , s i n r^hK 
+ V_5 • r ^ ' s i n r h 

Now m u l t i p l y by s i n f r ^ X j ) and sum ove r j : 

(31) 
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K 
I C: 8in ( r X.) 

j=l J 

I I ([%* c o B ( r j h j ) s i n ( r p h j ) + % s i n ( r j h j ) s i n ( r ^ h j ) ] 
j=l HFl 

" . (2m - I W , ° t a U v ^ * r )h(K + D . s l n S ( r ^ + r^)bK 

' " 1 W ( . 1 . 5 ( r „ . r ; h 

sin K r ^ - r^)h(K + l).sin iiT^~ r^)liK 

g£j^ _ r )h ^ 
m T 

cos i ( r + r )h(K + l).sin i ( r _ + r _ ) h K 
3 / m r m r 
' sin 5 ( r _ + r _ ) h 

m 

cos i ( r - r_)h(K + l ) . s i n i ( r - r )hK 
m r m r \ n 

| ( r - r )h ' ^ 
m r 

• (2r - 1)^ r J 3in r^h(K + 1) .Bin F^hK 

+ b ["r^- Bin r^h 

COS r^h(K + l).sin r_hK 

sin r h + v J ( K h r j ^ " ) ] (32) 

Thtis a s e t of 2M s i m u l t a n e o u s e q u a t i o n s i n and v ^ , 1 g m ( M 

i s formed as above , 

1 £. = a 

where ^ i ~ ^ i 1 $ i ^ M 

V. ,, M + 1 $ i 2M. 
i -M 

I t i s now n e c e s s a r y t o s o l v e t h e s e two s e t s of s imul taneous equa t i ons , 

I n p r a c t i c e i f and y^ a r e s u i t a b l y chosen ( see s e c t i o n 3 .3 ) i t i s 

p o s s i b l e , f o r each e q u a t i o n , t o s e l e c t a va lue of y which w i l l maximise 

t h e f a c t o r cos ^ ^ o r s i n and hence t h e c o e f f i c i e n t s 
D b 

of n^> Vj, and i n t h e r ^^ e q u a t i o n s r e s p e c t i v e l y . 

% u s m a t r i c e s A and B a r e formed w i t h s t r o n g d iagona l e lements 
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s u i t a b l e f o r t h e a p p l i c a t i o n o f t h e Gaviss-Seidel method of s o l v i n g 

s i m u l t a n e o u s e q u a t i o n s ( s e e r e f . 11 and Appendix 2 ) . 

The compiiter program w r i t t e n f o r t h e above a n a l y s i s o f r e s u l t s i s 

d i s c u s s e d i n Appendix 
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APPARATUS 

3 . 1 The Toying Tank 

The Southampton U n i v e r s i t y t owing t a n k was used f o r a l l e x p e r i m e n t a l 

work c a r r i e d o u t . The t a n k h a s a b r e a d t h b of 2.k3m and dep th e o f 

1.22m and t h e l e n g t h ove r which t h e towed model moves a t t h e c o n s t a n t s e t 

v e l o c i t y i s l i t .2m. S ince t h e work ing l e n g t h of t h e t a n k i s so s m a l l i t 

was n e c e s s a r y t o p o s i t i o n t h e wave p robes c a r e f u l l y so as t o o p t i m i s e t h e 

l e n g t h o f t h e r e c o r d e d wave t r a c e . 

wave probes 

LONGITUDINAL WAVE PROBE POSITIONS 

Suppose t h e lODdel moves w i t h c o n s t a n t v e l o c i t y U between A and B, 

and t h e wave p a t t e r n as a whole a l s o moves w i t h t h e model a t v e l o c i t y U. 

However, s i n c e t h e group v e l o c i t y o f a s e t o f waves w i t h i n d i v i d u a l 

v e l o c i t i e s U i s l u ( r e f . 10) t h e end of t h e wave p a t t e r n w i l l move w i t h 

v e l o c i t y gU. Hence , i f t i m e t = 0 when t h e model i s a t A, t h e end o f 

t h e wave p a t t e r n w i l l r e a c h t h e p r o b e s a t t ime t = 2(& - 6 ^ ) / U . 

Also t h e t ime a t which t h e waves due t o d e c e l e r a t i o n r e a c h t h e p robe 

f rom B i s 

2 ( 1 - g ) 1 

" u 1 ; ' 
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Now f o r optimum p o s i t i o n i n g of t h e p r o b e s t h e s e two even t s w i l l b e 

c o n c u r r e n t ; hence 

- Sg) + *1 

o r - 26^ + 25g 

and i f 6^ = 6^ 

t h e n 

and t h e t i m e a t t h e end o f t h e maximum l e n g t h t r a c e r e c o r d a b l e i s 

2(gA - 6 ) T 1. 
t = — " I - 5 -

^3 3 ^1 

I f r e c o r d i n g i s s t a r t e d when t h e model p a s s e s t h e p r o b e s a t t ime — = 5 — 

t h e n t h e l e n g t h o f t h e t r a c e w i l l b e 

i * i - S i i = 8*1. 

Now s u b s t i t u t i n g i n d imensions o f t h e t a n k i t i s found t h a t 

Ag = 3.$5m 

and t h e l e n g t h o f t r a c e = 10m. 

3 . 2 The Wave Probes 

Four c a p a c i t a n c e wave p r o b e s were u sed f o r measu r ing t h e wave e l e v a t i o n . 

This i s an e s t a b l i s h e d method o f measurement and i s w e l l deve loped w i t h i n t h e 

S h i p D i v i s i o n a t N .P .L . Each p robe c o n s i s t s o f a p o l y u r e t h a n e c o a t e d w i r e 

s t r u n g v e r t i c a l l y t h r o u ^ t h e w a t e r s u r f a c e . By t h e u s e o f f o u r ' g r e y 

b o x e s ' t h e c a p a c i t a n c e be tween t h e w i r e and t h e w a t e r , u s i n g t h e p o l y u r e -

t h a n e as d i e l e c t r i c , can be made p r o p o r t i o n a l t o t h e wave e l e v a t i o n about 

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

whose v o l t a g e i s p r o p o r t i o n a l t o t h e wave e l e v a t i o n a t t h e w i r e and t h u s 

s u i t a b l e f o r r e c o r d i n g . D e t a i l s of t h e p robe d e s i g n and e l e c t r o n i c s a r e 

g iven i n Appendix 5. 
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3 - 3 L a t e r a l Spac ing of Wave Probes 

As ment ioned above i n s e c t i o n 2 . 5 i t i s n e c e s s a r y t o p o s i t i o n t h e 

wave p robes l a t e r a l l y a c r o s s t h e t a n k so t h a t a p robe may be chosen whose 

v a l u e o f y i s such t h a t f o r each harmonic i n t h e symmetr ic case t h e t e r m 

cos — ^ ^ 0 and. f o r each harmonic i n t h e a n t i s y m m e t r i c c a s e 

s i n 0 . In p r a c t i c e i t i s d e s i r a b l e t h a t t h e p robes a r e 

p o s i t i o n e d such t h a t t h e l e a s t p o s s i b l e v a l u e s o f t h e s i n e and c o s i n e a r e 

r e a s o n a b l y l a r g e and t h e aim of t h e f o l l o w i n g i s t o e s t a b l i s h p o s i t i o n s 

where t h i s i s t h e c a s e . 

C o n s i d e r i n g f i r s t t h e symmetr ic c a s e : 

i f cos ~ 7̂  0 V n > 0 

a s u f f i c i e n t c o n d i t i o n f o r t h i s i s t h a t ^ 1 ) ? ^ i s no t an i n t e g r a l v a l u e 

of ir whence = mn- + ^ ( s ay ) 

such t h a t 
* r < 

where r 
— <5 and m, r , s a r e i n t e g e r s . 

and 
% = ms + r 
b 2s (n - 1) 

Now i f f o r each n 3 m and r such t h a t 

m.s + r = k . ( n - l ) f o r some k 

t h e n 

% . *L. 

b 2s ' 

Hence , i t i s s u f f i c i e n t t o show t h a t ms + r can g e n e r a t e a l l i n t e g e r s , o r 

t h a t 
. . . ( m - l ) s + r , ms - r , . . . ms, ms + 1 . . . ms + r . . . 

o o o 

g e n e r a t e s a l l i n t e g e r s , 

which i s t r u e i f (m - l ) s + r ^ + 1 % ms - r ^ 

o r a ^ 2 r + 1 , 
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r 
b u t an i n i t i a l c o n d i t i o n i s — < 5 

whence s = 2 r + 1 . 
o 

Thus , s i s odd and k i s any i n t e g e r . 

I n t h e a n t i s y m m e t r i c c a s e , f o l l o w i n g a s i m i l a r argument: 

t h e n 

s i n ' 2 " ; f 0 V n 

(2n - l ) , y 

such t h a t - r < r < r 
o •• *• o 

where ^o 1 

and m, r , s a r e i n t e g e r 

i s a s u f f i c i e n t c o n d i t i o n . 

T h e r e f o r e , 
21 _ (2m + l ) s + 2 r 
b (2n - 1 ) . 2 s 

Now i f s i s odd , t h e n (2m + l ) s + 2 r can g e n e r a t e a l l odd i n t e g e r s i f 

(2m - l ) s + 2 r + 2 ^ (2m + l ) s - 2 r 

o r 2 r + 1 % s 
o 

b u t r ^ / s < i 

T h e r e f o r e , 

s = 2 r + 1 as b e f o r e . 
o 

Hence m and r can b e chosen such t h a t 

(2m + l ) s + 2 r = k (2n - 1) V n 

where k i s odd. 

So f o r optimum p o s i t i o n i n g of t h e p r o b e s 

^ ^ where k i s odd (33) 
b 2s 

- r < r < r as above 
o ^ o 

and s = 2 r + 1 . 
o 
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Now c l e a r l y ^ < 3 f o r t h e p robes t o be -within t h e t a n k . Also i t 

i s n e c e s s a r y t o mount t h e probes s u f f i c i e n t l y f a r away f rom t h e t a n k c e n t r e -

l i n e and w a l l s t o avo id i n t e r f e r e n c e from t h e model and wake and w a l l e f f e c t s . 

I f r^ = 1 , s = 3 , t h e n ^ ^ which i s t o o c l o s e t o t h e c e n t r e - l i n e . 

I f r = 2 , s = 5 j t h e n ^ •— and J = ^ i s a s u i t a b l e 
o b 10 10 b 10 

p o s i t i o n , g i v i n g c o s i n e and s i n e v a l u e s o f + 1, + 0.8I and + 0 . 3 1 . 

I f r^ = 3 , s = T, t h e n ^ ^ i s s u i t a b l e , g i v i n g c o s i n e and s i n e 

v a l u e s o f + 1, + 0.9, + 0.62 and + 0.22. 

Hence, i f t h e p robes a r e p o s i t i o n e d a t 

t = ± l o aad ± 

t h e minimum p o s s i b l e c o s i n e and s i n e v a l u e w i l l b e 0 . 3 1 i f t h e p robe g i v i n g 

t h e maximum v a l u e i s c h o s e n , and i n g e n e r a l i t w i l l b e l a r g e r t h a n t h i s . 

I n t h e a n a l y s i s program t h e t r a c e w i t h t h e maximum v a l u e o f t h e s i n e o r 

c o s i n e i s chosen f o r each i n d i v i d u a l h a r m o n i c , on t h e a s s u n ^ t i o n t h a t t h e 

l a r g e r t h e d i a g o n a l e lements i n t h e m a t r i x o f e q u a t i o n ( 2 9 ) , t h e l e s s 

s e n s i t i v e t h e a n a l y s i s i s t o n o i s e . 

3 . ^ The Model 

Much towing t a n k work has been c a r r i e d out on t h e 5 -5 met re y a c h t 

' A n t i o p e ' and a l s o on t h e f u l l s c a l e y a c h t i n o r d e r t o o b t a i n some c o r r e -

l a t i o n between v a r i o u s t owing t a n k r e s u l t s ( R e f . k ) . 

For t h i s r ea son and b e c a u s e o f t h e a v a i l a b i l i t y o f t h e model , a o n e -

s i x t h s c a l e f i b r e g l a s s model o f ' A n t i o p e ' was u sed f o r ml l wave p a t t e r n 

measurements . In accordance w i t h o t h e r t e s t s t h e model was g iven a f i x e d 

s t a t i c t r i m and a l lowed t o t r i m f r e e l y when b e i n g towed . Turbu lence s t u d s 

were f i t t e d a t app rox ima te ly I / 5 w a t e r l i n e l e n g t h and on t h e l e a d i n g edge o f 

t h e k e e l . The model d i s p l a c e m e n t was 1 1 . 8 5 kg and L.W.L. = 1.15m. In o r d e r 

t o be w i t h i n t h e wave making speed range t h e model was towed i n v a r i o u s 

a s p e c t s a t speeds from 0 . 9 2 m/s t o 1 . 4 8 m/s which c o r r e s p o n d t o f u l l s c a l e 

speeds o f 4 . 4 k n o t s and 7 k n o t s . 
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4 . EXPERIMENTAL PBOCEDUKE 

In o r d e r t o o b t a i n d a t a o f t h e wave p a t t e r n s u i t a b l e f o r t h e above 

a n a l y s i s i t i s n e c e s s a r y t o r e c o r d t h e o u t p u t f rom t h e wave probes ( i . e . , 

t h e wave e l e v a t i o n s ) as t h e model and wave p a t t e r n p a s s t h e p r o b e s . The 

r e s u l t i n g f o u r t r a c e s must t h e n b e d i g i t i s e d and punched on t o p a p e r t a p e 

i n a mode s u i t a b l e f o r a c c e p t a n c e by t h e a n a l y s i s p rogram. I n i t i a l l y t h e 

wave p a t t e r n was r e c o r d e d on magnet ic t a p e and t h e n d i g i t i s e d on an 

ana logue computer . Th is method was found ve ry u n s a t i s f a c t o r y f o r t h i s 

p a r t i c u l a r work so i t was abandoned i n f a v o u r o f a more manual d i g i t i s a t i o n 

p r o c e s s . 

The o u t p u t s f rom t h e f o u r p robes were r e c o r d e d s i m u l t a n e o u s l y on a 

u / v r e c o r d e r and t h e r e s u l t i n g wave t r a c e s were ^ g i t i s e d by h a n d , u s i n g a 

t r a c e r e a d e r which was a b l e t o punch t h e d a t a o b t a i n e d d i r e c t l y on t o 

p a p e r t a p e . A t r i g g e r which p u t a p u l s e on t o t h e wave t r a c e as t h e model 

c e n t r e p a s s e d t h e p r o b e s was i n c o r p o r a t e d f o r r e f e r e n c e p u r p o s e s . D i g i t i s a -

t i o n s t a r t e d a t one m o d e l ' s l e n g t h a f t o f t h e model i n o r d e r t o b e beyond 

t h e bow waves and c l e a r o f t h e l o c a l wave d i s t u r b a n c e s a round t h e model , 

so t h e maximum l e n g t h o f u s a b l e t r a c e was 8 .2m. Due t o z e r o s h i f t i n g and 

dtianges i n wave magni tude w i t h s p e e d , i t was n e c e s s a r y t o c a l i b r a t e t h e 

wave p robes b e f o r e eve ry o t h e r r u n . However, s i n c e t h e p r o b e s axe l i n e a r 

i t was s u f f i c i e n t f o r c a l i b r a t i o n o f t h e t r a c e r e a d e r t o r e c o r d on ly two 

p o s i t i o n s , mean z e r o and a wave e l e v a t i o n o f 2 . 5 ^ cm, which was c o n v e n i e n t 

due t o t h e wave p r o b e c o n s t r u c t i o n . The f o u r wave t r a c e s were sampled 

s i m u l t a n e o u s l y e v e r y t e n t h o f a second i n r e a l t i m e , t h e r e a s o n f o r t h i s 

b e i n g g iven i n Appendix 6. 

Although t h i s method i s found t o b e much more r e l i a b l e i n d i g i t i s i n g 

t h e a c t u a l p a r t o f t h e wave p a t t e r n requ i red" , i t i s a t i m e consuming method 
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of o b t a i n i n g r e s u l t s s i n c e one n m i n t h e t a n k t a k e s up t o h a l f an h o u r , 

due t o s e t t l i n g t i m e , and one wave t r a c e a l s o t a k e s about h a l f an h o u r 

t o d i g i t i s e . I t i s t h e r e f o r e recommended t h a t i f t h i s method of wave 

p a t t e r n a n a l y s i s i s t o b e p u r s u e d , a d i g i t a l v o l t m e t e r o r analogue computer 

i s connec ted d i r e c t t o t h e wave p r o b e a m p l i f i e r which c o u l d t h e n p roduce 

d i g i t i s e d wave t r a c e s i m m e d i a t e l y , r eady f o r a n a l y s i s . 
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5. PRESENTATION OF RESULTS 

The r e s u l t s a r e p r e s e n t e d i n t h r e e main s e c t i o n s : 

5 . 1 R e s u l t s Concern ing t h e C r e d i b i l i t y o f t h e A n a l y s i s t f e thod . F i g s . 1 t o 12 

I n c l u d e d i n t h i s s e c t i o n i s a t a b l e o f t h e q u a l i t y o f f i t p a r a m e t e r A 

a t t h e v a r i o u s speeds and a s p e c t s t e s t e d ( F i g . l ) . The q u a l i t y o f f i t i s 

d e f i n e d f o r t h e symmetr ic component o f t h e wave p a t t e r n 

r . m . s . o f symmetr ic r e s i d u a l s on t r a c e a t y^ 
A __ 1 / u_jjj.jm_mii_u__.__j - . ' 

^ r . m . s . o f symmetr ic wave h e i g h t s G 

r . m . s . o f symmetr ic r e s i d u a l s on t r a c e a t y^ 

^ r . m . s . o f symmetr ic wave h e i g h t s G (yg) ^ 

where a t t h e p o i n t ( x , y ) 

t h e r e s i d u a l = (measured wave h e i ^ t - e s t i m a t e d wave h e i g h t ) 

and s i m i l a r l y f o r t h e q u a l i t y of f i t o f t h e a n t i s y m m e t r i c component. 

F i g u r e s 5 t o 8 a r e t h e wave s p e c t r a r e s u l t s o f t e s t s c a r r i e d ou t w i t h 

changed wave p robe p o s i t i o n s and a r e i n c l u d e d w i t h t h e o r i g i n a l r e s u l t s f o r 

compar i son . I n t h e s e p l o t s t h e wave r e s i s t a n c e i s p l o t t e d a g a i n s t t h e wave 

harmonic number r a t h e r t h a n t h e harmonic a n g l e , f o r c l a r i t y i n e s t a b l i s h i n g 

harmonics w i t h ' s p i k e s ' . As i n a l l p l o t s o f wave r e s i s t a n c e s p e c t r a t h e 

r e s i s t a n c e due t o each wave harmonic 6R i s n o n - d i m e n s i o n a l i s e d by 
V 

d i v i d i n g by t h e t o t a l r e s i s t a n c e o f t h e con^onent o f which i t i s a p a r t . 

Hence f o r symmetr ic wave r e s i s t a n c e s p e c t r a i t i s 6R^/R^^ and a n t i -

symmetr ic s p e c t r a 5R /R . Th is i s done so t h a t t h e r e l a t i v e c o n c e n t r a t i o n 
w wa 

o f ene rgy w i t h i n s p e c t r a a t d i f f e r e n t speeds can b e con^a red more e a s i l y . 
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5-2 Symmetric and Ant i symmetr ic Wave R e s i s t a n c e S p e c t r a , F i g s . 13 t o 30 

In t h e p l o t s of wave r e s i s t a n c e s p e c t r a , symmetr ic and a n t i s y m m e t r i c , 

t h e n o n - d i m e n s i o n a l wave harmonic r e s i s t a n c e 6R /R as above i s p l o t t e d 
w w 

a g a i n s t wave a n g l e 9. 

I t s h o u l d b e n o t e d t h a t t h e s p e c t r a a r e c o i # o s e d o f d i s c r e t e p o i n t s 

which a r e n o t p a r t o f a con t inuous s p e c t r u m o f wave e n e r g y . The l i n e s 

j o i n i n g t h e s e p o i n t s a r e on ly drawn f o r r e a s o n s o f c l a r i t y and a r e n o t 

supposed t o r e p r e s e n t any form of con t i nuous s p e c t r u m . 

5 - 3 The Wave R e s i s t a n c e as a Whole, F i g s . 31 t o k2 

I n t h e p l o t s o f wave r e s i s t a n c e components and t o t a l wave r e s i s t a n c e 

a g a i n s t a s p e c t f o r t h e speeds t e s t e d ( F i g s . 31 t o 39) t h e a c t u a l c a l c u l a t e d 

v a l u e s o f wave r e s i s t a n c e i n newtons a r e p l o t t e d r a t h e r t h a n any w i t h t h e 

c o r r e c t i o n t o t h e a n t i s y m m e t r i c r e s i s t a n c e s u g g e s t e d i n s e c t i o n 6 . 3 . 

The c o e f f i c i e n t s o f r e s i s t a n c e i n F i g s . Ul and k2 a r e d e r i v e d u s i n g 

t h e u n d e r w a t e r s i d e p r o f i l e a r e a o f t h e model when s t a t i c as t h e a r e a 

f a c t o r . 
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6 , DISCUSSION 

6 . 1 The IVfethbd of A n a l y s i s 

The method of wave p a t t e r n a n a l y s i s u s e d i n t h i s work i s b a s i c a l l y a 

r e f i n e m e n t o f t h e method o r i g i n a l l y used by Wynne ( r e f . l 4 ) i n h i s work on 

t h e wave p a t t e r n of a s y m m e t r i c a l l y towed y a c h t model . Wynne u sed t h e 

F o u r i e r i n t e g r a l r a t h e r t h a n t h e F o u r i e r summation t o e s t a b l i s h s i m u l t -

aneous e q u a t i o n s f o r t h e c o e f f i c i e n t s i n t h e wave p a t t e r n expans ion 

4 = SL see e q u a t i o n (29) 

He t h e n assumed t h e o f f d i a g o n a l e l emen t s t o b e s m a l l and o b t a i n e d 

t h e s o l u t i o n f o r 2. t h e e q u a t i o n s 

P j = q . / A . . 1 « i s 211 

In t h e p r e s e n t work , as i s shown i n C h a p t e r 2 , a more a c c u r a t e s o l u t i o n 

i s s o u ^ t by s o l v i n g t h e s i m u l t a n e o u s e q u a t i o n s as a whole u s i n g t h e Gauss— 

S e i d e l method. 

The problems i n s o l u t i o n which a r e imnKdia te ly e n c o u n t e r e d and which 

a r e t h e on ly a p p a r e n t l y s i g n i f i c a n t problems i n t h i s a n a l y s i s , a r e t h e 

magni tudes o f t h e d i a g o n a l e l e m e n t s o f t h e m a t r i x , and t h e i r s i z e r e l a t i v e 

t o t h e o f f d i a g o n a l e l e m e n t s . For c o n v e r g e n c e , when u s i n g t h e Gauss-

S e i d e l method o f s o l u t i o n , i t i s n e c e s s a r y t h a t t h e on d i a g o n a l e l emen t s 

a r e l a r g e congpared w i t h t h e o f f d i a g o n a l e l emen t s ( r e f . U ) and a l s o i t 

i s d e s i r a b l e t h a t t h e sum o f t h e modul i o f t h e o f f d i a g o n a l e l emen t s i n 

any row i s l e s s t h a n t h a t d i a g o n a l e l e m e n t , a l t h o u g h t h i s c o n d i t i o n i s n o t 

s t r i c t l y n e c e s s a r y . I t i s p o s s i b l e t o i n c r e a s e t h e i r r e l a t i v e s i z e by 

i n c r e a s i n g t h e l e n g t h o f t h e wave t r a c e u sed o r by v a r y i n g t h e s amp l ing 

rate. However, as shown i n s e c t i o a 3 . 1 , t h e l e n g t h o f t h e wave t r a c e i s a t 

a maximum f o r t h e t a n k used and t h e s amp l ing r a t e o f 10 samples p e r s econd 

i s about optimum f rom t h e arguments pu t f o r w a r d i n Appendix 6 . 
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Dur ing e a r l y expe r imen t s t h i s p rob lem became a c u t e due t o t h e l a r g e 

number o f wave harmonics b e i n g a n a l y s e d (35 i n each component i n t h e f i r s t 

i n s t a n c e ) t h u s c a u s i n g t h e sum o f t h e moduli o f t h e o f f d i a g o n a l e l ements 

t o be l a r g e . However, f rom s t u d y o f wave r e s i s t a n c e s p e c t r a and harmonic 

wave a n g l e s an e m p i r i c a l f o r m u l a f o r t h e maximum wave harmonic number 

s i g n i f i c a n t i n t h e symmetric component was obte i ined 

N = b g ( l . 3 9 - 0.595U) + 1 (3k) 

(Appendix 3) 

which r educed cons ide r ab ly , t h e number o f wave ha rmonics b e i n g a n a l y s e d and 

t h u s i n c r e a s e d t h e chance o f convergence i n t h e G a u s s - S e i d e l s o l u t i o n . 

This was a l s o t a k e n as t h e maximum wave number n e c e s s a r y f o r t h e a n t i -

symmetr ic c a s e , s i n c e i t seems u n l i k e l y t h a t t h e maximum wave a n g l e a p p e a r -

i n g i n t h e a n t i s y m m e t r i c s p e c t r a s h o u l d be any d i f f e r e n t f rom t h a t i n t h e 

symmetr ic s p e c t r a . 

The prob lem of t h e r e l a t i v e magni tudes o f t h e d i a g o n a l e l emen t s appea r s 

t o b e more s e r i o u s , a l t h o u ^ t h e o r e t i c a l l y t h e v a r y i n g magni tudes s h o u l d have 

no e f f e c t upon t h e s o l u t i o n . Upon s t u d y i n g t h e wave r e s i s t a n c e s p e c t r a 

o v e r t h e whole- range o f speeds i t seemed an odd c o i n c i d e n c e t h a t p e a k s , o f t e n 

r e p r e s e n t i n g more t h a n h a l f t h e t o t a l wave r e s i s t a n c e , s h o u l d o c c u r always 

a t t h e same harmonic number. These ' s p i k e s ' a r e p a r t i c u l a r l y n o t i c e a b l e 

i n t h e a n t i s y m m e t r i c couponent o f r e s i s t a n c e - I f now t h e p l o t s o f t h e mag-

n i t u d e o f t h e d i a g o n a l e l emen t s i n t h e symmetr ic and a n t i s y m m e t r i c m a t r i c e s 

( F i g . 3) a r e con^jared w i t h t h e wave s p e c t r a , t h e n i t i s s een t h a t a lmos t 

i n v a r i a b l y where t h e r e occu r s a s m a l l d i a g o n a l e l emen t t h e n t h e r e a l s o occur s 

a c o r r e s p o n d i n g ' s p i k e ' i n t h e wave s p e c t r u m . 

Now t h e magni tudes o f t h e d i a g o n a l e l e m e n t s a r e d e t e r m i n e d by t h e 

p o s i t i o n s o f t h e wave p r o b e s ( s e e s e c t i o n 3- 3) so i t was t h e r e f o r e d e c i d e d 

t o conduct an exper imen t w i t h one o f t h e p a i r s o f wave p r o b e s i n a d i f f e r e n t 

l a t e r a l ' p o s i t i o n . Appea l ing t o e q u a t i o n (33) and p u t t i n g r ^ = 4 t h e 

f o l l o w i n g p o s i t i o n s f o r t h e p robes were o b t a i n e d 
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b = ± 1 0 - 18 

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

shown i n F i g . U. T h e r e a r e o f c o u r s e s t i l l low d i a g o n a l e l e m e n t s b u t 

s i n c e t h e s e now o c c u r on o t h e r h a r m o n i c numbers i t i s p o s s i b l e t o e s t a b l i s h 

w h e t h e r t h e ' s p i k e s ' a r e a g e n u i n e f e a t u r e o f t h e s p e c t r a o r j u s t a c o n s e -

quence o f t h e low d i a g o n a l s . The r e s u l t s o f t h i s e x p e r i m e n t a r e d i s c u s s e d 

i n s e c t i o n 6 . 3 . 

As m e n t i o n e d above t h e a n a l y s i s u s e d i s a r e f i n e m e n t upon t h e method 

u s e d by 'Wynne and by compar i son w i t h r e s u l t s o b t a i n e d u s i n g Wynne 's method 

on t h e same wave t r a c e d a t a , i t does p r o d u c e a b e t t e r f i t . However , a 

f u r t h e r r e f i n e n e n t was c o n s i d e r e d . 

S i n c e f o r each wave h a r m o n i c o n l y one o f t h e two wave t r a c e s i s u s e d 

t o d e r i v e t h e c o r r e s p o n d i n g e q u a t i o n s i n e q u a t i o n (29) d e p e n d i n g on t h e 

maximum c o s i n e o r s i n e f u n c t i o n w i t h y , i t was t h o u ^ t t h a t a method o f 

l e a s t s q u a r e s f i t c o v e r i n g a l l t h e sampled p o i n t s migh t p r o d u c e a b e t t e r 

r e s u l t . The method a l r e a d y u s e d i s i n f a c t a l e a s t s q u a r e s f i t f o r each 

h a r m o n i c on t h e a p p r o p r i a t e wave t r a c e . However when t h e m a t r i x o f t h e s e t 

o f s i m u l t a n e o u s e q u a t i o n s d e r i v e d f r o m a l e a s t s q u a r e s f i t o v e r a l l t h e 

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

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

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

ments t h a t were o r i g i n a l l y l a r g e became even l a r g e r i n con^parison w i t h t h e 

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

e l e n K n t s were a l l i n c r e a s e d by a f a c t o r o f an on d i a g o n a l e l e m e n t , t h u s 

m a g n i f y i n g t h e w e a k n e s s e s o f t h e o r i g i n a l m a t r i c e s i n t h i s new o n e . 

T h i s method was t h e r e f o r e abandoned i n f a v o u r o f t h e o r i g i n a l w h i c h , 

a l t h o u ^ n o t e n t i r e l y s a t i s f a c t o r y , p a r t i c u l a r l y i n t h e a n t i s y m m e t r i c c a s e , 

a p p e a r s t o b e t h e b e s t method o f a n a l y s i s f o r t h e d a t a c o l l e c t e d . 
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6 . 2 T h e o r e t i c a l T e s t s 

During the development o f t h e computer program used in the wave pa t t ern 

a n a l y s i s a few t h e o r e t i c a l wave p a t t e r n s , ob ta ined from a source d i s t r i b u t i o n , 

were analysed. The r e l a t i o n s between the source s t r e n g t h s and d i s t r i b u t i o n , 

wave e l e v a t i o n and the Fourier c o e f f i c i e n t s f o r the wave pat tern expansion 

used i n t h i s work are those der ived by Hogben ( r e f . 5) -

Although t h e wave p a t t e r n s and r e s i s t a n c e s p e c t r a s o o b t a i n e d b o r e 

l i t t l e resemblance t o t h o s e measured i n t h e t a n k , t h e t h e o r e t i c a l wave t r a c e s 

were a n a l y s e d by program t o a ve ry good deg ree o f comparison w i t h t h e 

o r i g i n a l . A c e r t a i n d i s p a r i t y d i d s t i l l o c c u r a t one o f t h e low d i a g o n a l 

wave h a r m o n i c s . I t i s t h o u ^ t t h a t t h e r e a s o n f o r t h e good r e s o l u t i o n o f 

t h e t h e o r e t i c a l p a t t e r n i s due t o t h e much h i g h e r deg ree o f accu racy i n t h e 

t h e o r e t i c a l wave t r a c e d a t a , c a l c u l a t e d by cocqputer, t h a n i n t h e d a t a o b t a i n e d 

f rom t h e t a n k . This d a t a i s s u b j e c t t o c o n s i d e r a b l e n o i s e and e r r o r i n 

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

range a p p r o x i m a t e l y + 3 .00 anyway. 

Fol lowing t h i s t r a i n o f thought and c o n s i d e r i n g the method o f a n a l y s i s , 

n o i s e on the wave t r a c e data w i l l have an equal e f f e c t upon a l l the components 

i n the v e c t o r 2 equat ion ( 2 9 ) . Hence t h e e f f e c t o f n o i s e upon the 

c o e f f i c i e n t s with smal l diagonal e lements w i l l , in t h e s o l u t i o n , be g r e a t e r 

than on those wi th l a r g e d i a g o n a l s . 

6 . 3 Qual i ty o f R e s u l t s 

The wave r e s i s t a n c e o f t h e model o f ' A n t i o p e ' was measured a t n i n e 

speeds i n t h e range 0 . 9 2 m/s t o 1 . 4 8 m / s , c o r r e s p o n d i n g Froude numbers b e i n g 

0 . 2 7 t o 0 . 4 4 , u p r i g h t a t z e r o yaw and a t 1 0 ° h e e l t o s t a r b o a r d w i t h yaw-

a n g l e s 2 ° , 4 ° , 6 ° and 8 ° . Apar t f rom t h e t e s t s w i t h t h e d i f f e r e n t wave p robe 

p o s i t i o n s , thrfee n o n - c o n s e c u t i v e runs were made a t each speed f o r eve ry 

a s p e c t , a p a r t f rom t h e 8° yaw, when o n l y one run was made- A few runs have 



been o m i t t e d f rom t h e r e s u l t s due t o i n a c c u r a c i e s i n t h e a n a l y s i s caused 

by f a u l t y wave t r a c e d a t a . 

I t i s seen f rom t h e p l o t s o f wave r e s i s t a n c e a g a i n s t a s p e c t ( F i g s . 31 

t o 39) t h a t a f a i r l y good deg ree o f r e p e a t a b i l i t y i s o b t a i n e d , p a r t i c u l a r l y 

i n t h e u p r i ^ t c a s e where t h e ave rage s c a t t e r i s abou t 6% o f t o t a l wave 

r e s i s t a n c e . As m i ^ t b e e x p e c t e d f rom t h e a n a l y s i s p r o b l e m s , d i s c u s s e d i n 

t h e p r e v i o u s s e c t i o n s , t h e r e p e a t a b i l i t y o f t h e a n t i s y m m e t r i c wave p a t t e r n 

component i s on ave rage n o t as good , a l t h o u ^ i n some c a s e s i t i s found t o 

be ve ry good. A measure o f t h e n o i s e on t h e wave t r a c e d a t a can b e found 

i n t h e component o f a n t i s y m m e t r i c wave r e s i s t a n c e computed f o r t h e u p r i ^ t 

c a s e . I n a l l c a s e s t h i s i s l e s s t h a n t h e s c a t t e r o f t h e c o r r e s p o n d i n g sym-

m e t r i c r e s i s t a n c e and i n most c a s e s i t i s l e s s t h a n t h e s c a t t e r i n t h e a n t i -

symmetr ic r e s i s t a n c e a t yaw, which m i ^ t imply t h a t some o f t h e s c a t t e r i s 

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

Except where s p u r i o u s peaks o c c u r r e d i n t h e wave r e s i s t a n c e s p e c t r a 

c a u s i n g t h e magni tude a t t h a t wave harmonic t o v a r y c o n s i d e r a b l y , t h u s 

c o n t r i b u t i n g t o t h e l a r g e r s c a t t e r e n c o u n t e r e d i n t h e asymmetr ic c a s e , t h e 

r e p e a t a b i l i t y i n t h e g e n e r a l shape o f t h e s p e c t r a was found t o b e good, 

t h e s c a t t e r b e i n g on ave rage o f harmonic r e s i s t a n c e i n t h e symmetr ic 

s p e c t r a and V^% i n t h e a n t i s y m m e t r i c c a s e . For t h i s r e a s o n t h e r e s u l t s 

o b t a i n e d f rom o n l y one run a r e p l o t t e d i n P i g s . 13 to 30. 

Again a good i n d i c a t i o n o f a c c u r a c y , p a r t i c u l a r l y o f t h e symmetr ic wave 

r e s i s t a n c e s p e c t r a , i s g iven by t h e r e s u l t s o f t h e t e s t s , ment ioned i n 

s e c t i o n 6 . 1 , which were c a r r i e d o u t w i t h t h e wave p r o b e s i n a d i f f e r e n t 

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

o b t a i n e d . Two speeds = 0 . 3 1 5 and 0 . 3 8 were chosen f o r t e s t s i n c e t h e i r 

o r i g i n a l wave s p e c t r a were f a i r l y t y p i c a l o f t h e g e n e r a l p a t t e r n . The 

r e s u l t s a r e shown i n P i g s . 5 t o 8 . 

The s i m i l a r i t y between t h e symmet r i ca l component wave s p e c t r a i s most 
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encou rag ing a l t h o u ^ a s l i ^ t d i s p a r i t y i s d i s c e r n i b l e a t t h e 10^^ and 12^^ 

harmonics i n t h e h i g h e r s p e e d , w h i l e t h e r e i s r a t h e r l e s s o v e r a l l agreement 

a t t h e l ower s p e e d . Th i s would t e n d t o p rove t h e r e l i a b i l i t y o f t h e s e 

s p e c t r a , a f a c t which i s b o r n e ou t by t h e q u a l i t y o f f i t A, i n t h e s e c a s e s 

good, as i t i s i n a l l symmetr ic c a s e s , and t h e p l o t s o f t h e t r a c e s as 

measured and as f i t t e d . F i g s . 9 and 10 . 

In t h e a n t i s y m m e t r i c c a s e t h e s i t u a t i o n changes . The ' s p i k e s ' which 

were so p r e v a l e n t on t h e 2nd and 9 t h h a r m o n i c s , p a r t i c u l a r l y a t t h e l o w e r 

s p e e d , comple t e ly g i v e way t o a peak on t h e 7 th harmonics c o r r e s p o n d i n g t o 

t h e f i r s t ve ry low d i a g o n a l e lement i n t h e c o r r e s p o n d i n g m a t r i x , and n o t 

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

independen t method o f a n a l y s i s . I t i s no t s u r p r i s i n g t h e n t o f i n d t h a t t h e 

q u a l i t y o f f i t A i s n o t good i n t h e s e c a s e s . 

An i n d i c a t i o n o f t h e meaning o f t h e q u a l i t y o f f i t A can b e found i n 

t h e p l o t s o f t h e wave t r a c e s as measured and as f i t t e d g iven i n F i g s . 9 t o 12. 

The f a i r l y good f i t t h a t i s found w i t h t h e symmetr ic wave p a t t e r n s i s 

immedia te ly c l e a r f rom t h e two exaogples i l l u s t r a t e d h e r e . However, t h e 

two examples o f asymmetr ic wave p a t t e r n s h a v e , as p r e v i o u s l y d i s c u s s e d , a 

•poore r q u a l i t y o f f i t , t h e a n t i s y m m e t r i c p a r t o f t h e t r a c e a t y^ f o r the 

l o w e r speed b e a r i n g l i t t l e r e semblance t o t h e o r i g i n a l a t a l l . 

The r e a s o n f o r a c o n s i d e r a b l e d i f f e r e n c e i n f i t be tween one t r a c e and 

t h e o t h e r , which happens i n s e v e r a l i n s t a n c e s w i t h t h e a n t i s y m m e t r i c compo-

n e n t , a l t h o u g h no t i n t h e c a s e o f t h e h i g h e r speed i l l u s t r a t e d h e r e , i s n o t 

c l e a r . I n s p i t e o f t h e s e l e c t i o n i n t h e a n a l y s i s o f t r a c e s depend ing upon 

va lue s o f t h e s i n e and c o s i n e w i t h y , t h e r e i s an e q u a l o v e r a l l d i s t r i b u t i o n , 

among t h e wave h a r m o n i c s , o f t h e t r a c e s u sed i n t h e a n a l y s i s , s o no w e i g h t i n g 

s h o u l d o c c u r . However, i n t h e f i r s t t e n ha rmonics o f t h e a n t i s y m m e t r i c 

c o n ^ o n e n t , where t h e magn i tudes o f t h e harmonics a r e l i k e l y t o b e g r e a t e s t . 
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seven use t h e t r a c e a t which i s c l o s e r t o t h e c e n t r e l i n e , and 

a l t h o u g h t h i s w e i g h t i n g i s evened o u t i n l a t e r h a r m o n i c s , i t i s t h o u ^ t 

t h a t t h i s p r o b a b l y c o n t r i b u t e s t o t h e b e t t e r f i t on t h e t r a c e a t y ^ . In 

t h e symmetr ic c a s e t h e w e i ^ t i n g o v e r t h e f i r s t t e n harmonics i s s i x t o 

f o u r i n f a v o u r o f t h e t r a c e a t y^ b u t t h e f i t s a t y^ and y^ a r e b o t h 

s t i l l good i n s p i t e o f t h i s . Because o f t h e t r a c e s e l e c t i o n dependent upon 

t h e s i n e and c o s i n e v a l u e s , t h e b a d ' s p i k e s ' a lways o c c u r on t h e t r a c e a t y^ 

which i n t h e asymmetr ic case i l l u s t r a t e d i n f a c t ha s a b e t t e r e s t i m a t e d f i t 

t h a n t h e o t h e r t r a c e a l t h o u g h t h e h a r ^ n i c s w i t h s p u r i o u s peaks have more 

i n f l u e n c e on t h i s t r a c e . 

A t a b l e o f t h e q u a l i t y o f f i t A f o r a l l r uns t e s t e d i s g iven i n 

F i g . 1 . From t h i s i t i s s e e n t h a t t h e q u a l i t y o f f i t f o r t h e symmetr ic wave 

p a t t e r n p roduced by t h e u p r i ^ t model i i r^ roves w i t h i n c r e a s i n g speed- t o 

a round 0 . 2 f o r t h e f o u r h i g h e s t s p e e d s . I t i s t h o u ^ t t h a t t h i s may b e 

due t o t h e s i g n a l on t h e wave t r a c e b e i n g a t r ^ l i f i e d t o a maximum a t t h e s e 

speeds and t h u s r e d u c i n g t h e e f f e c t o f n o i s e , w h i l e a t l ower speeds t h e 

r e c o r d e d wave t r a c e canno t b e a m p l i f i e d t o ^ v e a maximum r e c o r d ^ l e s i g Q a l 

b e c a u s e o f t h e need f o r c a l i b r a t i o n i n t h e t r a c e . For t h i s r e a s o n a change 

i n t h e c a l i b r a t i o n i s recommended i n Appendix 5- A l t h o u ^ no t as good as 

t h e q u a l i t y o f f i t o b t a i n e d by Hogben i n h i s r e s u l t s o f s y m m e t r i c a l l y 

towed models ( r e f . 6) where A i s i n t h e r a n g e 0 . 1 5 l^o 0 . 2 , t h e q u a l i t y o f 

f i t i n t h e u p r i # i t c a s e i s c o n s i d e r e d s a t i s f a c t o r y f o r r e l i a n c e npon t h e 

a c c u r a c y o f r e s u l t s . 

I n t h e asymmetr ic r e s u l t s , t h e q u a l i t y o f f i t o f t h e symmetr ic con^ranent 

i s s een t o b e s i m i l a r i n most c a s e s t o t h a t o f t h e c o r r e s p o n d i n g u p r i g h t c a s e 

excep t t h e r e i s a s l i ^ t i n c r e a s e i n A w i t h i n c r e a s i n g asymmetiy and a t t h e 

l ower speeds t h e q u a l i t y o f f i t i s n o t good a t t h e h i g h e r yaw a n g l e s . The 

q u a l i t y o f f i t o f t h e a n t i s y m m e t r i c component o f t h e wave p a t t e r n does n o t 

show such a good degree o f a c c u r a c y as t h e symmetr ic component , which i s 
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e x p e c t e d f rom e a r l i e r d i s c u s s i o n . S ince t h e a u t h o r i s unaware o f any 

o t h e r r e s u l t s p u b l i s h e d on asymmetr ic wave p a t t e r n s i t i s no t p o s s i b l e t o 

c i t e a s u i t a b l e compar ison o f f i t . 

I t ha s been s u g g e s t e d by t h e a u t h o r t h a t by h a l v i n g t h e wave ampl i tude 

o f t h e harmonics which cause t h e s p u r i o u s peaks ( i . e . t h e 2nd and 9 t h a n t i -

symmetr ic h a r m o n i c s ) and t h u s q u a r t e r i n g t h e i r c o n t r i b u t i o n t o t h e wave 

r e s i s t a n c e s p e c t r a , t h e i r magni tude w i l l i n g e n e r a l b e b r o u g h t more i n t o 

l i n e w i t h a d j a c e n t h a n m n i c s . This has b e e n t r i e d on t h e runs a t 10° h e e l 

and 4° yaw. I t was f o u n d , i n g e n e r a l , t h a t t h e f i t on t h e t r a c e a t y ^ , t h e 

t r a c e w i t h l e s s w e i g h t i n g f rom t h e s e e l e m e n t s , inqproved s l i ^ t l y , w h i l e t h a t 

a t y w o r s e n e d , g i v i n g a n e t q u a l i t y o f f i t A e q u a l t o t h e p r e v i o u s 

v a l u e , b u t i n ^ r o v i n g s l i g h t l y t h e b a l a n c e be tween y^ and y ^ . The wave 

r e s i s t a n c e was , o f c o u r s e , r educed s i g n i f i c a n t l y . 

I t i s c l e a r f rom t h e above t h a t t h e a n a l y s i s g i v e n h e r e o f t h e a n t i -

symmetr ic con^onent o f wave r e s i s t a n c e i n an asymmetr ic wave p a t t e r n i s no t 

s a t i s f a c t o r y . However, s i n c e t h e f i t t e d wave p a t t e r n p roduced when t h e 

' s p i k e s ' i n t h e wave r e s i s t a n c e s p e c t r a a r e r e d u c e d , i s n o t g r e a t l y a l t e r e d 

and i t s g e n e r a l a m p l i t u d e i s as n e a r as w i t h t h e ' s p i k e s ' t o t h a t o f t h e 

o r i g i n a l t r a c e s , i t i s f e l t t h a t t h e a n t i s y m m e t r i c wave p a t t e r n r e s i s t a n c e 

so o b t a i n e d w i l l b e a c l o s e app rox ima t ion t o t h e a c t u a l v a l u e and t h e b e s t 

e s t i m a t i o n o b t a i n a b l e f rom t h e d a t a a v a i l a b l e . 

6.k The Symmetric Wave P a t t e r n R e s i s t a n c e 

P l o t s o f t h e wave r e s i s t a n c e s p e c t r a a g a i n s t wave a n g l e o b t a i n e d f rom 

t h e symmetr ic wave p a t t e r n s p roduced by t h e model b e i n g towed u p r i ^ t a r e 

i n c l u d e d i n P i g s . 13 t o 21 . 

The t h e o r e t i c a l p r e d i c t i o n f o r t h e wave r e s i s t a n c e spec t rum from a 
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s o u r c e / s i n k p a i r , a ve ry c rude app rox ima t ion t o a towed n o d e l , i n d i c a t e s 

a s e r i e s o f 'humps' d e c a y i n g i n magni tude w i t h i n c r e a s i n g wave a n g l e 9. 

The r a t e of decay and t h e r e l a t i v e magni tude a t 8 = 0 i n c r e a s e w i t h 

i n c r e a s i n g Froude number. 

Both t h e s e phenomena can b e s een i n t h e p l o t t e d s p e c t r a . The peaks 

which o c c u r on t h e 10^^ h a r m o n i c , due t o s m a l l d i a ^ n a l e l emen t s i n t h e 

m a t r i x , and p a r t i c u l a r l y n o t i c e a b l e a t t h e two lower s p e e d s , c a n , as p r e v i o u s -

l y s u g g e s t e d , p r o b a b l y b e i g n o r e d . However, t h e r e m a i n i n g peaks which i n 

g e n e r a l comprise more t h a n one wave hariconic can b e assumed g e n u i n e . At 

t h e l o w e r speeds t h e b u l k o f t h e energy i n t h e wave p a t t e r n l i j e s i n . t h e 

d i v e r g i n g sys t em of waves which compr ises wave harmonics o f ang le 9 > 35° 

( s e c t i o n 1 and r e f . 3 ) . At t h e h i g h e r speeds most o f t h e wave ene rgy l i e s 

w i t h i n t h e t r a n s v e r s e sys t em o f w a v e s , t h o s e harmonics w i t h a n g l e 6 < 35 -

I t cannot b e d e t e r m i n e d f rom t h e p r e s e n t r e s u l t s b u t i t seems l i k e l y t h a t a t 

t h e s e h i g h e r speeds t h e s econd and t h i r d harmonics comprise t h e s econd 'hump' 

i n t h e wave r e s i s t a n c e s p e c t r a r a t h e r t h a n b e i n g p a r t o f t h e f i r s t . I t i s 

a l s o seen t h a t a t t h e Froude numbers 0 . 3 6 and 0 . 3 8 c o r r e s p o n d i n g t o v / / L = 

1 . 2 and 1 . 2 7 most o f t h e wave p a t t e r n energy i s i n t h e f i r s t ha rmonic (9 = 

0 ° ) . 

A l l t h e s e t r e n d s a r e a p p a r e n t f rom v i s u a l o b s e r v a t i o n s o f t h e wave 

p a t t e r n s a c t u a l l y p roduced i n t h e t owing t a n k . 

I n F i g . 40 t h e t o t a l measured r e s i s t a n c e o f ' A n t i o p e ' b e i n g towed 

u p r i g h t i s p l o t t e d w i t h t h e symmetr ic wave p a t t e r n r e s i s t a n c e a g a i n s t 

speed U. I n c l u d e d i n t h i s f i g u r e a r e t h e r e s u l t i n g v i s c o u s r e s i s t a n c e 

and f o r compar ison t h e v i s c o u s r e s i s t a n c e e s t i m a t e d f rom t h e 

11 I . T . T . C . s t a n d a r d f o r m u l a 

( l o g ^ Q 1 0 0 ^ 
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where R e y n o l d ' s number R = — . 
e V 

In o r d e r t o o b t a i n t h e l e n g t h f a c t o r £ i n R e y n o l d ' s number t h e 

e f f e c t i v e w a t e r l i n e l e n g t h was t a k e n as 3 /5 o f L.W.L. 

Thus £ = j . 1 . 1 5 = 0.69m 

kinematic v i scos i ty v = I . l 4 x 10~^ m^/s 

and wetted surface area A = 0.k2 m .̂ 

Whence the skin f r i c t i o n 

Bf = 3 (36) 
( log^gU X 6 . 0 5 z 10 ) 

Now t h e t o t a l v i s c o u s r e s i s t a n c e R^ i s e s t i m a t e d a t 120% o f R^, s i n c e 

i t t h e n p roduces a c l o s e a p p r o x i m a t i o n t o t o t a l r e s i s t a n c e a t l ower Froude 

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

Ry = (37) 

The i n c r e a s i n g d i s c r e p a n c y w i t h speed be tween t h e e s t i m a t e d and 

measured v i s c o u s r e s i s t a n c e which i s almost n e g l i g i b l e a t t h e l o w e s t p l o t t e d 

s p e e d i s p r o b a b l y a t t r i b u t a b l e t o non—linear e f f e c t s such as wave b r e a k i n g , 

which becomes a p p a r e n t a t h i g h e r s p e e d s , boundary l a y e r s e p a r a t i o n , 

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

However, i n g e n e r a l t h e agreement i s c o n s i d e r e d good and t h u s p r o v i d e s more 

p r o o f o f t h e accu racy o f t h e symmetr ic wave p a t t e r n r e s i s t a n c e . 

6.5 The Asymmetric Wave Pattern Resistance 

Asymmetry i n t h e wave p a t t e r n b e h i n d t h e yawed and h e e l e d model i s 

c l e a r l y s e e n on t h e wave t r a c e s o b t a i n e d and i n t h e t a n k i t s e l f . However, 

as p r e v i o u s l y d i s c u s s e d , t h e a n t i s y m m e t r i c wave r e s i s t a n c e s p e c t r a a r e no t 

good and s o no g e n e r a l t r e n d s o r f e a t u r e s can r e a l l y b e s e e n . The s p e c t r a 

f rom t h e symmetr ic components o f r e s i s t a n c e a r e v e r y s i m i l a r t o t h o s e ob -

t a i n e d - i n t h e e q u i v a l e n t u p r i g h t ca se and t h e t r e n d s and f e a t u r e s d i s c u s s e d 

e a r l i e r a r e found a g a i n h e r e . 
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Following the suggestion put forward in sect ion 6 .3 above, to reduce 

the 'spikes' in the resistance spectra to a magnitude equivalent t o 

surrounding harmonics, i t i s found generally that the antisymmetric r e s i s -

tance i s reduced by one third. From consideration of p lots of resistance 

against aspect , Figs- 31 to 39, where the plot ted points are those or ig inal ly 

calculated, i t i s seen that the antisymmetric wave res istance at yaw 

comprises between %% and $0^ of t o t a l wave res is tance . Bius a th ird of the 

antisymmetric res istance i s just above the order of the sca t ter found in 

the t o t a l wave res istance and so i s not rea l ly as dramatic a reduction as 

i t f i r s t appears. However, the e f f e c t on the t o t a l wave resistance i s 

enough to reduce the previously calculated increase with yaw. I t therefore 

appears that the t o t a l wave pattern resistance of the model only increases 

s l i g h t l y with yaw, by about 5^ at 4° yaw for some speeds, while at others 

there i s no increase with yaw. 

However, from observations of the towed model i t i s seen that the 

wave-breaking at the bow increases with yaw and i s apparent at a l l speeds. 

This of course d iss ipates wave energy into the wake and would appear in the 

t o t a l viscous res is tance obtained from a wake survey. Thus i t seems l i k e l y 

then that the actual wave making of the model increases fa s t er with yaw 

than i s measured from the wave pattern. From resistance measurements i t 

'is found that the t o t a l resistance increases much f a s t e r with yaw than 

the wave res i s tance , by about 15^ at yaw, as i s to be expected from the 

production of s ideforce creating an inherent induced res istance R^. 

6 .6 Comparison with Wind Tunnel Results 

A comparison between wind tunnel resul ts obtained by Maclaverty ( r e f . 8) 

from a double model of a 5-5 metre yacht at 10° heel and various degrees of 

yaw and corresponding resul ts in the towing tank has been made by Milward 

( r e f . p ) . From Milward's plots of l i f t c o e f f i c i e n t agednst yaw and drag 

c o e f f i c i e n t against l i f t c o e f f i c i e n t squared, values for the drag c o e f f i c i e n t 
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i n t h e t a n k minus t h e d r a g c o e f f i c i e n t i n t h e wind t u n n e l C_ -
t a n k t u n n e l 

have been c a l c u l a t e d f o r v a r y i n g d e g r e e s o f yaw and two Froude numbers 

c o r r e s p o n d i n g t o two used i n t h i s p r e s e n t work. The r e s u l t s a r e p l o t t e d 

w i t h t h e c o e f f i c i e n t of wave r e s i s t a n c e , 
R 

C = — where S i s u n d e r w a t e r 
w i p i r s 

p l a n a r e a , i n F i g s , kl and h2. 

I t s h o u l d b e n o t e d t h a t t h e p o i n t s c o r r e s p o n d i n g t o 10° h e e l and 0 ° 

yaw i n Mi lward ' s r e s u l t s have b e e n made c o i n c i d e n t w i t h t h o s e o f t h e wave 

r e s i s t a n c e f rom t h e u p r i g h t model i n t h i s p r e s e n t work , 0 ° h e e l and 0 ° yaw. 

A l s o , Milward p o i n t s o u t t h a t t h e t a n k and t u n n e l r e s u l t s were a t d i f f e r e n t 

Reyno ld ' s numbers and when an e s t i m a t e d c o r r e c t i o n i s made f o r t h i s , t h e 

i n c r e a s e i n - C w i t h yaw i s s l i g h t l y d i m i n i s h e d . P o i n t s r e p -
t a n k t u n n e l 

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

t o g e t h e r w i t h a l i n e r e p r e s e n t i n g t h e wave r e s i s t a n c e i n d e p e n d e n t o f yaw 

as s u g g e s t e d by some c a s e s above . 

Fo r e l i a b l e q u a n t i t a t i v e i n f o r m a t i o n can b e g l e a n e d f rom t h i s cong ja r i -

son s i n c e M i l w a r d ' s r e s u l t s were f rom a d i f f e r e n t mode l , a l t h o u ^ o f t h e 

same c l a s s , and as s t a t e d a b o v e , he was u s i n g d i f f e r e n t R e y n o l d ' s numbers . 

The phenomenon o f t h e t a n k r e s i s t a n c e i n c r e a s i n g more r a p i d l y t h a n t h e 

t u n n e l r e s i s t a n c e w i t h i n c r e a s i n g yaw has been n o t e d b e f o r e and a t t r i b u t e d 

t o i n c r e a s i n g wave p a t t e r n r e s i s t a n c e . Now i f t h e wave p a t t e r n r e s i s t a n c e 

does n o t i n c r e a s e t h e n t h e i n c r e a s e must b e i n t h e t o t a l v i s c o u s r e s i s t a n a c e 

and t h e r e s i s t a n c e due t o t r a i l i n g v o r t i c e s . As men t ioned p r e v i o u s l y , t h e 

wave b r e a k i n g i s s e e n t o i n c r e a s e w i t h yaw and t h i s w i l l o f c o u r s e i n c r e a s e 

t h e a p p a r e n t v i s c o u s r e s i s t a n c e . O t h e r v a r i a t i o n s i n v i s c o u s r e s i s t a n c e and 

induced r e s i s t a n c e a r e n o t p o s s i b l e t o a s c e r t a i n w i t h o u t measurements made 

w i t h i n t h e wake. 

I n c o n c l u s i o n i t can b e s a i d t h a t i f t h e wave p a t t e r n r e s i s t a n c e does 



i n c r e a s e w i t h yaw, a l t h o u g h i n some c a s e s i t a p p e a r s t h a t i t may n o t , t h e 

g r e a t e r i n c r e a s e w i t h yaw o f r e s i s t a n c e i n t h e t a n k f rom t h a t i n t h e t u n n e l 

cannot b e a t t r i b u t e d e n t i r e l y t o i n c r e a s e d wave p a t t e r n r e s i s t a n c e . 
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T- CONCLUDING REMAEKS 

1 . I t has been shown i n t h i s work t h a t t h e t o t a l wave p a t t e r n r e s i s t a n c e 

of an asymmetr ic h u l l form can b e c o n s i d e r e d as t h e sum o f t h e r e s i s t a n c e 

due t o t h e symmetr ic and a n t i s y m m e t r i c p a r t s o f t h e wave p a t t e r n 

*w = *vs 

2 . E x p e r i m e n t a l r e s u l t s f o r t h e symmetr ic wave p a t t e r n f rom t h e u p r i ^ t 

non-yawed h u l l and t h e symmetr ic p a r t of t h e asymmetr ic wave p a t t e r n a r e 

good, t h e p e r c e n t a g e e r r o r b e i n g about 6% of t o t a l wave r e s i s t a n c e -

3. The r e s u l t s f o r t h e a n t i s y m m e t r i c p a r t o f t h e wave p a t t e r n a r e n o t so 

s u c c e s s f u l , t h e r e b e i n g c e r t a i n wave harmonics which cause s p u r i o u s peaks i n 

t h e wave r e s i s t a n c e s p e c t r a . An e s t i m a t e o f t h e a n t i s y m m e t r i c r e s i s t a n c e i s 

g i v e n , b u t t h i s i s c l e a r l y u n s a t i s f a c t o r y as a g e n e r a l t e c h n i q u e . 

1+. There i s , i n some c a s e s , a s l i g & t i n c r e a s e i n t h e wave r e s i s t a n c e w i t h 

yaw, b u t i t i s n o t enou# i t o account f o r t h e g r e a t e r i n c r e a s e w i t h yaw i n 

t o t a l r e s i s t a n c e i n t h e t owing t a n k ove r t h a t i n t h e w i n d t u n n e l which must 

t h e r e f o r e b e a c c o u n t e d f o r by an i n c r e a s e i n t h e v i s c o u s r e s i s t a n c e o r 

i n d u c e d r e s i s t a n c e . 

5 . I t i s recommended t h a t , f o r any f u r t h e r work on t h i s s u b j e c t , an 

i n v e s t i g a t i o n i s made i n t o t h e a n a l y s i s o f t h e a n t i s y m m e t r i c component o f 

t h e wave p a t t e r n w i t h t h e f i r s t o b j e c t b e i n g t h e e l i m i n a t i o n o f t h e s p u r i o u s 

peaks i n t h e wave r e s i s t a n c e s p e c t r a . 

6 . I n o r d e r t o deve lop a s i m p l e , r o u t i n e , wave r e s i s t a n c e m e a s u r i n g t e c h -

n i q u e i t w i l l be n e c e s s a r y t o i n c o r p o r a t e a d i g i t a l v o l t m e t e r o r an o n - l i n e 

ana logue computer i n t h e sy s t em t h a t can p r o d u c e , t h r o u ^ a t a p e punch , 

r e c o r d s of t h e wave t r a c e d i r e c t l y on p a p e r t a p e r eady f o r a n a l y s i s . A l t e r -

n a t i v e l y , t h e u l t i m a t e sy s t em would connec t t h e wave p robe o u t p u t s d i r e c t l y . 

1*6. 



t h r o u g h an o n - l i n e c o n s u l t o t h e computer which could, t h e n a n a l y s e d a t a 

as i t i s p roduced and wave r e s i s t a n c e d a t a c o u l d be made immedia te ly 

a v a i l a b l e w i th each run i n t h e t a n k . 
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APPENDIX 1 ; The R e l a t i o n s Used i n D e r i v i n g E q u a t i o n s ( 2 3 ) , ( 2 4 ) , ( 2 7 ) 
and (28) i n S e c t i o n 2 . 5 

I cos a j = + e ^ * j ) 
j=l j=l 

1 - e 1 - e 

K . r ^ - 1 
( f rom t h e g e o m e t r i c p r o g r e s s i o n r = —) 

j = l 1 - r 

/ iaK ia (K + l ) i a - i a K - i a ( K + l ) - i a * 
1 ( e - 1 - e + e + e - 1 - e + e ; 

(1 - e i*)(l - e^*) 

cos aK + cos a - cos a(K + l ) - 1 
2 ( 1 - cos a) 

cos g a(K l ) . s i n jaK 
s i n la. 

and 

f sin aj = I - e'i") 
j=l j=l 

iaK , -iaiC 
= 

1 — e 1 — e 

- 1 - + 1) + e " - + 1 + 

' ( 1 _ _ e i S ) 

_ s i n aK + s i n a - s i n a (K + l ) 
2 ( 1 - cos a ) 

s i n ia (K + l ) . s i n jaK 
. s i n i a 

kg. 



APPENDIX 2 : Tlie Gaiiss-^Seidel Method o f S o l v i n g S i m u l t a n e o u s E q u a t i o n s 

To s o l v e t h e s i m u l t a n e o u s e q u a t i o n s g i v e n b y 

A X — 2̂  where A i s t h e n x n m a t r i x 

^ *12 

^21 "^2 

n l 

and a ĵĵ  0 1 $ i ^ n 

assume « i n i t i a l s o l u t i o n . . . and d e r i v e a s e c o n d a p p r o x i 

®ln 

a 
nn 

(1) 

m a t i o n f o r x^ 

(1). 

and for 

, (2 ) = [ sg - + *23=3^^^ 
(1)" 

+ a — + ... Agn^n '•^'"'22 ' ) ] M , 

and s o on f o r a l l n e l e m e n t s t o o b t a i n t h e s econd a p p r o x i m a t i o n 

( 2 ) _ (2) 
.. X ) 

n 

Iterations continue until sufficient convergence is attained, the 

g e n e r a l t e r m f o r t h e r ^ ^ e l e m e n t i n t | i e i a p p r o x i m a t i o n b e i n g 

/ • \ , ' (4 ) ( i ) ( i - 1 ) 
^ " ^ ^ r A * * r , r - l * r - l *r,r+l*r+l 

^ r , n * n 
( i - l ) )] / : 

r r 

A s u f f i c i e n t b u t n o t n e c e s s a r y c o n d i t i o n f o r c o n v e r g e n c e i s 

l \ r l ' ^ X 
^ 1=1 

V r 

i.e.* t h a t t h e m a t r i x A i s s t r o n g l y d i a g o n a l . 
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APPENDIX 3: D e f i n i n g t h e Optimum Number o f Wave Harmonics N 

From p l o t s o f r e s u l t s o b t a i n e d i n e a r l y e x p e r i m e n t s u s i n g 35 sym-

m e t r i c h a r m o n i c s i t was found t h a t above a c e r t a i n h a r m o n i c number a t each 

s p e e d t h e v a l u e o f t h e r i g h t ha nd s i d e o f t h e e q u a t i o n s i n (29) became 

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

These h a r m o n i c numbers a r e p l o t t e d i n F i g . 2 and a r e c o n s i d e r e d t h e maximum 

n e c e s s a r y f o r a n a l y s i s and a f o r m u l a f o r them i s d e r i v e d as f o l l o w s : 

Suppose N = c - dU + 1 where c and d a r e c o n s t a n t s f o r a g i v e n 

t a n k w i d t h b . 

Now i t i s r e q u i r e d t h a t 

f ®max 

and 8^*= = f(U, t) 

A l s o , 

2 c o s ^ e = 1 + A + ~ 
Dg 

o r 
®max = ' H i + ] j 

= cos'l/ {i [l *A * - 1j 
^ Dg 

Now t h e maximum wave a n g l e i n any wave p a t t e r n can o n l y b e a f u n c t i o n o f 

v e l o c i t y U and t h e r e f o r e i n d e p e n d e n t o f b and g . 

T h e r e f o r e c - dU = bg(C - DU) 

where C arid D a r e c o n s t a n t s 

= = § i - • 

From F i g . 2 where t h e maximum wave h a r m o n i c numbers d e r i v e d f r o m 

e a r l y t e s t s a r e p l o t t e d a g a i n s t U, i t i s f o u n d t h a t when 

b = 2 .45m and g = 9 . 8 I m/s^ 

c = 3 4 . 1 4 and d = 1 4 . 3 ; 
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T h e r e f o r e , C = 1 . 3 9 , D = 0 . 5 9 5 . 

Hence, 

a = b g ( 1 . 3 9 - 0.595U) + 1 . 

S i n c e t h i s r e l a t i o n was d e r i v e d f rom i n f o r m a t i o n i n t h e Fronde 

number range 0 . 2 7 t o 0 . ^ 4 , i t s h o u l d n o t be e x p e c t e d n e c e s s a r i l y t o app ly 

t o s i t u a t i o n s o u t s i d e t h i s r a n g e . However, i t does app ly t o t a n k s of 

d i f f e r e n t b r e a d t h b when u sed i n t h i s speed r a n g e . 
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APPENDIX The Computer Program 

The program used f o r t h e a n a l y s i s of t h e wave t r a c e i s w r i t t e n i n 

F o r t r a n . A complete l i s t i n g o f t h e program i s n o t g iven s i n c e t h e f u n d a -

m e n t a l p a r t s a r e s i n g l y a t r a n s l a t i o n of t h e wave p a t t e r n a n a l y s i s g iven 

i n t h e t e x t . 

Apar t f rom t h e wave t r a c e d a t a which i s on p a p e r t a p e , a l l d a t a i s 

i n p u t on c a r d s . This compr ises t h e b a s i c s t a t i s t i c s of t h e model and 

t a n k r e q u i r e d i n t h e a n a l y s i s , t h e number of runs t o be a n a l y s e d and t h e 

v e l o c i t y , sampl ing r a t e and a s p e c t r e l a t e d t o each r u n . A l l o t h e r v a r i a b l e s 

a r e t h e n d e r i v e d w i t h i n t h e p rogram, i n c l u d i n g t h e v a l u e s of y a t t h e 

wave p r o b e s s i n c e i t was found t h a t t h e a c c u r a c y of y needs t o be h i g h e r 

i n t h e a n a l y s i s t h a n t h a t measure able i n t h e tank. Having found t h e 

symmetr ic and a n t i s y m m e t r i c wave h e i s t s , t h e s i m u l t a n e o u s e q u a t i o n s f o r 

t h e symmetr ic p a r t ( e q u a t i o n 29) a r e t h e n c a l c u l a t e d f rom t h e r e l a t i o n s i n 

e q u a t i o n s (27) and ( 2 8 ) . A s u b r o u t i n e i s u sed t o s o l v e t h e s e e q u a t i o n s 

by t h e Gauss S e i d e l method and i s l i s t e d . 

SUBROUTINE GAUSS(A,Q,N,P) 

DIMENSION A(70,T0) ,Q(N) ,P(N) 

AC=0.005 

I J=0 

9 DO 10 1=1,N 

IF(Q(I),RE,0,0}U=1 

10 P(I)=Q(I)/A(I,I) 

IF( IJ ,EQ,0)GO TO 17 

JJ=0 

( c o n t / d — ) 
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11 J=0 

J J = J J + 1 

DO 15 K:=1,N 

B=0,0 

DO 12 L=1,E 

IF(L,EQ,K) GO TO 12 

B=B+A(K,L)*P(L) 

12 CONTINUE 

S=(Q(E)-B)/A(K,K) 

14 IF(ABS((S-P(K))/(ABS(S)+ABS(P(K)))) ,GT,AC ) J = 1 -hJ 

15 P(K)=S 

IF ( J J ,EQ,25)G0 TO l 6 

I F ( J , G E , 1 ) GO TO 11 

25 FOEmT( / lOX, lU , l lH ITERATIONS, l 6 , 1 7 H WITH LARGE EEROR) 

16 WRITE (3,25 )JJ,J 

17 CONTINUE 

RETURN 

END 

I t e r a t i o n s c o n t i n u e u n t i l t h e change f rom one a p p r o x i m a t i o n t o t h e 

n e x t i s l e s s t h a n 0.5% on a l l e l emen t s o f t h e unknown v e c t o r . There i s an 

uppe r l i m i t o f 25 i t e r a t i o n s i n c a s e o f a d i v e r g i n g i t e r a t i o n p r o c e s s , and 

a l s o t h e number o f i t e r a t i o n s t o g e t h e r w i t h t h e number o f non-conve rgen t 

e l emen t s i f any i s p r i n t e d o u t . 

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

s i m i l a r way u s i n g e q u a t i o n s ( 3 l ) and ( 3 2 ) . The wave p a t t e r n as f i t t e d i s 

c a l c u l a t e d s imp ly now, knowing t h e c o e f f i c i e n t s i n i t s F o u r i e r e x p a n s i o n , 

whence t h e symmetr ic and a n t i s y m m e t r i c r e s i d u a l s a t t h e p o i n t s measured 

a r e found and p r i n t e d out w i t h t h e measured wave heights. The r e s i s t a n c e 

due t o each wave harmonic and t h u s t h e t o t a l r e s i s t a n c e i s c a l c u l a t e d f rom 
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t h e r e l a t i o n s i n e q u a t i o n ( 2 9 ) . 

Apar t f rom t h e symmet r i c , a n t i s y m m e t r i c and t o t a l wave r e s i s t a n c e s , 

t h e f i n a l p r i n t ou t f o r each run l i s t s f o r each wave h a r m o n i c , symmetr ic 

and a n t i s y m m e t r i c , y, 9 , 5R^, 5 , n ( o r p and v) and 6R^/R^. Also 

p r i n t e d a r e t h e r . m . s . r e s i d u a l s and wave he ig&ts on t r a c e and t h e number 

o f saii5>les u sed so t h a t any e r r o r i n t h e i n p u t of t h e p a p e r t a p e d a t a can 

b e n o t e d . 
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Input data from cards 

Calculate probe positions 

Determine run to be analysed 

Calculate run constants 

Calculate symtuetrxc and antisymmetric variablesj 

Input data from paper tape 

[Calculate symmetric and antisymmetric wave elevations] 

R 

R - R + 1 

Select probe to maximise cos -
b 

Calculate Rth and (R + N) th rws of matrix 4 for symmetric analysis 
-

Calculate from wave data Rth and (R + N)th elements of vector 

Call Gauss Seidel subroutine to solve A £: •" 

[Analysis of the antisymmetric component follows a similar process 

Calculate symmetric and antisymmetric resistance 

[Sum for total resistance 

Calculate estimated wave elevations and whence the residuals 

Print out measured wave elevations and residuals 

Print out current run data 

yes 
" > -

Print out table of results from all runs 

FLOW DIAGRAM 
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APPENDIX 5: Wave Probe Design and E l e c t r o n i c s 

The o r i g i n a l wave p robe , d e s i g n was c o n s i d e r e d t o o cumbersome and n o t . 

s u f f i c i e n t l y a c c u r a t e when used d y n a m i c a l l y . I t seemed l i k e l y t h a t t h e 

u n d e r w a t e r s u p p o r t f o r t h e p robe i n t e r f e r e d w i t h t h e o r b i t a l motion o f t h e 

waves . A l s o , s i n c e t h e w i r e was l ooped a t t h e b o t t o m , t h e r e were i n e f f e c t 

two p r o b e s , which made i t d i f f i c u l t t o d e t e r m i n e t h e e x a c t p o s i t i o n o f 

measurement . 

The p robes were t h e r e f o r e r e - d e s i g n e d . The uppe r p a r t o f t h e o r i g i n a l 

p r o b e s was u sed i n c l u d i n g t h e e l e c t r o n i c u n i t . Use o f t h e o r i g i n a l e l e c -

t r o n i c s r e q u i r e d u s i n g a s i m i l a r l e n g t h p o l y u r e t h a n e c o a t e d w i r e o f d i a m e t e r 

0.165 mm f o r t h e p r o b e , which was c o n v e n i e n t s i n c e t h e n a s i n g l e s u r f a c e 

p i e r c i n g s t r a n d c o u l d be u sed and t a k e n t o t w i c e t h e o r i g i n a l d e p t h , t h u s 

m i n i m i s i n g t h e e f f e c t o f t h e s u p p o r t on t h e waves . For t h e s u p p o r t ^ 

20 gauge s t a i n l e s s s t e e l t u b e was b r a i s e d i n t o t h e u p p e r s e c t i o n and b e n t 

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

wing n u t s i n t o a v e r t i c a l s u p p o r t and can t h u s b e r a i s e d and lowered as 

r e q u i r e d . A p i n can b e i n s e r t e d i n h o l e s s p a c e d a t one i n c h i n t e r v a l s f o r 

c a l i b r a t i o n . S i n c e t h e r e l a t i o n between wave e l e v a t i o n and wave p robe 

o u t p u t i s l i n e a r , and f rom p l o t s o f o u t p u t a g a i n s t immersion t h i s i s seen 

t o be t r u e , on ly two p o s i t i o n s were used f o r c a l i b r a t i o n , z e r o and a wave 

h e i g h t o f one i n c h , A recommendation f o r an improved d e s i g n would b e t h e 

a b i l i t y t o c a l i b r a t e i n i n t e r v a l s o f l e s s t h a n one i n c h , which would be 

u s e f u l when m e a s u r i n g waves o f s m a l l a n g l i t u d e a t low s p e e d s . 
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spring and wing 

nut for tensioning 

the wire 

polyurethane 

coated wire 

head amplif ier 

to main 

ampl i f ier 

W.L. 

400 mm 

support 

A WAVE PROBE 

The e l e c t r o n i c equipment i s i n two p a r t s : 

(1) t h e head a m p l i f i e r i m i t mounted, on each wave p r o b e ; 

(2) t h e main amplifier u n i t a t t h e c o n t r o l c o n s o l e . 

(1) The head a m p l i f i e r u n i t u s e s t h e c a p a c i t a n c e o f t h e wave p r o b e 

assembly t o de t e rmine t h e amount o f n e g a t i v e f e e d - b a c k t o an a m p l i f i e r and. 

hence c o n t r o l i t s g a i n . A 50 KHz o s c i l l a t o r v o l t a g e fed. i n t o t h e u n i t i s 

a o ^ l i t u d e modu la t ed ; t h e dep th o f - m o d u l a t i o n b e i n g p r o p o r t i o n a l t o t h e 

depth o f p robe immers ion . Th i s A.M. s i g n a l i s demodula ted by a phase 

s e n s i t i v e r e c t i f i e r and f e d t o t h e main a m p l i f i e r u n i t . 
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(2) The d e t e c t e d ou tpu t f rom each p r o b e u n i t i s f e d t o one o f t h e 

f o u r a m p l i f i e r s i n t h e main a m p l i f i e r u n i t . P r o v i s i o n i s made f o r o f f -

s e t t i n g t h e D.C. v o l t a g e f rom t h e probe by means o f a 10 t e r m ' s e t z e r o ' 

c o n t r o l on t h e f r o n t p a n e l o f t h e a m p l i f i e r u n i t . A c e n t r e zero me te r on 

t h e f r o n t p a n e l i s used i n c o n j u n c t i o n w i t h t h e ' s e t z e r o ' c o n t r o l s and 

t h i s me te r i s s w i t c h e d t o t h e o u t p u t s o f each o f t h e a m p l i f i e r s i n t u r n . 

The 50 kHz o s c i l l a t o r s a r e of t h e a s t a b l e m u l t i v i b r a t o r t y p e . The o u t p u t 

o f t h i s o s c i l l a t o r i s i n t e g r a t e d and f e d v i a an a m p l i f i e r and e m i t t e r t o 

t h e head a i i 5 ) l i f i e r u n i t s . 

Dur ing e a r l y exper iments a g r e a t d e a l o f n o i s e a t 100 c y c l e s was found 

on a l l o u t p u t s and o f an ampl i tude e q u i v a l e n t t o t h e wave a o g l i t u d e s . I t 

i s t h o u ^ i t t h a t t h e cause of t h i s n o i s e i s u n t r a c e a b l e e a r t h loops i n 

s p i t e of t h e e x t e n s i v e e a r t h i n g of t h e t a n k and a p p a r a t u s . F i l t e r s were 

t h e r e f o r e b u i l t i n t o each channe l o f t h e main a m p l i f i e r u n i t b u t t h e r e 

was s t i l l a p p r e c i a b l e n o i s e , so t h e s i g n a l s were p a s s e d t h r o u ^ an e x t e r n a l 

f i l t e r u n i t which c u t ou t s u f f i c i e n t n o i s e f o r t h e t r a c e s t o be measu re -

a b l e . S i n c e t h e maximum f r e q u e n c y b e i n g measured ia t h e wave p a t t e r n i s 

about 5 c / s , i t was n e c e s s a r y t h a t t h e minimum f r e q u e n c y danced by t h e 

f i l t e r s was h i g h e r t h a n t h i s . 20 c / s was t a k e n as a s a f e l i m i t . 
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APPENDIX 6 : On Sampl ing Rate as R e l a t e d t o t h e G e n e r a t i o n o f M a t r i c e s 
Used i n t h e A n a l y s i s 

As disClassed i n t h e t e x t i t i s n e c e s s a r y t h a t t h e m a t r i x A, used i n 

equation (29), is strongly diagonal. 

Now i f ^ i s a 2N X 2N m a t r i x each o f f d i a g o n a l e l emen t excep t t h o s e 

e l ements A ^ where r = n ;+ N ( t h e d i a g o n a l e l emen t s o f t h e t o p r i g h t 

and bo t tom l e f t hand q u a r t e r m a t r i c e s ) ha s denomina to r s s i n g(w + co )h 
n r 

and s i n - w^)h , where h i s t h e l o n g i t u d i n a l d i s t a n c e between sampl ing 

p o i n t s and i s t h e r e f o r e a measure o f t h e s amp l ing r a t e . Hence i n o r d e r 

f o r t h e s e o f f d i a g o n a l e l emen t s n o t t o become l a r g e i t i s n e c e s s a r y t h a t 

+ M )h # kir 

and 

5(0)^ - aj^)h # kir n # r f o r any i n t e g e r k . 

Also f o r t h e d i a g o n a l e l emen t s o f each q u a r t e r m a t r i x t h e r e i s a denomina tor 

s i n m^h, so i t i s a l s o n e c e s s a r y t h a t 

V r w^h # kir. 

Now > 0 V r ; h e n c e , i f w^h < ir V r 

t h e n 0 < [ g ( ( t ) + ( r i ) h l < i r 
n r 

0 < I i ( u ^ - a)^)h[ < TT V n , r s j . n ^ r 

ThTis a s u f f i c i e n t c o n d i t i o n f o r e l ements o f t h e m a t r i x t o remain f i n i t e i s 

w^h < ir V r 

which means t h a t t h e s amp l ing r a t e must be h i ^ e n o u g h t o sample a t l e a s t 

t w i c e p e r wave leng th i n t h e l o n g i t u d i n a l x - d i r e c t i o n f o r a l l wave harmonics 

e n c o u n t e r e d . 

Now f rom c a l c u l a t i o n s < 3 0 , 1 $ r g N, o v e r t h e whole speed 

range used if the number of wave harmonics N < 2$, which gives the'condition 
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h $ 0 . 1 . 

But i f n = r HH 1 , | - co^| = 0 . 5 , when r i s l a r g e , and 

thererore |sin -w yn 

4 0 , and t h e r e m a i n i n g f a c t o r s i n t h i s t e r m a r e 

s i n - w^)h | = 0 . 0 2 5 when h = 0 . 1 and t h e r e f o r e [ s i n -w )h 

1 cos(2(n - D?) 

and t h e p r o d u c t o f a c o s i n e and s i n e w i t h n e a r l y e q u a l a rguments , t h u s 

making a t o t a l f a c t o r o f t h e o r d e r on a v e r a g e o f 0 . 1 . Hence t h e e l e m e n t s 

a d j a c e n t t o a d i a g o n a l e l e m e n t can b e o f t h e o r d e r o f 4 when r i s l a r g e 

and f rom c a l c u l a t i o n s o f t h e m a t r i c e s u s e d , t h e l o w e s t d i a g o n a l e l e m e n t 

e n c o u n t e r e d i s o n l y 12 when h = 0 .1m and U = 1 . 0 m / s . 

Now t h e magni tude o f t h e d i a g o n a l s i s p r o p o r t i o n a l t o t h e number o f 

s a u r i e s t a k e n , K, which i s p r o p o r t i o n a l t o t h e s a m p l i n g r a t e . Hence , i t 

t u r n s o u t t h a t i n c r e a s i n g t h e s a m p l i n g r a t e i n c r e a s e s t h e e l e m e n t s A. . 
1,1+1 

w i t h t h e d i a g o n a l e l e m e n t s and a t t h e same r a t e . S i n c e t h e d i g i t i s a t i o n 

was by h a n d , i t was d e s i r a b l e t h a t t h e s a m p l i n g r a t e s h o u l d b e k e p t l o w , 

and so s i n c e t h e t r a c e s were i n f a c t marked by t h e r e c o r d e r e v e r y t e n t h o f 

a s e c o n d , t h e s a m p l i n g r a t e chosen was 10 p e r s e c o n d f o r a l l s p e e d s , and 

f r o m t h e above i t a p p e a r s t h a t t h e r e would b e n o t much a d v a n t a g e i n 

i n c r e a s i n g t h i s . 
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FIG 2 OPTIMUM WAVE HARMONIC 
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FIG 3 RELATIVE MAGNITUDES OF THE MATRIX 
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FIG U RELATIVE MAGNITUDES OF THE MATRIX 
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FIG 18 WAVE *ESISTA*CE SPECTRUM 

U # 1 2 7 m / s y # 0 3 8 

• 0 -685 newtons 

* Compoa#at 

Upright 



FBC 19 WAVE RESISTANCE gPECTRUM OpriKht 

U » 136 m /s P # 0 6 

* " 1-305 newtons 

#ymm*trie Campoaemt 



FIC 20 

f # 0 62 
r 

NAVE *ESISTANCE SPECTKUM 

0 # 1 6 m / s 

1 m 2 209 newtons 
w# 

* #y**#trie Compeaeat 

Upright 



PIC 21 WAVE MSISTANC: gTECTmUM 

U • 1-48 m/s 

( Ip r lgh* 

fg " 0 44 

'w® * 3-393 newtons 

Symmetf i* Cmiponmmt 



FBB 22 WAVE mZSISTABC* SPECTWM U / l w e l 4 y«* 

0 " 0 92 m / s Fy " 0-27 

1 • 0-011 newtons 

X C6*poo*a* 

G Rw 

-3 

•%s 

.IS-

'OS 

0 

A 
/ \ 

/ 

X 

l\ 

/ \ 

/ \ 

/ \ / 

/ \ / 

/ \ / ^ 
/ V 1 I 1 

/ \ / t / V U 

\ 

\ 

0 10 2.0 30 g ^0 f ^ t*) 70 
0 



f i c 23 KAV% mZSIIYAMCE #P*CT*A 10 h * « l 2 

1 0 6 m / s 

* 0 061 

0-315 

* 0-0 36 newtons 

Ce*pem#at 

Co#poQ*at 

I 



r i c 26 

.4-5" 

WAVE RESISTANCE SPECTRA 10 h##l 6 yaw 

D • 1 0 6 m / s 

"w« " 0 0 5 2 

0 315 

" 0 - 0 7 3 newtons 

f y w M ' t r l c Co*fo@*#$ 

Cempo*#mt 

•35-

& R. 

I \ 

•IS 

•IS 

•OS-

I 0 10 30 
0 

40 so t o 70 



f i c 25 WAVE MSISTANCZ SMCT#A 10 6 yaw 

D • 1 • 0 5 m / s 

*w« "0 045 

f y " 0 315 

# » 0 069 newtons 

@ C o m p w a m K 

X Compememt 

'1 

6 

S A. 



F M 26 WAVE *%SI*TANCZ SPECTKUM 10 h*#& 6 y«w 

U • 1 2 m / s Pp # 0 36 

•4.y 

• 0 0 7 1 newtons 

Amt l#y**#*r ie Co*pee#at 

•35 

SR., 

-15 

•IS 

•OS 

\ 
\ 

X 

/ -

/ \ 

/ 
\ 

\ \ K 
/ \ 

\ 
/ * * . X . 

ZO 
" e- " 

So & 0 7 0 



flC 27 WAVE mZS%3TANCK SMCT*A 10 h##l 2 yaw 

U " 1 2 7 m / s P , " 0 38 

" 0-625 " 0 0 71 newtons 

e SywMCrle Comyqeem* 

— X jWatimymmetric Co#piment 

CZLa 



PIC 28 WAVE RESISTANCE SPECTKA 

0 »127 m/a 

10h#el 6 y#w 

* "0 662 
w# 

# 0 086 newtons 

Symmmtric Compom##t 

A a t l # 7 « m # t f i e Compommm* 



FBB 29 WAVE RESIMANCZ gPECTKA 10'h*#l 6 y*w 

U » 127 m / s 

" 0 673 

Pp " 0 3 8 

* 0 102 newtons 

@ S y m M t f l e Comyomimt 

X— — A m t i # y « m e : r i c Compomeat 

J 
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FIG 31 STMMETmiC, ANTISYMMFrmiC AND TOTAL 
WAVE #2*I$TANCE AGAINST ASPECT 
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FIG 33 STMMETmiC, ANTISYMMETRIC AMD TOTAL 
WAVE KESISTAKCS AGAINST ASPECT 
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? % : 36 $TMMZI#IC, AMTISTMKETmiC AND TOTAL 
WAV* BZSISTANCE AGAINST ASPECT 
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n c 35 SYMMETRIC, AaTISTMMETKIC AND TOTAL 
WAVE *ESISTANC: AGAINST ASPECT 
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f w ; 36 STMMET*%C, ANTISYMMITmiC AND TOTAL 
WAVE RESISTANCE AGAINST ASPECT 
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Ptc 37 SYMMETmiC, ANTISWMETRIC AND TOTAL 
WAVE RE9ISTARC: AGAINST ASfECT 
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FIG 38 SYMMETmiC, ANTISYMMETRIC ARD TOTAL 
WAVE RESISTANCE AGAINST ASPECT 
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PIG 39 SYMMETRIC, ANTISTHMET#IC AND TOTAL 
WAVE RESISTANCE AGAINST ASPECT 
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r i c 41 COWPA&ISON WITH WIND TUNNEL TESTS 
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